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Preface to "Advances in Transboundary Aquifer
Assessment"

Groundwater as a resource is being increasingly relied on globally to serve emerging and

developing water needs. Characterizing groundwater aquifer systems in terms of geology and

groundwater quality, quantity, and sustainability is critical to understanding the physical and

socioeconomic implications of its use. Of special consideration is aquifer assessment in a

transboundary setting, where the cooperation of multiple jurisdictions, sometimes with different

languages and cultures, is required. This Special Issue features studies of transboundary aquifers,

particularly at the border shared by Mexico and the United States, a semi-arid to arid region

experiencing significant population growth and changing climate conditions. The papers represent a

broad array of investigations of complex physical aquifer systems and related institutional settings,

including the identification and prioritization of the needs and strategies for sustainable groundwater

development and use; the characterization of the physical framework of the aquifer, stressors on

the aquifer system, and how those stressors influence the availability of groundwater in terms of its

quantity and quality; and the incorporation of stakeholder input and prioritization directly into the

process of aquifer assessment and model building. We hope that this collection of diverse papers

provides useful information and encourages additional research that contributes to understanding

groundwater and aquifer systems.

Sharon B. Megdal and Anne-Marie Matherne

Editors
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Advances in Transboundary Aquifer Assessment
Anne-Marie Matherne 1,* and Sharon B. Megdal 2

1 U.S. Geological Survey, New Mexico Water Science Center, Albuquerque, NM 87113, USA
2 Water Resources Research Center, The University of Arizona, Tucson, AZ 85719, USA; smegdal@arizona.edu
* Correspondence: matherne@usgs.gov

Abstract: This Special Issue is intended to highlight both recent work to advance the physical under-
standing of transboundary aquifers and factors relevant in successful collaboration on transboundary
groundwater resource use. The collected papers address: (1) the identification and prioritization
of the needs and strategies for sustainable groundwater development and use, along with the com-
plexities introduced by working across borders with differing governance frameworks, institutions,
cultures, and sometimes languages; (2) the characterization of the physical framework of the aquifer,
stressors on the aquifer system, and how those stressors influence the availability of groundwater in
terms of its quantity and quality; and (3) the incorporation of stakeholder input and prioritization
directly into the process of aquifer assessment and model building. The papers provide insights into
the state of knowledge regarding the physical characterization of important transboundary aquifers,
primarily along the U.S.–Mexico border and the opportunities for greater stakeholder involvement
in resource evaluation and prioritization. They point the way towards a future focus that combines
both of these aspects of transboundary aquifer assessment for informing groundwater management
discussions by policymakers.

Keywords: transboundary aquifers; aquifer assessment; groundwater; stakeholder involvement;
United States–Mexico border; United States–Canada border

1. Introduction

Groundwater serves the drinking water needs of about 50% of the global population
and contributes to over 40% of the global production of irrigated crops. Over 40% of the
world’s water is transboundary in nature, crossing a binational border [1]. Management
of the joint resource between countries involves the cooperation of multiple jurisdictions,
sometimes with different languages and cultures. Management decisions about use of
the groundwater resources require a physical understanding of the aquifer [2], includ-
ing groundwater availability, stressors on the system, and the potential for sustainable
groundwater use. Information about the physical system can support informed decisions
by governments and managers regarding the shared resource. This Special Issue, “Ad-
vances in Transboundary Aquifer Assessment”, is intended to highlight both recent work
to advance the physical understanding of transboundary aquifers and factors relevant in
successful collaboration on transboundary groundwater resource use.

Three themes emerged in the papers that comprise this Special Issue. The first theme
“Transboundary governance and stakeholder engagement” (see Section 2.1) includes iden-
tifying and prioritizing needs and strategies for sustainable development and use, along
with the complexities introduced by working across borders with differing governance
frameworks, institutions, cultures, and sometimes languages. Papers in this section focus
on the U.S.–Mexico border, with one paper addressing issues along the U.S.–Canada border.
The papers focusing on “Aquifer characterization and assessment” (Section 2.2) involve
the physical framework of the aquifer, stressors on the aquifer system, and how those
stressors influence the availability and quality of groundwater. The papers in Section 2.3
“Integration of stakeholder input into model development” move beyond the reliance on
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physical data and expert opinion in aquifer assessment and model development to formally
include stakeholder participation in the process of assessment and model building; these
represent an effort to make models more responsive to current and developing issues and
priorities in the aquifers being modeled.

2. Contributions

Much of the work described in the papers for this Special Issue was conducted under
the umbrella of the Transboundary Aquifer Assessment Program (TAAP). Initiated through
U.S. Congressional legislation in 2006 (U.S. Public Law 109–448, TAA-Act), the 2009 Joint
Report of the Principal Engineers of the International Boundary and Water Commission
(IBWC/CILA) [3], referred to as the TAAP Cooperative Framework, established the ability
of the United States and Mexico to work together to study transboundary aquifers. The two
countries agreed to focus on four aquifers: the San Pedro and Santa Cruz River aquifers
along the border shared by the states of Arizona (United States) and Sonora (Mexico);
and the Mesilla/Conejos-Médanos and Hueco Bolson aquifers along the border shared by
New Mexico and Texas (United States) and Chihuahua (Mexico) (Figure 1). The choice
of aquifers was based on the location of population centers, industry, and environmental
concerns. Much of the work under TAAP has focused on these aquifers, and that focus is
reflected in the topics covered in many of the papers in this collection.
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2.1. Transboundary Governance and Stakeholder Engagement

In some regions, water use and associated water governance have generally focused
on more readily available surface-water resources, with laws and agreements governing
groundwater storage and use lagging behind the ability to assess and use groundwater
resources. This is the case for the Laurentian Great Lakes Basin along the U.S.–Canada
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border (Figure 1), the focus of Weekes and Krantzberg [4]. In their paper, “Twenty-first
century science calls for twenty-first century groundwater use law: A retrospective analysis
of transboundary governance weaknesses and future implications in the Laurentian Great
Lakes Basin”, they trace the development of water use and its regulation in the transbound-
ary Laurentian Great Lakes Basin. Increasing population, with associated increases in water
demand and land-use changes, has resulted in increased groundwater use. Coupled with
climate change, increased groundwater use is driving a groundwater storage (GWS) decline.
The Great Lakes are net groundwater receivers, and over-pumping aquifers can also reduce
groundwater fluxes to surface-water systems. The GWS Governance framework, that is,
policies and decision-making standards impacting GWS, are contained in binational-to-
municipal-level statutes, voluntary agreements/regulations, common law, and treaties.
Weeks and Krantzberg examine the history and development of GWS governance at the
binational and at the province (state) levels. Although, in recent decades, groundwater
specific policies have been developed, they note the prevalence of policies originally in-
tended to safeguard surface water quantities interpreted to govern groundwater use and
to maintain groundwater storage. Weekes and Krantzberg argue for the need to update
groundwater policies and regulations to reflect current science and water use in the basin.

Focusing on processes that facilitate and support the integration of science and policy-
making, Petersen-Perlman et al. [5], in “Science and binational cooperation: Bidirectionality
in the Transboundary Aquifer Assessment Program in the Arizona-Sonora border region”,
observe that the use of scientific information in management and policymaking depends
on salience, credibility, and legitimacy of scientific information; iterative information pro-
duction; and sociocultural factors. Petersen-Perlman et al. look at six transboundary
agreements globally, including TAAP, and note that the production of scientific information
and governance, in the form of transboundary water cooperation over use of a shared re-
source, is iterative. Data production informs governance and policy, which in turn informs
further data production. The process is bidirectional, in what the authors term “reciprocal
synchronicity”. A case-study analysis of TAAP finds that information sharing between the
United States and Mexico was only possible after agreeing on and establishing the TAAP
Cooperative Framework for data sharing and scientific collaboration between the countries.
It has yet to be seen whether the assessments will aid transboundary water governance
between the two countries.

Development of transboundary policies and governance between countries relies on
collaborative processes that are articulated in some transboundary agreements. Tapia-
Villaseñor and Megdal [6], in “The U.S.-Mexico Transboundary Aquifer Assessment Pro-
gram as a model for transborder groundwater collaboration”, note that TAAP was es-
tablished as a program for the physical characterization of aquifers and is focused on
binational information production. This knowledge–improvement phase is an element
of the six global transboundary aquifer agreements examined in comparison to TAAP.
Although not expressly stated, the binational nature of the TAAP Cooperative Framework,
which establishes the ability of the United States and Mexico to perform transboundary
assessments, implies and necessitates development of collaborative elements consistent
with the principles of other transboundary groundwater management agreements around
the world.

Tapia-Villaseñor and Megdal note that the principles of the TAAP Cooperative Frame-
work include elements that promote trust between the United States and Mexico such as
data sharing, development of binational aquifer assessment activities, the establishment
of technical advisory committees, and the establishment of technical groups. In “Trust,
risk, and power in transboundary aquifer assessment collaborations” [7], Brause examines
the issue of trust in binational interactions in the Mesilla/Conejos-Médanos Basin, one
of the TAAP designated priority transboundary aquifers, and the need to manage asym-
metrical relationships of power and unequal levels of risk inherent in collaborating across
the border. Brause observes that the TAAP Cooperative Framework does well to manage
power inequalities at personal and interpersonal levels and in the context of organizing and
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managing collaborative exchange, but it cannot mitigate differences in structural power.
Structural power differences are a greater issue at times of increased risk to a nation-state’s
ability to maintain sovereign control over its borderland water resources, such as an on-
going (2022) domestic water lawsuit in the United States that could affect water resources
critical to Mexico (Texas v. New Mexico and Colorado, No. 141 Original, Eighth Circuit,
United States Court of Appeals [https://www.ca8.uscourts.gov/texas-v-new-mexico-and-
colorado-no-141-original]; accessed 15 October 2022).

2.2. Aquifer Characterization and Assessment

Papers in this Special Issue dealing with aquifer characterization examine the four
TAAP aquifers of focus. In the San Pedro River aquifer, earlier work produced a hydrogeo-
logic framework model with datasets such as geology, soils, and landcover, harmonized
across the U.S.–Mexico border [8]. In “Hydrogeomorphologic mapping of the transbound-
ary San Pedro Aquifer: A tool for groundwater characterization” [9], Minjarez Sosa et al.
use datasets from the hydrogeologic framework model to develop a hydrogeomorphologic
map of the San Pedro River Basin. Groundwater deficit in the aquifer is attributed to
competing use from mining, military, domestic, and agricultural users. Mapping identifies
potential areas of recharge in the highland and groundwater discharge in the lowland areas
of the basin. This hydrogeomorphologic map can potentially serve as a tool for modeling
and the development of strategies for sustainable water resource management.

Studies of the Santa Cruz River aquifer focus on the effects of climate variability and
uncertainty on groundwater availability in the region. Shamir et al. [10], in “A Review
of climate change impacts on the USA-Mexico Transboundary Santa Cruz River Basin”
note current trends of year-round warming and a decline in precipitation and streamflow,
especially in the winter months. A review of studies on climate uncertainty in the region in
the mid-21st century identifies and describes a continuation of the current warming trend
and a projected mid-21st century decline in precipitation events. These projected trends are
important considerations in the development of strategies for sustainable water resources
management of the Santa Cruz River aquifer. The findings of Shamir et al. are supported
by the paper “Assessing groundwater withdrawal sustainability in the Mexican portion of
the transboundary Santa Cruz River aquifer” [11]. Tapia-Villaseñor et al. develop a water-
budget model for the Mexican portion of the Santa Cruz River aquifer to assess annual
water withdrawal. Model results indicate a sharp decline in sustainable groundwater
withdrawal for this part of the aquifer, from a maximum of 36.4 million cubic meters
(MCM)/year in 1993 to less than 8 MCM/year in 2020, coincident with the drying period
also identified in [10]. Based on their analysis, they point to a need to adjust water resource
management criteria to respond to the large interannual climate variability in the region.

Because of their importance as regional water sources, there is a long history of
research focused on the Mesilla/Conejos-Médanos and Hueco Bolson aquifers [12,13].
Four Special Issue papers focus on the physical assessment of these aquifers, expanding
understanding of groundwater/surface-water interactions and of deep and interbasin
groundwater circulation, and include a synthesis of Mesilla/Conejos-Médanos research
and an updated hydrologic conceptual model. The Rio Grande/Río Bravo del Norte is
the primary source of recharge to the Mesilla Basin/Conejos-Médanos aquifer system.
Ikard et al., in “Gradient self-potential logging in the Rio Grande to identify gaining and
losing reaches across the Mesilla Valley” [14], use gradient self-potential logging to survey
an approximately 72 km reach of the Rio Grande from Leasburg Dam near the northern
terminus of the Mesilla Valley downstream to Canutillo, Texas. By interpreting an estimate
of the streaming-potential component of the electrostatic field in the river, they identify
reaches where surface-water gains and losses were occurring and, therefore, areas of aquifer
recharge and discharge along this portion of the Rio Grande.

Salinity contributions to the shallow Mesilla/Conejos-Médanos aquifer system and the
Rio Grande come from several sources, including upwelling of geothermal groundwater.
Pepin et al., in “Salinity contributions from geothermal waters to the Rio Grande and
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shallow aquifer system in the transboundary Mesilla (United States)/Conejos-Médanos
(Mexico) Basin” [15], examine the potential contributions of deep saline groundwater from
geothermal sources and demonstrate the use of heat as a groundwater tracer to identify
salinity sources. Historical temperature data and groundwater flux estimates indicate
that the region’s known geothermal systems could account for 22% of Rio Grande salinity
leaving the basin each year. Regional water level mapping indicates that upwelling brackish
waters flow toward the Rio Grande and the southern part of the Mesilla portion of the basin.

In “Investigation of the origin of Hueco Bolson and Mesilla Basin Aquifers (US and
Mexico) with isotopic data analysis” [16], Garcia-Vasquez et al. use the isotopic tracers δO18

and tritium to validate an interconnection between the Mesilla (U.S. portion) and Hueco
Bolson aquifers. They combine new data from the Mexican portion of the Mesilla/Conejos-
Médanos aquifer with results from the U.S. side of the aquifer [17]. Analyzing isotopic
data from the Mesilla/Conejos-Médanos together with data from the U.S.–Mexico Hueco
Bolson aquifer [18], Garcia-Vasquez et al. find evidence, as stated in [17] and [18], that the
groundwater is old (recharged thousands of years ago). Their regional analysis supports
groundwater exchange between the Mesilla and Hueco Bolson aquifers. These findings
support an earlier geologic study [19] stating that the Mesilla/Conejos-Médanos and Hueco
Bolson aquifers were originally part of a single aquifer system.

These more focused studies [14–16] contributed to a synthesis and refinement of the
water budget and hydrogeologic framework model for the Mesilla/Conejos-Médanos
aquifer [12]. In “Mesilla/Conejos-Médanos Basin: U.S.-Mexico transboundary water re-
sources”, Robertson et al. use an updated hydrogeologic framework, a binational water-
level map, and previously reported aquifer property assumptions to estimate potentially
recoverable fresh to slightly brackish groundwater in the Mesilla portion of the Basin
at about 82,600 cubic hectometers (hm3), largely in agreement with previous estimates.
Storage for the Conejos-Médanos portion of the Basin is estimated at 69,100 hm3. Based on
evidence presented in this paper, the Rio Grande alluvium is the only unit currently receiv-
ing substantial amounts of recharge from the Rio Grande; the amount of groundwater in
the Rio Grande alluvium represents a little less than 0.6% of the entire regional aquifer. The
majority of groundwater stored in this basin is thousands to tens of thousands of years old.
This water is very slowly being displaced at the boundaries by mountain-front recharge
and near pumping centers, where vertical gradients are increased by large groundwater
pumping withdrawals.

Work by Sanchez and Rodriguez [20], “Transboundary aquifers between Baja Cali-
fornia, Sonora and Chihuahua, Mexico, and California, Arizona and New Mexico, United
States: Identification and categorization” completes the western segment of a border-wide
assessment of transboundary aquifers [21,22], using datasets and nomenclature harmo-
nized across the U.S.–Mexico border. The combined border-wide assessment identified 72
transboundary hydrogeologic units, of which 50–55% were reported to have good to mod-
erate aquifer potential and good to regular water quality. This combined work provides
a high-level assessment to aid in identifying and prioritizing transboundary aquifers for
further characterization and evaluation with respect to suitability for resource development.

2.3. Integration of Stakeholder Input into Model Development

Demonstrating a further development for these transboundary studies, we begin to
see movement beyond reliance on physical data and expert opinion in aquifer assessment
and model development to formally include stakeholder participation in the process of
assessing, prioritizing issues of concern, and model building, with two papers focused on
the Hueco Bolson and one on the Mesilla/Conejos-Médanos aquifer.

Hydraulic gradients and flow directions in the Hueco Bolson aquifer have changed
because of high groundwater withdrawal rates in the two major cities, El Paso, United
States and Ciudad Juarez, Mexico, raising questions about long-term aquifer sustain-
ability [13]. Talchabhadel et al., in “Current status and future directions in modeling a
transboundary aquifer: A case study of Hueco Bolson” [13], present an overview of the
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Hueco Bolson aquifer modeling history and describe a coupled groundwater–watershed
model currently (2021) under development. Given the complex set of stressors acting on
this transboundary aquifer, they make the point that any sustainable and acceptable man-
agement solution will need all stakeholders’ buy-in and knowledge co-production. They
propose the development of a graphical quantitative modeling framework (e.g., system
model and Bayesian belief network) to include expert opinions and enhance stakeholder
participation in the model.

Focusing on stakeholder-driven assessment in the Hueco Bolson, Mayer et al., in
“Investigating management of transboundary waters through cooperation: A serious
games case study of the Hueco Bolson Aquifer in Chihuahua, Mexico and Texas, United
States” [23], used a binational, multisector, serious-games workshop to explore collaborative
solutions in extending the life of a shared aquifer. The workshop led to increased knowledge
building on the part of the participants as well as an agreement on the importance of both
binational action and informal binational collaboration in extending the life of the aquifer.

Finally, in a study that addresses the processes used to move between information
creation and management decisions, Atkins et al., “Modeling as a Tool for Transboundary
Aquifer Assessment Prioritization” [24], use a system dynamics model to quantitatively
assess the dynamics of transboundary aquifer assessment information reporting and per-
ception delays in the Mesilla/Conejos–Médanos Basin. The results show that the timing
and content of reporting can change the dynamic behavior of natural, human, and technical
components of transboundary aquifer systems. Atkins et al. demonstrate the potential
for modeling to assist with prioritization efforts during the stakeholder data collection
and exchange phases to ensure that transboundary aquifer assessments achieve their
intended outcomes.

3. Conclusions

These papers provide insight into the state of knowledge regarding the physical char-
acterization of important transboundary aquifers, primarily along the U.S.–Mexico border,
and stakeholder inclusion in resource evaluation and prioritization, while pointing the
way towards a future focus that combines both of these aspects of transboundary aquifer
assessment. The papers in this Special Issue build on prior TAAP work and other studies.
Physical assessment is informed by and can inform questions about binational groundwater
management, which is the purview of policy makers. Binational assessment enables the
parties to develop a common scientific framework and understanding about groundwater
and aquifer conditions, while fostering binational relationships. Methodologies are pro-
posed for incorporating expert opinions and stakeholder participation directly in model
and scenario development. These efforts suggest that characterization of the complexities
of the physical systems and consideration of binational stakeholders and governance can
inform development of sustainable management strategies.
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Abstract: How has groundwater use been historically governed by the binational to municipal
government levels across the Laurentian Great Lakes Basin (GLB)? To what extent have they contem-
plated the physical–environmental requirements to maintain aquifer storage in devising policies and
making decisions governing groundwater use? Although it is amongst the largest freshwater stores
in the globe, cases of groundwater shortages are increasingly being reported across GLB communities,
raising questions on the fitness of governance approaches to maintain groundwater storage (GWS)
with growing climate and human pressures. Applying retrospective analytical methods to assess
the century-old collaboration of the United States and Canada to maintain GLB water quantities,
we characterize long-term trends and undertake systematic diagnosis to gain insight into causal
mechanisms that have persisted over the years resulting in current GWS governance gaps. We reveal
the surprising prominence of policies originally intended to safeguard surface water quantities
being used to govern groundwater use and thereby maintain GWS. We also connect these, based on
sustainable aquifer yield theory, to growing groundwater insecurity in the Basin’s drought-prone
and/or groundwater-dependent communities. Based on deep understanding of long-standing policy
pathologies, findings inform transboundary GWS governance reform proposals that can be highly
useful to multiple levels of government policymakers.

Keywords: groundwater storage; groundwater use; multilevel governance; agreement; transbound-
ary basins; retrospective analysis; United States; Canada

1. Introduction

With estimates ranging from 5585 km3 to 4000 km3 [1], groundwater accounts for
roughly 20% of water stored in the Laurentian Great Lakes Basin (GLB). Groundwater fluxes
maintain habitats and baseflows to tributaries of the five (5) Great Lakes [2]. It has also
become increasingly vital for society, supporting the USD 6 trillion regional economy [3]
of the eight (8) US states and the Canadian province of Ontario that are within the GLB’s
hydrological boundaries (Figure 1).
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Rising populations with their attendant water demand and land use changes, cou-
pled with climate change [5], are driving an emerging problem of persistent groundwater
storage (GWS) decline. At the Basin scale, long-term satellite monitoring estimates an aver-
age GWS loss of 3.8 ± 2.3 km3/year [6]. Though this rate of decline pales in comparison to
the overall water-richness of the GLB, the globe’s largest surface freshwater store, much of
it occurs in drought-prone and/or groundwater-dependent communities. Located further
inland, these locales are without ready access to Great Lakes’ waters, and are becoming
increasingly water insecure [7]. These trends are emerging as GWS—the volume of water
that an aquifer holds at any given time within its voids and interstices—is fundamen-
tally limited by an aquifer’s storage capacity, which is based on its unique geometry and
geophysical attributes [8]. While the quantity of GWS can fluctuate seasonally, as it is
a derivative of a predefined rate of inflow from artificial recharge and/or precipitation,
and outflow via natural discharge to surface water bodies and/or pumping, it can be
permanently drawn down if subject to long-term overuse and reduction of recharge with
climate change and land uses that increase impermeable surfaces [8].

GWS governance, involving planning, coordinating, policy making, implementa-
tion, and monitoring of policy outcomes [9], provides the means by which groundwater
use may be managed, and socio-environmental stressors on GWS addressed. Norma-
tively, long-term GWS decline indicates that governance may be ill-suited to the physical–
environmental sustainability needs to maintain GWS. When governance effectuates actions
resulting in increased and/or long-term stability of GWS and optimal economic develop-
ment, it can be considered sustainable [10,11]. In these cases, consideration is placed on
maintaining sustainable aquifer yield—the volume of groundwater that can be withdrawn
from aquifer systems that avoids unacceptable environmental, socio-economic, and legal
consequences [12]. Determining sustainable yield requires strong science–policy alignment
as policymakers must consider the water balance of the overall hydrological system, uncer-
tainties in quantifying GWS with spatial and temporal variation, and how human uses can
impact GWS over time [12].
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Given the GLB’s transboundary basin settings, policies and decision-making stan-
dards impacting GWS (also known as the “GWS governance framework”) are contained in
binational-to-municipal-level statutes, voluntary agreements/regulations, common law,
and treaties [13]. Per North American institutional historicism, the most important to main-
taining GWS are those directly controlling groundwater use: out-of-basin diversions, pump-
ing rates, allocation, conservation, consumption, and withdrawals [14]. Economic policies
are also key, creating fiscal deterrents and/or incentives under which groundwater use
decisions are made [15]. Environmental safeguards are another aspect, with requisites
for data collection and monitoring as well as technical/environmental standards for well
construction and pumping [16].

Researchers have long posited that the GWS governance framework may be unfit
for purpose in high-groundwater-stress contexts of the GLB [17–22]. They concur on its
inadequate consideration of sustainable yield, in particular its insufficient science-based
guidelines and incentives promoting conservation and efficient uses that reflect the unique
physical–environmental requirements of aquifers to maintain GWS. Growing cases of GWS
decline across the basin highlight the need for binational-to-municipal levels of government
within the hydrological boundaries of the GLB to provide policies and decision-making
standards guiding management actions [23] that address human and climate drivers of
GWS depletion [20]. It also presents an opportunity for the establishment of proactive
multilevel governance measures designed to halt further proliferation of this problem.
Retrospective analysis of historical governance characteristics has proven useful to deepen
understanding of present-day policy gaps, and confirm inferences of why policies have led
to current environmental outcomes [24]. Using this analytical approach, we deconstruct the
historical evolution of GWS governance, deducing features and inferring causal linkages
that are likely to have culminated in growing cases of GWS decline and gaps in the
current GWS governance framework. Findings are used to proffer recommendations of
governance reforms addressing the growing specter of groundwater insecurity deepening
in vulnerable locales.

2. Materials and Methods

We applied causal process tracing (CPT)—a qualitative, retrospective analytical tech-
nique useful for deducing change and causation within a temporal sequence of events [25].
Per Figure 2, CPT operates by characterizing the intervening causal mechanism (n1 =>
n2 => etc.) between the cause(s) (X) and the outcome(s) (Y). The causal mechanism is a
chain of events or “empirical manifestations” (nx) linking causes (X) with their long-term
effects and eventual outcomes at the end of the study period (Y). It describes “not simply a
relationship that has been found, but one that has been found repeatedly.” [26]. As such,
the more empirical manifestations that are observed within the study period, the more
confident researchers can be of the causal mechanism [27]. CPT depends on detailed
descriptions of empirical manifestations as well as the concepts linking and/or used to
diagnose them, which are based on the overall hypothesis and theories of how X impacts Y.

Water 2021, 13, x FOR PEER REVIEW 3 of 22 
 

 

Given the GLB’s transboundary basin settings, policies and decision-making stand-
ards impacting GWS (also known as the “GWS governance framework”) are contained in 
binational-to-municipal-level statutes, voluntary agreements/regulations, common law, 
and treaties [13]. Per North American institutional historicism, the most important to 
maintaining GWS are those directly controlling groundwater use: out-of-basin diversions, 
pumping rates, allocation, conservation, consumption, and withdrawals [14]. Economic 
policies are also key, creating fiscal deterrents and/or incentives under which groundwater 
use decisions are made [15]. Environmental safeguards are another aspect, with requisites 
for data collection and monitoring as well as technical/environmental standards for well 
construction and pumping [16]. 

Researchers have long posited that the GWS governance framework may be unfit for 
purpose in high-groundwater-stress contexts of the GLB [17–22]. They concur on its inad-
equate consideration of sustainable yield, in particular its insufficient science-based 
guidelines and incentives promoting conservation and efficient uses that reflect the 
unique physical–environmental requirements of aquifers to maintain GWS. Growing 
cases of GWS decline across the basin highlight the need for binational-to-municipal levels 
of government within the hydrological boundaries of the GLB to provide policies and 
decision-making standards guiding management actions [23] that address human and cli-
mate drivers of GWS depletion [20]. It also presents an opportunity for the establishment 
of proactive multilevel governance measures designed to halt further proliferation of this 
problem. Retrospective analysis of historical governance characteristics has proven useful 
to deepen understanding of present-day policy gaps, and confirm inferences of why pol-
icies have led to current environmental outcomes [24]. Using this analytical approach, we 
deconstruct the historical evolution of GWS governance, deducing features and inferring 
causal linkages that are likely to have culminated in growing cases of GWS decline and 
gaps in the current GWS governance framework. Findings are used to proffer recommen-
dations of governance reforms addressing the growing specter of groundwater insecurity 
deepening in vulnerable locales. 

2. Materials and Methods 
We applied causal process tracing (CPT)—a qualitative, retrospective analytical tech-

nique useful for deducing change and causation within a temporal sequence of events 
[25]. Per Figure 2, CPT operates by characterizing the intervening causal mechanism (n1 
=> n2 => etc.) between the cause(s) (X) and the outcome(s) (Y). The causal mechanism is a 
chain of events or “empirical manifestations” (nx) linking causes (X) with their long-term 
effects and eventual outcomes at the end of the study period (Y). It describes “not simply 
a relationship that has been found, but one that has been found repeatedly.” [26]. As such, 
the more empirical manifestations that are observed within the study period, the more 
confident researchers can be of the causal mechanism [27]. CPT depends on detailed de-
scriptions of empirical manifestations as well as the concepts linking and/or used to diag-
nose them, which are based on the overall hypothesis and theories of how X impacts Y. 

 

Figure 2. Elements of the causal process tracing method [27].

11



Water 2021, 13, 1768

At its core, our research is a historical process narrative explaining how GWS gov-
ernance gaps are likely to have persisted over time to feature in current governance and
lead to groundwater insecurity. In this context, CPT was applied to design our analysis as
outlined in Table 1.

Table 1. Causal process tracing application in research design.

CPT ELEMENT APPLICATION IN RESEARCH

Causes (X) Foundational policies and decision-making standards of the current GWS
governance framework.

Outcomes (Y)
• Persistent GWS decline in drought-prone and/or groundwater-dependent

GLB communities.
• Weaknesses and gaps in the present-day GWS governance.

Causal mechanism Multilevel governance processes, which have evolved over time, defining groundwater
uses and environmental safeguards relevant to maintaining GWS.

Empirical manifestation/events (nx)

Milestones and/or changes in policies and decision-making standards over the timeframe
of the evolution of the GWS governance framework, e.g., successive binational treaties,
statute amendments, major court decisions, and other governance mechanisms
influencing GWS.

Causal linkages (=>) Established by interpretation and detailed descriptions of policies and decision-making
standards over time based on the hypothesis and sustainable aquifer yield theory.

We first characterize the outcomes, providing an overview of GWS governance weak-
nesses and the emerging problem of groundwater insecurity. In so doing, we describe
the human and climate pressures driving GWS vulnerabilities, drawing from official
government reports and published literature. We then characterize the emerging GWS
decline problem, documenting cases at the sub-watershed scale, using a wide range of
indicators including (i) deteriorating water quality with oxygen exposure to lithology [28]
and/or upwelling of deeper brines [29]; (ii) collapsing cavities in evaporates (e.g. gypsum)
due to dissolution as pumping increases water velocity [30]; (iii) land subsidence due to
over-pumping that reduces pore water pressure causing gradual lowering of land [30];
(iv) waning stream levels as baseflow declines [31]; (v) loss of groundwater-dependent
ecosystems [32]; (vi) sustained decline of water table levels, defined as the upper limit of
the underground where all interstices and voids are saturated with water [33]. Data on
these indicators were sourced from desk studies of publicly available reports from peer-
reviewed journals, GWS monitoring and governance institutions, and responses to our
survey distributed from December 2018 to February 2019 to managers in these institutions.
We received a 100% response rate.

To deduce the cause and causal mechanism, the evolution of groundwater use policies
and environmental safeguards impacting GWS were studied over the introduction of
common law principles in the 19th century, up to the adoption of the 2005 Great Lakes–St
Lawrence Basin Sustainable Water Resources Agreement (2005 GLSWRA), the most recent
binational agreement controlling groundwater use. Economic policies impacting GWS
were reviewed up to the 2020 US Mexico Canada Agreement (2020 USMCA). This study
period is sufficient as legal concepts foundational to current GWS governance are drawn
from 19th century common law (judge-made, case law long applied by appellate courts
to resolve legal disputes related to groundwater use and conservation) [34]. From this,
multilevel treaties, rules, and statutes (laws made by legislative bodies of governments at
multiple levels) have evolved over the years [24]. As policies and standards component
to the present-day GWS governance framework have not changed significantly since
the 2020 USMCA and 2005 GLSWRA [22], the dates of the adoption of these binational
agreements were considered appropriate for delimiting the study period. Data on the
historical policies and standards component to the cause and causal mechanism were
sourced from peer-reviewed publications, expert interviews, as well as publicly available
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government repositories and archives. Policies made by municipalities were not considered
as they are not involved in GWS policy and decision making [14,22].

Identification of empirical manifestations and causal linkages was made considering
sustainable aquifer yield theory. Aimed at avoiding undesirable social, environmental,
and legal outcomes from aquifer pumping, the theory posits a balanced compromise be-
tween the contrasting strategies of either little or no pumping of aquifers and the total
uptake of natural discharge [8,12,35]. Balancing these opposing governance strategies is
largely science-based, as it considers the physical–environmental requirements of aquifers
for maintaining GWS [35,36]. We applied the main concepts of sustainable aquifer yield
theory as evaluative indicators to identify and assess scopes of policies and standards,
pinpointing their changes over the study period, and determining the extent to which
they considered (i) the finite volume of groundwater that aquifers can store that is in-
nately limited by their geophysical parameters; (ii) natural recharge of aquifers that are
controlled by precipitation and climate; (iii) fluxes required to maintain vital environ-
mental functions; (iv) whether allowed and/or economically incentivized human uses
disturbed the equilibrium required to sufficiently maintain GWS while avoiding unwanted
outcomes. These evaluations were contextualized by the contemporaneous state of hy-
drogeological science at key governance milestones, given that the understanding of
physical–environmental parameters to maintain GWS evolved over the study period.

To conclude, we synthesized findings, diagnosing the extent to which historical policy
gaps have carried over to the current GWS governance framework, and the governance
processes by which weaknesses have persisted over time. Insights were then used to link
historical governance to emerging GWS decline cases, as well as to provide recommenda-
tions to address governance gaps.

3. Results
3.1. Outcomes (Y): The Emerging Problem of Groundwater Insecurity and Linked
Governance Gaps

• Characterizing Sub-Watershed-Scale GWS Decline
GLB groundwater is mainly pumped from five principal aquifer systems: the Cambrian–

Ordovician, Silurian–Devonian, Mississippian, and Pennsylvanian bedrock aquifers that
are composed mainly of carbonates and sandstone, as well as the overlying, surficial aquifer
system that is dominated by alluvium and glacial deposits [37]. Due to high permeability
and effective porosity, the most productive aquifers are hosted in the unconsolidated
sands and gravels of the surficial aquifer system [38] within which most wells are located.
As GWS in surficial aquifers is prone to seasonal and climate fluctuations due to their
relative shallowness, growing pumping rates often result in long-term groundwater decline,
with occurrences being particularly reported in communities located in drought-prone
locales and/or are heavily reliant on groundwater [39].

Occurrences of indicators of persistent GWS decline resulting from groundwater over-
pumping have not yet been comprehensively documented in the GLB [32]. Based on avail-
able information, the impacts of over-pumping on GLB stream baseflow and groundwater-
dependent ecosystems are poorly understood [13]. However, one well-documented case in
Wisconsin linked excessive pumping to the drying of wetlands causing native habitat loss
and invasive species spread [40].

Better documented are cases of long-term pumping reducing riverine baseflow given
the interconnectedness of the Basin’s surface water bodies with groundwater flow sys-
tems [41,42]. The Great Lakes are net groundwater receivers, with their tributaries gaining
substantial volumes of water fluxes directly from the Basin’s groundwater flow systems [42].
Groundwater contributes from 48% of streamflow in the Lake Erie Sub-Basin up to 79%
in the Lake Michigan Sub-Basin [43]. Therefore, as over-pumping aquifers can reduce
groundwater fluxes to surface water systems, it can diminish stream baseflow or, in extreme
cases, reverse the normal flow of groundwater to surface water bodies. One of the most
acute examples is occurring in aquifers supplying residents of the Chicago–Milwaukee
metropolitan area and the Green Bay, Wisconsin, and Toledo, Ohio area. Here, long-term
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pumping has not only reduced stream baseflow but has reversed water flow from surface
waters to aquifers [38].

As the Basin’s hydrogeologic settings contain a substantial amount of glacial, uncon-
solidated deposits, some areas are susceptible to land subsidence due to groundwater
decline caused by over-pumping [30]. Though not as prevalent in more drought-prone
North American states/provinces, localized reports of land subsidence have been reported
in Indiana, Wisconsin [44], and Michigan [45]. In regions where aquifers are hosted in
karstic rock, sinkholes and cavity collapse can occur due to carbonate dissolution with
pumping [46]. To illustrate, municipalities having high risks of gypsum cavity collapse
linked to mining dewatering have been documented in Ontonagon, Houghton, Iosco,
Keweenaw, Kent, Barry, Eaton, Calhoun, and Jackson counties in Michigan [47].

Upwelling of brines due to excessive mine dewatering has been reported in wells in
the townships of Windsor and Romney, Ontario [13]. In Michigan, upwelling of brines
due to long-term pumping for drinking water and agriculture has been well documented
in Michigan’s Lower Peninsula [48], as well as in Ottawa County that abuts northern
Lake Michigan [49]. Arsenic concentrations exceeding the US Environmental Protection
Agency’s maximum contaminant level of 10 µg/L are often reported in well water in
Southeast Michigan [50] in the counties of Huron, Tuscola, Sanilac, Lapeer, Genesee, Shi-
awassee, Livingston, Oakland, Macomb, and Washtenaw. These wells pump the Marshall
Sandstone, hosted in the Mississippian basement aquifer system [37]. Relatedly, long-term
pumping has caused drinking water of the straddling community of Waukesha, Wiscon-
sin to be contaminated with radium, prompting its successful application for access to GLB
water resources [51].

Responses to our survey indicated that persistent groundwater table decline occurs
in aquifers supplying roughly 10% of GLB municipalities. Widespread groundwater
table decline risks have been modelled in Michigan including the Grand Rapids and the
metropolitan area of Detroit and its eight (8) suburban counties including Genesee, Oakland,
Macomb, Washtenaw, Wayne, St. Clair, Lapeer, and Monroe (communication from the
Department of Environmental Quality on 5 December 2018). This has also been extensively
documented in aquifers supplying Milwaukee and Chicago, including its eight (8) eastern
suburban counties, as intense pumping beginning in 1864 caused groundwater table levels
to decline by as much as 275 m by 1980 [52]. In the Ontario Sub-Basin, aquifers supplying
municipalities in the Grand River Watershed, including Kitchener, Waterloo, Cambridge,
the City of Guelph, and surrounding townships, have a moderate risk of developing GWS
shortages [53]. These risks are particularly in droughts, the summer agricultural growing
season, and periods of high municipal water demand used to supply the residential,
industrial, and commercial sectors [54].

• Characterizing Present-Day GWS Governance Weaknesses
Incorporated into current federal and state/provincial laws, many of the current

policies and decision-making standards governing groundwater use are from the 2005
GLSWRA. The binational agreement, aimed at sustaining the quantity of all GLB waters,
generally prohibits withdrawals over 379,000 L/day “ . . . in any 30-day period (includ-
ing Consumptive Uses) from all sources . . . ” (defined as bulk water) or diverting any
volume of water from the Basin, except when in containers 20 L or less, without a regional
review decision-making process by Great Lakes governors/premiers. Parties are urged
to promote efficient water use and to record water uses by sector in a regional data base.
Water uses below bulk water definitions are considered “ . . . reasonable uses . . . ” for
which GLB states/provinces can set their own regulations. The Great Lakes states passed
a series of Great Lakes–St Lawrence Basin Sustainable Resources Compact Acts into law
between 2007 and 2008, and Ontario brought these policies into effect in Ontario Regula-
tion 225/14 in 2014. These laws limited the scope of the 2005 GLSWRA regional review
process to deciding on large water diversions from the GLB, and gave the states/provinces
responsibilities to regulate bulk water use; the most common regulation being Permit to
Take Water (PTTW) programs.
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Relevant economic policies include the 2020 USMCA, state/provincial PTTW and/or
well license fees, and municipal water supply tariffs. As the newest North American
free trade treaty, the 2020 USMCA allows export of GLB groundwater when embedded in
products. It furthers the scope of past trade agreements, including large, medium, and small
enterprises, and removes tariffs on a wider range of agricultural products. It is the only
binational agreement impacting GWS with legally binding recourse should enterprises
perceive unfair barriers to free trade [55].

With identical policies guiding groundwater and surface water use, with high vol-
umetric water use thresholds for bulk water definitions, binational-to-municipal levels
of government often overlook fundamental physical–environmental differences between
groundwater and surface water [7]. Sustainable aquifer yield considerations also appear to
be largely ignored in federal and state/provincial governance of smaller volumes of GLB
groundwater use [56]. Some examples are that policies generally do not include volumetric
limits controlling groundwater pumped for agricultural purposes or from smaller-capacity
wells on private land for domestic use. Policies guiding aquifer pumping in federal lands
are also largely absent [34]. Instead, governmental oversight is typically limited to data-
recording requirements and technical specifications for commissioning wells [14].

Economic policy tools generally encourage groundwater overuse, furthering ground-
water insecurity risks in vulnerable locations [57]. The 2020 USMCA increases competition
for groundwater resources by opening up free trade provisions to a greater pool of en-
terprises. The removal of trade tariffs on a wider set of agricultural products increases
pressure on aquifers given that agriculture is the most intense water-consuming sector
within the GLB. At the state/provincial level, higher-capacity wells requiring PTTWs
attract low permit fees [14], and groundwater used for agriculture and firefighting are
exempt from permits [58]. Finally, graduated block rates of municipal water supply tariffs
can incentivize water wastage, as rates become progressively cheaper the more water
is used [59].

3.2. Causal Mechanisms: Linking Historical GWS Governance to Current Outcomes

• Fundamental Legal and Scientific Principles Underpinning the Evolution of GWS Governance
In North America, controlling who has access to groundwater has historically been

tied to land ownership and property rights [24]. This has its origins in the Absolute Own-
ership Rule of English common law [60] that allowed landowners to use groundwater
below their property without limits or obligations to conserve the resource for neighbors
or for future uses [61]. Court deliberations in the earliest documented application of the
Absolute Ownership Rule—1843 Chasemore vs. Richards (1843-60 All E.R. 77, 81-82 H.L.
1859)—show that the court did not think it could limit the use of “water percolating through
underground strata, which has no certain course and no defined limit, but oozes through
the soil in every direction in which the rain penetrates.” It is apparent that the Absolute
Ownership Rule was originally devised based on the idea that groundwater quantity,
flow rates, and flow directions were “unknowable”, given the embryonic state of hydro-
geological science at the time [62]. Later adopted in early North American governments,
the Absolute Ownership Rule was modified to the Reasonable Use Rule, limiting ground-
water uses to those done without waste or inhibiting the rights of adjacent property owners
to access groundwater within their properties [63].

In multiple levels of GLB government, applying the Reasonable Use Rule to gov-
ern groundwater use has been nuanced by the Underground Stream Doctrine and the
Public Trust Doctrine. The Underground Stream Doctrine interrelates surface water and
groundwater rights of use, resulting in groundwater wells traditionally being treated as
surface water diversions and groundwater flow considered “tributary” to GLB surface
water [14]. Adding to this is the Public Trust Doctrine that originated from sixth century
Roman civil law or “Institutes of Justinian”, obliging governments to protect in perpetu-
ity “things common to mankind—the air, running water, the sea, and consequently the
shores of the sea.” Used as the basis for environmental and natural resource protection
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laws, when the Public Trust Doctrine was adopted in the constitutions of newly formed
North American states/provinces, governmental responsibilities to protect water resources
originally extended only to surface water [63].

In this context, policies, standards, and court decisions governing GLB water use
have traditionally prioritized safeguarding surface water quantities. Unless the purpose
of groundwater protection has been closely tied to safeguarding surface water quantity
for the greater public good, governmental oversight of groundwater use has been lacking,
with groundwater use being traditionally treated as a private property rights issue [24].
Remaining largely unchanged over the years, these legal principles have carried through
multilevel GWS governance, despite advances in scientific understanding of groundwater’s
physical–environmental sustainability requirements and its role in providing a range of
vital environmental flows beyond baseflow to surface water bodies.

• The Evolution of Binational GWS Governance
As far back as the 1794 Jay Treaty, aimed at maintaining Great Lakes’ levels for

international navigation during the Napoleonic wars, binational governance of GLB water
uses prioritized maintaining surface water quantities [63]. Modern governance began with
the 1909 Boundary Waters Treaty (1909 BWT) that banned large diversions of surface waters
straddling the international border. Aiming to ensure equitable “domestic and sanitary
uses, navigation uses, and uses for power and irrigation”, it established the International
Joint Commission (IJC). The IJC did not have a major GWS governance role until the
1988 Cabin Creek Coal Mine case, when its Water Use Reference was updated allowing
investigation of GWS issues as a matter of practice [64].

The next significant binational agreement was the 1956 Great Lakes Basin Compact
that created the Great Lakes Commission (GLC) to promote “orderly, integrated, and com-
prehensive development, use, and conservation” of GLB water resources. It was the first
agreement to adopt a whole-of-basin approach to governance, explicitly considering the
range of water uses: “industrial, commercial, agricultural, water supply, residential, recre-
ational, and other.” However, its mandate was limited to the Great Lakes and all connected
“rivers, ponds, lakes, streams and other watercourses.”, reflecting the original interpretation
of the Public Trust Doctrine by excluding groundwater from its purview.

Another important update was the 1985 Great Lakes Charter (1985 Charter). Estab-
lished as a good faith agreement between the GLB governors and premiers, it is significant
as it introduced many of the key standards and policies for the uses of “all GLB waters”
still in place in today. It expanded GLC membership to include Canadian premiers, intro-
duced the regional review process for making decisions on bulk water use and diversions,
and most significantly, was the first binational agreement to include groundwater in its
purview as a public trust responsibility [65]. Improving science–policy alignment, the 1985
Charter introduced volumetric limits to GLB water use to safeguard “nonrenewable” GLB
water resources. It required regional review of bulk water uses, defined as any withdrawal
exceeding 380,000 L/day in any 30-day average, and any new or increased diversion
or consumption of GLB water exceeding 19 million liters per day in any 30-day period.
It also initiated the Great Lakes St. Lawrence River Regional Water Use Database that was
eventually established in 1988.

Despite these milestones, the 1985 Charter did not appear to consider sustainable
aquifer yield in recommending policies and standards to govern groundwater use. Notwith-
standing well-documented knowledge that aquifers can be depleted due to over-pumping
since 1910 [62], the 1985 Charter did not reflect on groundwater’s relative scarcity and
lower replenishment rates compared with surface waters as it provided identical volumet-
ric definitions and controls for bulk groundwater and surface water use. By stating its
overall aim was to safeguard GLB surface waters, it invoked the Underground Stream Doc-
trine, considering groundwater flow systems as merely tributaries to surface water bodies,
and interrelating the policies governing the uses of both resources. In so doing, it failed
to keep pace with groundwater science that had advanced considerably from the 19th
century in North America. By 1903, key hydrogeological concepts relevant to sustainable
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aquifer yield had been developed, including that environmental flows provided by ground-
water were not just limited to surface water bodies, as well as the relationship between
groundwater budgets and sustainable limits for consumptive uses and aquifer geometry
and geological media [62]. Though the Regional Water Use Database has been providing
yearly reports on GLB water withdrawals, consumption, and diversions, since its inception
it has not had a specific data field for tracking water use from aquifers. This has made
it difficult to garner consistent groundwater use data, an essential input for determining
sustainable aquifer yield.

Since the 1985 Charter’s original policy prescriptions remained largely unchanged in
the intervening years, many of its original GWS governance gaps have carried through to
the present day. As the 1985 Charter was set up as a non-legally-binding agreement, it did
not include enforcing mechanisms. Thus, the GLC later agreed to the 2001 Great Lakes
Charter Annex, committing the GLB states/provinces to agree on policies to be included in
laws within the next three (3) years. This was fulfilled when the 2005 GLSWRA was passed
and subsequently integrated into current state/provincial laws governing GLB water use.

Sustainable aquifer yield considerations have also been absent from binational eco-
nomic policies affecting GWS. Though they can be traced back to the 1855 Reciprocity
Treaty, it was not until 1987 that the first such policy was established that had direct impact
on maintaining GWS when both countries established the Canada–United States Free
Trade Agreement. Superseded by the 1994 North American Free Trade Agreement that
admitted Mexico to the free trade zone, these agreements followed the General Agreement
on Tariffs and Trade of the World Trade Organization. Herein, GLB groundwater and
surface water were allowed to be exported when “captured whether in bottles, tankers or
pipelines.” Successive trade agreements have ignored the cumulative impacts the virtual
groundwater trade can have over time on source aquifers and the environmental safe-
guards for maintaining GWS. Instead, these agreements have always included settlement
mechanisms for trade disputes, opening the door to growing competition and conflicts be-
tween conservationists and industries drawn to the Basin by its cheap, clean, and abundant
groundwater supply [66].

• The Evolution of Federal GWS Governance
Per the 1867 Canadian Constitution, the Canadian federal government has had a

historically limited role controlling groundwater use, restricted to aquifers within interna-
tional borders and those underlying railways, federal, and First Nations lands. It has been
most involved in geological mapping and tracking GWS levels, founding the Geological
Survey of Canada (GSC) in 1947 and expanding its groundwater research commitments in
the 1987 Federal Water Policy [67]. The US federal government has also long facilitated
similar hydrogeological research, founding the United States Geological Survey (USGS)
in 1879. However, it has had a more central GWS governance role, with the Commerce
Clause of the 1787 United States Constitution and the 1986 Water Resources Develop-
ment Act (1986 WRDA) prohibiting diversions of all US waters without Congressional
consent. A 2000 amendment to the 1986 WRDA banned all diversions of GLB water
unless approved by Great Lakes governors, thus conferring the GLB states’ GWS gover-
nance role [68]. As such, most GWS governance roles rest with the eight (8) GLB states
and Ontario.

Despite the federal governments’ long-standing facilitation of hydrogeological re-
search, there is little evidence to suggest that sustainable aquifer yield considerations have
been taken into account in successive court rulings or state/provincial laws and decision-
making standards impacting GWS. Remaining mostly unchanged from its original 19th
century legal doctrines that were based on 19th century scientific understanding of ground-
water flow systems, the evolution of state/provincial GWS governance is evaluated below.

• The Evolution of State/Provincial GWS Governance
After agreeing on the 1956 Great Lakes Compact, GLB states/provinces adopted

bulk water use and diversion counsels of successive binational agreements. In so doing,
they followed the historical trend of overlooking sustainable aquifer yield requirements
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and favoring surface water preservation objectives. As such, the focus of this assessment is
on the governance of smaller volumes of GLB groundwater use within the study period.
This is because, despite much of the theoretical foundation and rudimentary groundwater
quantification and modelling methodologies being established by 1940 [62], there has been
considerable variation in the degree to which these policies and decision-making standards
kept pace with these scientific advances and took sustainable yield considerations into
account [69]. We also evaluate court rulings to resolve groundwater use conflicts during
the study period. As the only state wholly within the Basin’s boundaries, we focus
analysis on Michigan’s court decisions as its many landmark rulings demonstrate well how
groundwater conflict resolution has been historically treated in case law.

I. Ontario
Ontario had some of the earliest policies in place impacting GWS in the study period.

Its Ontario Water Resources Act (OWRA) mandated licensing and pumping rate data
collection since 1961 [67]. A 1990 OWRA amendment introduced more stringent require-
ments for bulk water use than those of the 1985 Charter, requiring permits for taking over
50,000 L per day, environmental impact assessments (EIAs), and a graduated approach
to PTTW fees. Reflecting consideration of lower quantities and replenishment rates of
GWS, fees ranged from none for taking water from low-environmental-impact sources,
to USD 3000 for groundwater PTTWs issued in high-use regions and/or for water-bottling
purposes (Section 34). The 2001 Ontario Municipal Act was the only GLB policy within the
study period mandating inclusion of municipalities in PTTW decision making. On regulat-
ing pumping from both small- and high-capacity wells, a 2002 Safe Drinking Water Act
amendment mandated tracking of pumping rates to avoid uptake of brines, thus reducing
aquifer over-pumping risks. The 2002 Ontario Low Water Response Act considered tempo-
ral aspects impacting groundwater availability, setting progressive restrictions on water
pumping corresponding to reducing levels of streamflow and/or precipitation in times
of drought.

II. Pennsylvania
Far stricter than most GLB states/provinces, in Pennsylvania there has been long-

standing consideration of the cumulative impacts of smaller water takings (even from
aquifers underlying private property), temporal limits to groundwater use, and focus on
EIAs before granting bulk groundwater permits. The earliest Pennsylvania statute impact-
ing the Basin’s GWS was the 1956 Water Well Drillers License Act (32 P.S. §645.1 et seq),
which required users to request and renew annual licenses for small- and large-capacity
wells and reporting of water table levels. The 1978 Emergency Management Services Code
(35 Pa.C.S. §7101 et seq.) was the first GLB policy to mandate reduced groundwater use dur-
ing droughts. The 1984 Safe Drinking Water Act appeared to consider sustainable aquifer
yield by empowering municipalities to issue permits, at an annual fee capped at USD 500
for persons taking groundwater from publicly owned aquifers. It also required EIAs on
aquifers as part of groundwater permit requests. Finally, the 2002 Water Resources Planning
Act 220 (27 Pa.C.S. Chapter 31) made it compulsory to report groundwater withdrawals for
domestic use from aquifers within private land when exceeding 10,000 gallons per day.

III. Minnesota
Unlike Pennsylvania and Ontario, Minnesota has had far less consideration of sus-

tainable aquifer yield requirements in its statutes and regulations impacting GWS. Instead,
the state has had a tradition of having little to no regulations for the use of groundwater
within private land, rather focusing on the protection of water within publicly owned
lands. In 1897, Minnesota Law first adopted the term public waters (Minnesota Water
Law Section 103). However, groundwater was excluded in the original definition of public
waters, instead limiting public waters to large lakes and streams that were capable of
beneficial public uses such as water supply, fishing, and boating. All other waters were
deemed private and beyond the regulation of the state. The catastrophic drought of the
mid-1930s demonstrated the need for more stringent water protections, which for the first
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time included groundwater, as the Minnesota Water Law was amended empowering the
state to issue permits to protect the public’s interest in the amount of water available for use.
Permits were required for large-quantity uses of public waters as well as for the appropria-
tion of public waters for agricultural, industrial, and commercial sectors. Yet, the permit
fee structure remained the same for groundwater and surface water, thereby disregarding
the differences in availability and recharge rates.

In 1976, the Public Waters Inventory Program was introduced to track water levels
(Laws of Minnesota 1976, Chapter 83 and Laws of Minnesota 1979, Chapter 199), reiter-
ating the definition of public waters as those serving “beneficial public purpose” and for
the first time including aquifer recharge as public waters. A 1979 amendment confirmed
the location of public waters as those within lands to which the State of Minnesota or the
federal government hold title. It also made it mandatory for all 87 counties of Minnesota,
including the ones to the north east within the GLB, to participate in the public waters
inventory. The 1990 Allocating and Controlling Waters of the State (Laws of Minnesota
1990. 103G.255) amended several previous laws to provide further clarity on the state’s
role in conserving sufficient water resources for public use; however, it did not include
specific hydrogeological science-based actions for conserving groundwater. Aiding the
protection of groundwater within private and public lands, in response to the 1987–1989
drought, in 1990 the Minnesota Department of Natural Resources was mandated to de-
velop a drought plan (Minnesota Statutes Section 103G.293). Still in use today, the resulting
Minnesota Statewide Drought Plan consists of a set of prescribed local action responses to
five different conditions/phases of climate (normal to extreme drought) [70].

IV. Wisconsin
Though Wisconsin has not had a long track record of laws reflecting sustainable

aquifer yield considerations, and did not have regulations mandating reduced groundwa-
ter use during droughts over the study period, it has more recently developed one of the
more comprehensive water use and aquifer protection policies of all GLB states/provinces.
Its 1983 Comprehensive Groundwater Protection Act 410 (Chapter 160, Wisconsin Statutes)
established the Groundwater Coordinating Council to assist state agencies’ coordination of
water conservation and provision of GWS scientific data. On smaller-capacity wells, it em-
powered municipalities to regulate—under Wisconsin Department of Natural Resources
(DNR) supervision—construction and pump installation for some private wells. The 2003
Groundwater Protection Act (Wisconsin Act 310) mandated EIAs before granting PTTWs for
high-capacity wells. The Act also defined the spatial extent of Groundwater Management
Areas, mandated pumping rate reporting, and established a decision-making standard for
addressing water quantity issues in rapidly growing areas of the state. However, with an-
nual PTTW fees set at USD 100 for both surface water and groundwater, economic incentives
did not appear to consider their relative quantity and recharge disparities [71].

V. Indiana
Indiana’s approach to GWS governance featured some of the least physical—environmental

considerations for protecting GWS of all GLB states/provinces within the study period.
Since 1860, Indiana has applied the “Reasonable/Beneficial Use system” to govern both
surface water and groundwater uses [72]. Like Minnesota, its application of the Reasonable
Use Rule in the Indiana Code (IND. CODE § 14-25-7-6.) permits “ . . . the use of water for a
beneficial use in such quantity and manner that is (1) necessary for economic and efficient
utilization, and (2) is both reasonable and consistent with the public interest.” The first
statute to provide some GWS protections was the 1985 Emergency Regulation of Ground
Water Rights Act (IC 14-25-4). However, the law was concerned with protecting property
rights to groundwater as it protected owners of small-capacity wells from the impacts of
high-capacity wells if they significantly lower GWS levels within their properties. Still in
use today, this law has been further reinforced in Indiana case law that has held landowners
liable for all types of damages caused by the excessive removal of groundwater, including
subsidence damage. This is illustrated in the 1998 Indiana Court of Appeals ruling against
the GLB City of Valparaiso. Damages were awarded to the plaintiff for land subsidence
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caused by the City’s over-pumping of GLB groundwater (City of Valparaiso vs. Defler,
694 N.E.2d 1177, 1180-82). The Court of Appeals stated that reasonable and beneficial use
of groundwater must be maintained to avoid harming the rights of adjacent landowners.
The 2003 Water Rights and Resources Act (Indiana Code 14-25-1(1)) furthered this approach
to GWS governance. While it defined the types of water subject to government protection
for the public welfare, it did not include groundwater. Similar to Minnesota, Indiana
provided some recommendations to protect GWS in times of drought. Its 1994 Water
Shortage Plan included environmental indicators of water shortages with corresponding
groundwater use and management responses.

VI. Michigan
Prior to the passage of the 2005 GLSWRA, Michigan’s statutes largely omitted stan-

dards to control groundwater use that reflected sustainable aquifer yield considerations [73].
In addition, most controls on groundwater use were set by the courts in settling ground-
water use disputes, and rulings were primarily concerned with ensuring equitable access
rights to groundwater within property limits. The earliest of these rulings was from
the Michigan Supreme Court in the 1917 Schenk vs. City of Ann Arbor case (196 Mich
75, 163 NW 109), where it was found that the City of Ann Arbor did not have greater
rights to withdraw groundwater for the provision of public water supply than a private
landowner did. The court also ruled on another landmark case, Bernard vs. City of
St. Louis in 1922 (220 Mich 159, 189 NW2d 891), in favor of the plaintiff, requiring the
City of St. Louis to reduce groundwater withdrawals to maintain adequate water for the
plaintiff’s use, and awarding compensation for pumping equipment that the plaintiff had
to install. In 1982, the Michigan Court of Appeals reaffirmed the outcome of Bernard vs.
City of St. Louis, ruling in the Maerz vs. U.S. Steel Corporation case (116 Mich App 710).

Statutes that did cover GWS were first established in the late 1970s. Reflecting the
Absolute Ownership Rule in stating that municipal governments had no authority to curb
groundwater uses within private land, the 1978 Michigan Public Health Code (PA 368,
MCL 333.1101 to 333.25211) indicated that “a local unit of government shall not enact
or enforce an ordinance that regulates a large-quantity withdrawal.” Another was the
1981 Michigan Right to Farm Act (P.A. 93 Sec. 3 (3)) that listed conditions that offered
farmers protection from nuisance suits. Noting that it cannot be applied to resolve water
use conflicts, the Act precluded installation of new irrigation equipment or new technolo-
gies as grounds for groundwater use complaint suits, paving the way for installation of
higher-capacity pumps adding pressure on aquifers. Michigan took its first steps towards
conserving GWS based on sustainable aquifer yield considerations when it passed the
1994 Natural Resources and Environmental Protection Act 451 (Mich. Comp. Laws §
324.30106), requiring EIAs before granting permits to take groundwater. The 2003 Aquifer
Protection and Dispute Resolution Act added further protections by setting withdrawal
thresholds based on a regional groundwater model that can assess the degree to which
aquifers are overexploited.

On economic policies impacting GWS during the study period, Michigan’s court
rulings have had implications on the extent to which free trade treaties could be applied
to access groundwater prior to the 2020 USMCA. The Michigan Court of Appeals 2005
ruling on the Michigan Citizens for Water Conservation (MCWC) vs. Nestle Waters North
America Incorporated (269 Mich. App. 25, 709 N.W.2d 174) is one of the most significant
cases. Nestle previously purchased groundwater rights to a Sanctuary Springs property
in Mecosta County, within which it established four high-capacity wells that pumped
groundwater at a rate of 400 gallons per minute (576,000 gallons per day). The 1994 Natural
Resources and Environmental Protection Act 451 was considered by the court in ruling
for the MCWC, preventing Nestle from continuing operations. Considering the MCWC
as riparian property owners negatively affected by Nestle’s wells, the court found that
Nestle’s withdrawals unreasonably interfered with MCWC’s rights. The court also noted
the harmful impacts that Nestle’s groundwater extraction was having on the ability of
wetlands and watercourses to provide ecosystem services, including the reduction of their
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ability to provide fisheries habitat, water filtration, and to prevent erosion and flooding.
The court ordered Nestle to cease operations pending determination of more sustainable
groundwater withdrawal rate, allowing consideration of sustainable aquifer yield factors.
It was not until after the study period, in the 2006 amendment to the 1994 Natural Resources
and Environmental Protection Act 451, that any statutes were passed that regulated the
removal of any quantity of GLB groundwater from an aquifer for free trade purposes [74].

VII. New York
Prior to the 2005 GLSWRA, New York statutes impacting GWS had minimal guidance

that reflected sustainable aquifer yield considerations [75,76]. The first was the 1972 New
York Environmental Conservation Law (Chapter 43-B) that set standards to reduce over-
pumping to prevent upwelling of brines to maintain water quality. The other significant
measure during the study period was the 1988 Great Lakes Water Conservation and
Management Act (NYS ECL § 15-1501 et seq.) that imposed EIA requirements on public
water suppliers that withdrew large amounts of GLB water.

VIII. Illinois
In Illinois, groundwater uses have for the most part proceeded without reasonable

use limits, volumetric controls, or policies restricting groundwater use in times of drought.
Additionally, Illinois is one of two GLB states initially using the Absolute Ownership
Rule in case law applied to resolve groundwater use conflicts, applying it well into the
1980s [77]. The Edwards vs. Haegar (180 III. 99) ruling in 1899 allowed for landowners to
use groundwater without concern for impacts on neighboring users until the passage of
the 1983 Water Use Act. In this Act, the applicability of the Reasonable Use Rule to govern
the State’s groundwater withdrawals was confirmed. This was reaffirmed in the Bridgman
vs. Sanitary District of Decatur (164 III. App. 3d 287 4th Dist.) ruling, which stated,
“By using the terms ‘natural wants’ and ‘artificial wants’ in the definition of reasonable
use . . . the legislature has adopted the same standards for groundwater withdrawals
as that which applies to surface water withdrawals.” Another step towards protecting
GWS was the adoption of the 1987 Illinois Groundwater Protection Act, which enacted a
series of technical programs and procedures to monitor statewide well levels. Though the
1980 Supreme Court Ruling (Wisconsin vs. Illinois, 449 U.S. 48) established the Chicago
Diversion, precluding the state from any 2005 GLSWRA obligations, Illinois permitted bulk
groundwater pumping for domestic uses following its 1996 Rules and Regulations for the
Allocation of Water from Lake Michigan.

IX. Ohio
As per court rulings dating from 1861, Ohio initially applied the Absolute Ownership

Rule in regulating how much groundwater landowners could use, joining Illinois as the
second state to do so in the GLB [78]. Courts provided no legal remedy for complaints
of excessive use until a 1984 Ohio Supreme Court decision in Cline vs. American Ag-
gregates Corporation, which adopted the Reasonable Use Rule in its ruling. The court
placed a duty on landowners to make sensible use of groundwater to avoid harm to the
groundwater rights of nearby landowners. The next significant step to safeguarding GWS
was the 2003 amendment to the Groundwater Rules and Regulations (Ohio Adminis-
trative Code Reg. 3745-34) which required groundwater use permits to withdraw over
100,000 gallons per day, the same volumetric limit set for surface water.

4. Discussion

Results of our CPT analysis pinpoint the causes of gaps in the present day GWS
governance framework that have led to emerging groundwater supply vulnerabilities in
drought-prone and/or groundwater-dependent GLB communities. Referring to key aspects
of CPT theory, below we outline the empirical manifestations and causal mechanisms—
successive governance milestones/amendments and court rulings within the study period—
that comprise the causal chain linking historical causes to present-day outcomes.
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• Causes and Outcomes
The greatest strength of GWS governance over the years has been its facilitation of

scientific research and data collection, which if applied, would have been relevant to
devising groundwater use policies and decision-making standards based on sustainable
aquifer yield. This is evidenced with federal governments’ early establishment of the
USGS and GSC, and their long-term collaboration with the states/provinces in aquifer
mapping and monitoring GWS levels [67,68]. GLB states/provinces have fairly consistently
required GWS-level data collection, and in some cases, have long required pumping-rate
reporting, such as in Ontario, Pennsylvania, Minnesota, and Wisconsin. At the bina-
tional level, the 1956 Great Lakes Basin Compact was a key milestone as it initiated the
whole-of-basin approach to GWS governance that has come to characterize successive
agreements, catalyzing binational hydrological research and data sharing on GLB water
resource use [65].

Data and science on aquifer geophysical parameters, flow rates, as well as technologies
and methodologies for quantifying and simulating groundwater flow have been steadily
improving over the study period. However, our findings suggest that although govern-
ments at multiple levels have facilitated much of this science that is relevant to sustainable
aquifer yield, they insufficiently leveraged it to develop groundwater use and conservation
rules over the study period. This feature is the root cause of present-day GWS governance
weaknesses and groundwater decline outcomes.

CPT points to legal principles originating from 19th century court decisions and
scientific understanding of groundwater flow systems as the fundamental cause of these
outcomes. The oldest of these is the Absolute Ownership Rule. Court deliberations in
its earliest documented application, the 1843 Chasemore vs. Richards ruling (1843-60 All
E.R. 77, 81-82 H.L. 1859), shed light on the incipient state of hydrogeological science at the
time that supported the creation of the legal concept that groundwater use could not be
governed because its quantities and flow directions were “unknowable”. From 1776 to
1865, the science of hydrogeology was characterized by slow growth in the understanding
of underlying principles, especially in the Great Lakes region where springs were plentiful,
not requiring early settlers to develop wells to access groundwater, or consider impacts of
overuse [62]. Therefore, when the Reasonable Use Rule was later set to govern groundwater
use, it was largely oriented towards protecting the rights of adjacent landowners to access
groundwater within their property limits. Additionally, for much of the study period,
GWS conservation for the greater public good was not prioritized, given the Public Trust
Doctrine’s incorporation into early state/provincial constitutions that regarded only surface
water as a common, public resource. The Underground Stream Doctrine further entrenched
this paradigm, as governments typically only stepped in to protect GWS for the purpose of
safeguarding surface water.

It is from this scientific and legal basis that during the study period, successive GLB
governments and courts at multiple levels largely failed to devise policies and standards
for groundwater use and conservation based on sustainable aquifer yield. Carried through
to the present day GWS governance framework, we outline the causal mechanisms culmi-
nating in current governance weaknesses and GWS decline outcomes.

• Empirical Manifestations and Causal Mechanisms
Focusing first on policies and decision-making standards controlling groundwater

pumping, successive, multilevel statutes generally omitted specific, science-based measures
based on sustainable aquifer yield during the study period. Echoing Underground Stream
Doctrine paradigms, governments typically interrelated surface water and groundwater
rights of use, not containing evidence of appreciation that there is five times more surface
water than groundwater stored in the Basin [1]. With most governmental controls for
groundwater use limited to bulk quantities, it is noteworthy that since being introduced
in the 1985 Charter, the same high volumetric water use thresholds were used to define
bulk surface water and groundwater, seeming to be better suited to surface water’s greater
availability and quicker recharge rates [79].

22



Water 2021, 13, 1768

Another significant governance blind spot was the paucity of regulation of smaller
quantities of groundwater uses. This is seen in groundwater exports from the Basin in
containers 20 L or less being allowed in successive binational agreements leading to the
2005 GLSWRA; these agreements being purportedly aimed at preserving the quantity of all
GLB waters. More evidence is that most GLB states, except for Ontario and Pennsylvania,
did not have controls on smaller volumes of groundwater pumped within private land.
Reflecting the legal principles of the Absolute Ownership Rule, governance focused rather
on standards for well construction and pump installation. Groundwater pumping for
firefighting and agriculture, regardless of the quantity, was also unregulated, despite the
latter being the largest groundwater consuming sector in the Basin [57,59].

Past court rulings also provide more empirical manifestations that reflect 19th century
scientific and legal principles. Rulings resolving groundwater use disputes seem to have
been rather focused on ensuring equitable groundwater rights of landowners rather than
preserving aquifer storage [80]. Courts have generally ruled in favor of those with the
deepest wells and highest-capacity pumps, such as in the Bralts and Leighty (no date)
Michigan court ruling that “if a neighbor complains that your irrigation pumping is causing
their well to go dry, a prudent response would be to offer to deepen their well and consider
it an irrigation expense.” In other instances, courts typically enforced the Reasonable Use
Rule and/or Underground Stream Doctrine and applied jurisprudence on surface water,
given its longer track record of case law, to resolve other groundwater use conflicts [72].
Notable examples are deliberations in the City of Valparaiso vs. Defler (694 N.E.2d 1177,
1180-82) ruling in Indiana and the Bernard vs. City of St. Louis ruling (220 Mich 159,
189 NW2d 891) in Michigan.

On GWS conservation, multilevel policies and decision-making standards had a mixed
record on considering sustainable aquifer yield during the study period. Positive devel-
opments were the introduction of EIA requirements in PTTW decision-making standards
for high-capacity wells beginning in the 1980s in some states/provinces, as well as their
protection of waters needed for aquifer recharge. Moreover, with regard to the temporal
dimension of safeguarding GWS, states/provinces introduced voluntary, judicious water
use policies to protect GWS during droughts, with Pennsylvania and Ontario being the
only jurisdictions where this was made mandatory during the study period.

Economic policy tools also reflected 19th century legal and scientific concepts, and typ-
ically appeared to disregard sustainable aquifer yield. There is little evidence to suggest
that they considered quantitative evaluation of the trade-offs between future and cur-
rent groundwater withdrawals that would be required for dealing with growing ground-
water insecurity [63]. To illustrate, historically, fees for municipal water supply and
state/provincial well permits and PTTWs have been low or nonexistent. Moreover, as these
fees generally were not differentiated from the pricing structure for surface water, mul-
tiple levels of governments did not consider groundwater’s relative scarcity and lower
recharge rates, providing little economic incentives for reducing groundwater use.

• Causal Linkages
Legal principles originating from 19th century groundwater science do not appear to

have persisted in successive court decisions, policies, and decision-making standards due
to a lack of competence or understanding of hydrogeological science. Much of the theo-
retical, engineering, and methodological underpinnings needed to quantify groundwater
and simulate its flow directions and rates were established since the 1940s [62], and GLB
governments have demonstrated their ability to leverage these scientific advances towards
safeguarding groundwater quality. GLB governments at multiple levels have had laws
protecting groundwater quality since the 1970s that explicitly considered modern science
on geophysical and environmental parameters [17]. Kickstarted with major environmental
disasters such as the Love Canal catastrophe that leached hazardous chemicals into un-
derlying groundwater in the Niagara escarpment, to widespread eutrophication of Lake
Erie, general awareness of GLB water quality crises shifted public opinion, leading to
sweeping policy changes [81]. Since then, consecutive amendments of groundwater quality
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regulations have mostly kept pace with innovations in science, with there being some
successes in improving groundwater quality across the GLB [82].

The above suggests that path dependency may be the likely rationale for GWS gover-
nance and groundwater quality governance having such contrasting outcomes. The phe-
nomenon of governments starting down a particular track, making the costs of reversal
or change extremely high to overcome [83], path dependency is the likely causal link
through which GWS governance weaknesses were able to persist well into the present-day
governance framework, inexorably contributing to growing water insecurity in high-stress
locales. Hansen [84] contends that “path dependence is established only when it can be
shown that policy change was considered and rejected for reasons that cannot be explained
without reference to the structure of costs and incentives created by the original policy
choice.”. As such, policies are inherently challenging to reform [85], even when suboptimal
to address problems [86]. Often, policymakers typically must wait for critical junctures or
exceptional opportunities to enact governance reform [87].

In this context, the evidence conveys that successive GLB governments have had little
inducements to amend GWS governance as growing groundwater insecurities have been
largely localized and location-specific problems [88]. This is compounded by GLB residents
generally having low water risk literacy, lulled into the “myth of water abundance”,
relatively unaware of risks posed by droughts and rising uses [89,90]. With growing
groundwater vulnerabilities not yet garnering widespread public attention, or becoming a
Basin-scale problem, public pressure or significant inflection points have not yet demanded
GWS governance reforms considering sustainable aquifer yield.

5. Conclusions and Recommendations

Projected increases in climate and human pressures will continue to undermine
groundwater security in a “do nothing” policy scenario. Climate change will increase
precipitation in the Great Lakes region. However, its pattern will be progressively altered,
concentrating more precipitation within winter months when the ground is frozen, and in-
filtration is reduced. In these conditions, aquifer recharge is expected to decrease by up
to 20% [5]. Currently, 10% of the US population and 40% of the Canadian population
reside within the GLB [91], with some of the fastest growth in inland peri-urban com-
munities. For many communities, groundwater is often the sole source of public water
supply: e.g., almost half of Michigan residents and a third of Ohio residents depend on
GLB groundwater for public water supply [92]. With industry increasingly being attracted
to the Basin, drawn by clean waters and cheap water prices, these trends have already
contributed a thirtyfold increase in regional groundwater withdrawal, currently estimated
at 160,000 L/day [2]; as well as an overall 15% increase in groundwater consumption across
the Basin, while surface water consumption decreased within the study period [93]. If left
unchecked, these trends are likely to proliferate groundwater overuse, particularly in pop-
ulation growth and industrialized hotspots, raising the specter of groundwater insecurity
deepening in high-stress locales.

To contend with rising GWS threats, our findings argue strongly in favor of reforms of
policies and standards regulating groundwater pumping, use, and conservation. As demon-
strated with improvements made with water quality governance due to public pressure,
inflection points can make fundamental governance reforms possible [87]. Considering this,
our first recommendation is to raise awareness of the true availability and vulnerability of
GWS in the Basin. As a water-rich region, these location-specific vulnerabilities are often
overlooked. Therefore, raising awareness on the increasing cases and socio-environmental
drivers of GWS vulnerabilities across the Basin is key.

Secondly, we urge for groundwater use governance to keep pace with scientific find-
ings of the twenty-first century. It is clear that the Absolute Ownership Rule that underpins
the evolution of GWS governance was based on legal concepts predicated on 19th century
science, as governments avoided the establishment of specific rules to govern the use
of a resource they could not quantify or trace. Through path dependency, they instead
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applied rules originally devised and better suited to maintain surface water quantity,
despite advances in science that increasingly recognized groundwater as quantifiable re-
sources supporting vital environmental functions and economically valuable human uses.
In so doing, GLB governments at multiple levels have not recognized that the original
interpretation and establishment of these rules were very much a product of their time.

Since then, a great deal more knowledge and data on groundwater flow rates, direc-
tions, and quantities have been accrued as the hydrogeological scientific discipline matured.
Twenty-first century innovations such as Big Data, GIS, remote sensing, and machine learn-
ing technologies to estimate aquifer geometry, quantify GWS, and model groundwater flow
directions [94] carry the promise of faster, cheaper, and increasingly accurate estimations
of the physical–environmental parameters of sustainable yield [95]. While the significant
natural variation in aquifer physical–environmental settings would evidently impact plan-
ning needs and options to address highly localized to regional-scale GWS sustainability
issues, by leveraging these innovations, more sustainable policies and decision-making
standards to better sustain GWS may be created [96].

At the heart of GWS governance are its foundational legal doctrines and scientific
assumptions. Courts and governments at multiple levels would need to make a defini-
tive update of the Reasonable Use Rule relevant to the situational contexts of their GWS
governance mandates. These considerations imply the abandoning the Underground
Stream Doctrine in order to determine reasonable groundwater uses based on sustainable
aquifer yield concepts. This contemplates (i) specification of volumetric thresholds for
groundwater uses that avoid undesirable consequences on surface water bodies, aquifers,
and dependent ecosystems in legal definitions; (ii) adding a temporal dimension to deter-
mining reasonable groundwater use, lowering use rates during droughts; (iii) considering
the cumulative impacts of smaller-capacity wells over time [97], and (iv) differentiation of
bulk water definitions for groundwater and surface water, with lower volumes set for the
former given its relative scarcity and differing physical–environmental requirements of
aquifers to maintain groundwater.

Restricting what is now considered “reasonable uses” of groundwater will likely
require expansion of the Public Trust Doctrine [72]. However, applying public trust
principles to govern groundwater use in the GLB has been rejected in the past due to
fears over violating private property rights [98]. A 1983 California Supreme Court ruling
(National Audubon Society vs. Superior Court 33 Cal.3d 419) provides a practical example
for addressing this issue through sharing of public trust responsibilities with private
landowners. To resolve a complaint by the National Audubon Society on the lowering Lake
Meno’s water level due to long-term pumping, the Court ruled that the public trust must be
balanced between the Los Angeles Department of Water and Power and land proprietors.
In so doing, it rationalized prior appropriation groundwater rights of landowners with
the public lands and trust responsibilities of the government for conserving groundwater.
By according public trust responsibilities to landowners, it effectively placed a duty on
them to conserve groundwater below their lands.

Our third recommendation is to update economic policy tools to incentivize ground-
water use efficiency. The structure of costs created by past GWS governance policies has
resulted in groundwater being cheap and freely available to well owners, and insuffi-
ciently covering the cost of extraction and distribution of municipal water supply [59].
Regarding free trade agreements, these features have been embedded in the business
models of industries attracted to the region [99]. While most GLB states/provinces have
had voluntary guidelines for water use efficiency, mandatory standards and/or economic
incentives should be considered to curtain groundwater overuse. Such incentives can
include rebates for installation of efficient plumbing, promotion of judicious irrigation
methods, and removing reducing block rates in municipal water supply tariff structures.
Economic disincentives may also be considered, as illustrated in Ontario, who since the
1990s has set higher PTTW pricing for withdrawing bulk groundwater than for surface
water, and progressively increases costs for PTTWs for higher groundwater volumes.
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Looking back at the century-old arc of water resource governance in the GLB, there has
been a tradition of collaboration and cooperation across political jurisdictions and govern-
ment levels. The region’s governments have established enduring institutions and more
recently, taken steps to enshrine policies into law, suggesting growing political will to have
stronger water resource safeguards. Multilevel institutions have also a long tradition of
funding and conducting important scientific studies on the current state of the Basin’s
groundwater resources. With this trajectory, there can be some confidence in GLB con-
tinuing its transboundary governance evolution towards better science–policy alignment,
to sustain “all waters” of the Basin, rising to the challenges of growing climate and growing
human use stressors on vulnerable aquifers.
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Abstract: Sharing scientific data and information is often cited within academic literature as an
initial step of water cooperation, but the transfer of research findings into policy and practice is often
slow and inconsistent. Certain attributes—including salience, credibility, and legitimacy of scientific
information; iterative information production; and sociocultural factors—may influence how easily
scientific information can be used in management and policymaking. However, transnationality
usually complicates these sorts of interactions. Accordingly, we argue that the production of scien-
tific information and transboundary water cooperation build upon each other bidirectionally, each
informing and enhancing the other. We employ a case-study analysis of the Transboundary Aquifer
Assessment Program (TAAP), a binational collaborative effort for scientific assessment of aquifers
shared between Mexico and the United States. Here, information sharing was possible only by first
completing a formal, jointly agreed-upon cooperative framework in 2009. This framework resulted
in a collaborative science production process, suggesting that the relationship between sharing data
and information and transboundary groundwater governance is iterative and self-reinforcing. In
keeping with the publication of the TAAP’s first binational scientific report in 2016, we demonstrate
the bidirectional relationship between science production and water governance in the TAAP and
explore remaining challenges after scientific assessment.

Keywords: transboundary waters; groundwater; US–Mexico; water governance; science produc-
tion; bidirectionality

1. Introduction

The arid to semiarid region of the southwestern United States (US) and northwestern
Mexico is water-short in most of its geographical reach. Climate-change predictions
indicate rising temperatures and increased variability in precipitation patterns, leading
to water supply reductions by the middle of the 21st century [1–3]. This hydrological
variability affects groundwater basins; the southwestern US is likely to experience declines
in groundwater recharge, including in basins such as the San Pedro [4] and Santa Cruz [5,6].

Mexico and the US share four river basins (Tijuana, Colorado, Yaqui, and Rio Grande/
Rio Bravo). The two that are by far the largest, the Colorado and Rio Grande/Rio Bravo
basins, encompass almost the entirety of the border region. Additionally, 36 aquifers have
been identified along the Mexico–US border; 16 of these can be categorized as transbound-
ary [7]. Yet, while surface-water agreements govern and manage the binational Tijuana,
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Colorado, and Rio Grande/Rio Bravo river basins, there exists no formal agreement on
management of any of the transboundary aquifers.

The absence of binational/multinational transboundary institutions governing in-
ternationally shared groundwater is typical among almost all transboundary aquifers.
Globally, for the almost 600 identified aquifers crossing international boundaries [8], only a
handful of formal agreements over transboundary groundwater exist [9,10], even in loca-
tions that exhibit high levels of cooperation regarding other issues. Developing a shared
understanding is a prerequisite to joint management of a resource, most especially an un-
seen one. The US and Mexico have cooperated scientifically—though not managerially—to
assess four of their shared aquifers: the San Pedro and Santa Cruz, shared between Sonora
(Mexico) and Arizona (US), and the Mesilla–Conejos Medanos and Hueco Bolson, shared
among three subfederal entities: the Mexican state of Chihuahua, and the US states of New
Mexico and Texas (Figure 1).
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Transboundary water resources—whether above or below the surface—span a bor-
der and are shared. Here we highlight that the information, interpretation, science, and
actions that are needed to manage those resources flow both ways across the border in
question. Our aim is to show that the relationship between science production and ground-
water governance is bidirectional, with institutions in both countries exerting influence on
the outcomes.

The paper seeks to analyze the case study using process tracing ([11]; see, e.g., [12,13]).
We argue that analyzing the two-way flow of science production and cooperative gov-
ernance (e.g., [14]) has yet to be adequately explored in transboundary groundwater
governance literature. Specifically, we look at how these processes enhance each other
in the Transboundary Aquifer Assessment Program (TAAP) aquifers of focus (Figure 1)
shared between Arizona and Sonora—the Santa Cruz and San Pedro aquifers.
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First, looking at one direction of the flow, we examine how national and binational poli-
cies and cooperative actions, spearheaded by university and government agency research
partnerships on both sides of the border, led to advancements in scientific knowledge. The
most notable of those advancements was the completion of the first-ever binational scien-
tific aquifer assessments, prepared and released simultaneously in English and Spanish by
the (US–Mexico) International Boundary and Water Commission (IBWC).The IBWC/CILA
(Comisión Internacional de Límites y Aguas; the Mexican name of the commission) is
the binational organization whose mission is “to provide binational solutions to issues
that arise during the application of US–Mexico treaties regarding boundary demarcation,
national ownership of waters, sanitation, water quality, and flood control in the border
region” [15].

Then, viewing the other direction, we discuss how data and information resulting
from assessments may contribute to future decision-making for shared groundwater in the
border region.

In the following sections, we explore principles of water governance and, specifically,
which factors enhance cooperation in groundwater governance. As part of the process,
we also examine the role of science in informing policymaking. Next, we use the outlined
principles of water governance to analyze how elements of the science–policy interface
relate to groundwater governance in the case of the TAAP in Arizona and Sonora.

2. Literature Review

While the science–policy interface has been addressed in water management generally
(e.g., [16,17]) and transboundary water management specifically (e.g., [18]), little has been
written describing which elements of water governance need to be present for coproduction
of knowledge to occur in a transboundary setting (Armitage et al. [19] being a notable
exception). Acknowledging that our selection of key principles for the science–policy
interface in transboundary groundwater governance is not exhaustive, we review fre-
quently identified principles for analyzing groundwater governance and the science–policy
interface in the following paragraphs.

2.1. Principles for Analyzing Groundwater Governance

Though governmental entities are more likely to be cooperative than conflictive over
shared waters [20], there exist certain factors that make it easier—or more difficult—for
cooperation to occur. Among the barriers to transboundary cooperation are spatial and so-
cial distance [21–24]; limitations in institutional capacity, financial resources, participation
capacity, and data availability [25]; layering and asymmetries of governance structures [26]
and intrajurisdictional integration within countries [27,28]; incompatible governance cul-
tures and mandates; and mistrust and/or lack of leadership [25]. Here, social distance refers
to disparities in cultural, ethnic, religious, linguistic, political, administrative, legal, and
traditional ways of managing and governing water resources. These and other potential
asymmetries complicate transboundary resources management. Drivers for transboundary
cooperation include leadership, personal relationships, contacts, the existence of binational
(or multinational) institutions, and functioning networks [25].

When initiating cooperation on international waters, the chances of such cooperation
being successful increase when autonomies of each party are respected, basinwide networks
of scientists are established, diverse groups of stakeholders are consulted, and perhaps
above all, all parties establish and maintain trust [29]. Such cooperation encourages solving
common problems and cultivates interdependence and mutual understanding [30].

Narrowing our focus to transboundary groundwater, scholars have recognized the
underdeveloped and/or fragmented structures for resolving critical problems in ground-
water governance [10,31–34]. Here, we define groundwater governance as “the overarching
framework of groundwater use laws, regulations, and customs, as well as the processes of
engaging the public sector, the private sector, and civil society ([35]; p. 678]). Cooperation
is a key element in transboundary aquifer governance. Enabling factors include: existing le-
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gal mechanisms, functioning regional institutions, funding mechanisms, high institutional
capacity, previous water cooperation, scientific research, and strong political will [36].

Several articles have identified elements, or “pillars,” of surface water and ground-
water governance (e.g., [10,37–41]). Regarding groundwater, principles for management,
planning, and assessment can be summarized as follows: stakeholder engagement and in-
clusion, proper assessment and data for analysis, management and planning for groundwater use,
integrated water management, and protection of groundwater resources [10,38,39].

The reviews of groundwater governance principles and enabling factors presented
here feature certain commonalities, including stakeholder engagement, management and
planning, integrated water management, protecting groundwater resources, functioning
institutional presence and capacity, history of water cooperation, funding, and political
will. Other common factors are data sharing and scientific cooperation. Even low levels of
scientific research can motivate some degree of cooperation [36], as that research can lead
to increased transparency [42].

Complications associated with transboundary aquifers have been recognized for many
years by scholars and intergovernmental organizations (e.g., [43,44]). Although few in
number, formal international groundwater agreements vary in their legal nature, scope,
status, content, duration, and driving motivation, and of course, degree of successful
implementation [45]. This suggests that approaches to international groundwater problems
are often site-specific and ad hoc in nature [21]. The few existing international groundwater
agreements all contain some mechanism for data collection and/or exchange, and most also
provide an institutional framework [45]. One of the most prominent such agreements ad-
dresses the Guaraní Aquifer in South America. The countries had to overcome asymmetries
in political power and water governance structures (e.g., level of centralization) [46]. De-
spite the original promise of the accord, implementation has been a challenging process [47].
Jordan and Saudi Arabia also signed and ratified a bilateral (though not fully operational)
agreement on the Disi Aquifer in 2015 [48] after exploitation from both countries, including
withdrawals from a Jordanian pipeline project [49].

2.2. Analyzing the Science–Policy Interface in Transboundary Groundwater Governance

The bidirectional relationship between data-cum-information exchange and ground-
water governance is a clear example of the science–policy interface. We define this interface
to be how policy actors and scientists interact with each other through processes such as ex-
changing and joint constructing knowledge [50]. This building of place-based knowledge of
groundwater resources is a key step toward effective management and governance [51]. In
transboundary contexts, scientific assessment is a needed initial step to determine whether
and the extent to which individual aquifers are cross-border physical systems (see [8,52]).
Assessment can also help to catalog existing data sources and identify what data gaps exist.
Such lacunae are common for transboundary aquifers because availability of and access to
groundwater data are especially constrained [53], of uneven quality and reliability, and
sometimes the result of disparate measurement systems and protocols [22].

Long-term planning for sustainable groundwater management also requires both char-
acterization and ongoing monitoring due to the complexity and everchanging conditions
of aquifer systems and inherent scientific uncertainty in groundwater evaluation. Man-
agement practices need to account for hydrogeological characteristics of transboundary
aquifers via such strategies as pollution prevention, integrated land and water management,
and context-specific approaches [39,54–56].

Certain attributes—such as salience, credibility, and legitimacy of scientific data
and information—may determine how easily scientific information can be utilized in
management and decision-making [57]. Salience (the relevance of information to decision-
makers and/or the public; [57]) increases when the questions asked are relevant to the
actors involved; it can be achieved through cooperative development of project goals
via two-way communication [58,59]. Building trust and accountability via long-term
relationships also bolsters salience, along with credibility (the creation of information that
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is believable, trusted, and authoritative; [57]) and legitimacy of the process of knowledge
production (the perception of how fair the knowledge production is, whether it includes
different perspectives, and appropriate values and concerns; [57,60]). Involving actors
perceived as experts in the task at hand tends to enhance credibility. However, if experts do
not represent multiple points of view, or if the information is not produced via a transparent
process, the data may not be perceived as fully legitimate. Legitimacy can be increased
when scientific data are generated via cooperative, inclusive efforts, using mutually agreed-
upon protocols. Conversely, lack of consensus on the instruments and methods used
for data collection can impede cross-border cooperation [61]. Collaborative knowledge
production and institutionalized science–policy processes that engage stakeholders—either
via a cross-border organization or established network of stakeholders—can bolster the
legitimacy of decision-making processes and knowledge generated in transboundary water
contexts [19].

These science–policy processes may not necessarily yield deliberate progress toward
some final state, but they do offer a developmental path from an initial state [62]. They
may require iteration, building on previous practices, and learning from past successes
and failures. Iterative processes are essential to positive science–policy interface outcomes,
since capacity, trust building, and adaptability require multiple iterations [63–65]. Multiple
iterations may also be necessary when new data or understanding is obtained [62,66].

In some cases, cross-border knowledge generation can provide a foundation for or
promote further cooperation, such as formal agreements. Of the existing international
agreements on shared groundwater, most were initiated by knowledge-generation efforts
and/or from funding and assistance from international organizations [45]. Cooperation can
be promoted via joint collection of high-quality data—thereby reducing the potential for
data to be contested [67]. Joint monitoring, data collection, and data sharing are recognized
as beginning steps within the cooperative process [68]. Joint studies of the Guaraní Aquifer
System [47,69], the Nubian Sandstone Aquifer [70], and the Iullemeden Aquifer [69] are
examples of this.

Yet in other cases, having prior cooperation or specific agreements in place can also
help lead to improved scientific studies. Joint scientific studies may require a foundation of
cooperative relations that could include transboundary institutional capacity, a framework
for cooperation, or merely the presence of trust and prior working relationships. These
studies on transboundary waters are often used to alleviate unidentified gaps in knowledge,
missing information, data incompatibility, variation in quality control of data, and lack
of scientific understandings [71]. Armitage et al. [19] describe the importance of setting
the “conditions for collaboration” early on in transboundary science–policy processes
by engaging relevant stakeholders, building relationships and bolstering trust. In both
the Danube and the Orange–Senqu basins, for example, establishment of transboundary
institutions—river basin organizations—made it possible to conduct cohesive basinwide
water quality studies via collaborative studies involving all basin states in knowledge
production [19]. Similarly, the US–Mexico agreement on the release of an environmental
pulse flow in the Colorado River led to many new scientific discoveries [72].

When science is produced via collaborative processes that engage multiple parties, the
information produced is more likely to be accepted by the participating countries. Science–
policy processes for transboundary groundwater do not evolve the same way each time—
the process is nuanced and involves give-and-take between progress toward scientific
investigation and information gathering on the one hand, and political cooperation and
agreements enabling people and organizations to work together on the other. Examples
of how this critical bidirectional relationship between science and policy manifests in
transboundary water governance is demonstrated in Figure 2.

Using the principles of good governance and role of science in decision-making
outlined above, we turn now to analyze groundwater governance and processes of science
production in one illustrative case: the implementation of the TAAP in Sonora and Arizona.
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3. Materials and Methods

This paper employs a case-study method to investigate the relationship between
science production and groundwater governance in the US–Mexico border region. Based
on the results of our literature review above, we hypothesize the following:

Hypothesis 1 (H1). Science contributes to and influences transboundary groundwater governance
by informing management with a transboundary scientific understanding on both sides of the
international border.

Hypothesis 2 (H2). Transboundary groundwater governance, through policies, agreements, and
other cooperative efforts, contributes to and influences the course of scientific inquiry by expanding
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cooperative scientific networks across the border, including communities of practice. This in turn helps to
generate new scientific knowledge that likely would not be possible without governmental cooperation.

To test these hypotheses, we employ both process tracing and interviews. First, we
analyze elements that have been identified as enabling factors for good groundwater
governance, as synthesized from the literature: stakeholder engagement and inclusion,
management and planning for groundwater use, integrated water management, protecting
groundwater resources, institutional presence and capacity, history of water cooperation,
funding, and political will. “Good governance” suggests normative characteristics of being
efficient, inclusive, and sustainable. Next, we use key features of scientific information that
promote its ease of use in policymaking—salience, credibility, legitimacy [57], and iterative
knowledge production [63,64]—to evaluate the bidirectional relationship of science and
policy. Finally, we gathered data by conducting 20 interviews of government officials and
scientists on both sides of the border (see Supplementary Materials, Table S1), participant
observation, and by compiling secondary sources from binational technical meetings,
conferences, and stakeholder meetings that took place during the 2010–2019 period.

We asked two sets of interview questions: one for scientists (Table S2), and one for
government officials (Table S3). Questions for scientists focused on whether and how
transboundary groundwater governance contributes to science by engaging relevant stake-
holders, building relationships, and bolstering trust, thereby leading to scientific discov-
eries. Questions for government officials queried whether and how science (specifically
groundwater assessment) contributes to groundwater governance.

4. Results

The adjacent transboundary Santa Cruz and San Pedro aquifers are in southeastern
Arizona and northeastern Sonora (Figure 3). Both aquifers support significant populations
and economic activities such as mining, agriculture, ranching, tourism, and manufacturing.
These aquifers have also seen rapid population growth in recent years [73,74].
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4.1. Water Management and Governance on Both Sides of the Border

Different modes and institutions for water governance between Mexico and the US
complicate bilateral cooperation and assessment by making the transfer of information and
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reaching consensus more challenging. Water management and governance in Mexico’s
nonborder waters tend to be more centralized than in the US [26]. The authority to regulate
surface water and groundwater in Mexico resides with Comisión Nacional del Agua
(CONAGUA), the national water authority. CONAGUA is responsible for all activities
concerning use, management, and protection of national water. At the state and substate
levels of government in Mexico, water management is more limited compared to the
US; CEA Sonora (Comisión Estatal del Agua Sonora, Sonora’s state water commission)
assists municipalities in providing water and sanitation services and administers water
supply-related programs, and certain municipalities run their own water and wastewater
utilities [75].

Water management and governance in the US generally occur at the state and/or
substate level. The federal government has built projects for flood control, transportation,
hydropower dams, and large-scale water diversions [76] and has set water quality goals
through measures such as the 1972 US Clean Water Act and the 1974 US Safe Drinking
Water Act. States have authority over implementation of standards, practices, and rules for
water use [77]. In Arizona, state law considers groundwater and surface water as distinct
water bodies and are regulated as such. While surface water rights in Arizona are regulated
under a prior-appropriation system (“first in time, first in right”), groundwater use is based
on beneficial use (e.g., agricultural, industrial, or residential). Groundwater regulations vary
across the state. Several regions of the state, including the US portion of the Santa Cruz
Aquifer, are designated Active Management Areas (AMAs), where groundwater use is
subject to regulations that are meant to be enforced by the Arizona Department of Water
Resources [78,79]. As Figure 2 shows, the US portion of the binational San Pedro Aquifer is
not part of an AMA.

4.2. Binational Water Management

The 1944 treaty, “Utilization of Waters of the Colorado and Tijuana Rivers and of
the Rio Grande,” gives the IBWC authority to make rules through adopting minutes
(interpretations and clarifications) to the treaty. The IBWC has some authority in water
shared between Mexico and the US to ensure compliance with the 1944 treaty, manage joint
infrastructure, maintain hydrologic monitoring stations, and communicate information
across the border [80]. This is due in part because Mexico’s policy requires that all border
groundwater (and surface water) issues be handled through the commission [81]. The
IBWC comprises two sections, with one section in Mexico (CILA) and one in the US.

In the past century, Mexico and the US have expanded transboundary surface wa-
ter governance capacity, moved towards inclusion of non-nation-state actors, increased
ecological considerations, and have signed agreements related to surface water—most
notably the 1944 treaty [82]. There exists no agreement over the management of shared
groundwater aside from Minute 242, which addresses groundwater pumping near the
US–Mexico border near San Luis, Mexico [83]. Minute 242 authorized the IBWC to begin
discussions on a binational groundwater agreement [80], but little progress has been made
to date. Issues surrounding water rights on both sides of the border, including those of
private parties and concessionaires, remain unresolved [84]. There have also been notable
disputes between both countries regarding water management, including over the issue of
salinity of the Colorado River as it enters Mexico [85].

4.3. Establishment of the TAAP

Both the US and Mexico have recognized that greater scientific understanding of their
shared groundwater resources would be mutually beneficial, particularly within a region
where groundwater is a primary component of the water balance and where populations
are growing. The two countries signed the La Paz Agreement in 1983, which formally
committed the US and Mexico to annual meetings between ministries and reviewing
border environmental concerns. The agreement did not include any specific solutions
or environmental protections but does provide a mechanism to do so in the future if
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desired [86]. The US Congress authorized Public Law 109-448 in late 2006, whose formal
name is the United States–Mexico Transboundary Aquifer Assessment Act (TAAA) [87].
Though the TAAA signaled US interest in participating in binational studies, Mexican
concurrence was needed to proceed with a binational program and identification of aquifers
of focus.

From 2007 to 2009, Mexico and the US began the engagement and negotiation process
that resulted in approval by the IBWC of the “Joint Report of the Principal Engineers
Regarding the Joint Cooperative Process United States–Mexico for the Transboundary
Aquifer Assessment Program” (Joint Report [88]). The Joint Report guides the binational
study of four transboundary aquifers: the San Pedro, Santa Cruz, Mesilla, and Hueco
Bolson. The key word for the cooperation between the two countries is “assessment”—
the Joint Report specifies that information that comes from cooperation is “solely for the
purpose of expanding knowledge of the aquifers and should not be used by one country to
require that the other country modify its water management and use” ([88], p. 3). Further,
the Joint Report also states that activities should be beneficial to both countries and cannot
limit what each country can do independently within its boundaries.

4.4. Summary of Governance Principles Present

Some of the governance principles for management, planning, and assessment iden-
tified in the literature review are present in the TAAP case study. These elements have
allowed for successful completion of scientific assessments but have not allowed for a
transboundary management regime to manifest at this point.

Stakeholder engagement was one of the keys to the project’s success; a broad set of
stakeholders and key actors was involved in early efforts that determined the scope of
assessment. Stakeholder engagement efforts during the project have included establishing
modes of communication through webpages, factsheets, and briefings. The project was
most likely aided by the long history of binational stakeholder engagement in the region
(see [89]).

There are no binding binational management and planning efforts regarding the TAAP
aquifers. Aside from Minute 242, which does not involve any of the TAAP aquifers, there
were no binding existing legal mechanisms dealing specifically with groundwater prior
to the establishment of the TAAP. Elsewhere, the Municipal Water and Sanitation Board
of the City of Juárez (Chihuahua, Mexico) and the El Paso Water Utilities Public Service
Board (El Paso, TX, USA) signed a legally unenforceable and unofficial memorandum of
understanding that calls for cooperation over and information exchange for the Hueco
Bolson Aquifer in 1999 [90,91].

In addition to the absence of binding binational management and planning efforts,
the two countries also have not engaged in binational integrated water management. There
have been no binational efforts toward integrated water management elements such as
managed aquifer recharge or collaborative modeling (though both countries have expressed
interest in building binational models of the aquifers). Neither have there been any specific
binational efforts toward protecting groundwater resources in terms of IBWC Minutes on
water quality or quantity for the TAAP aquifers, though Minutes 261, 276, and 294 do
designate impaired water quality resulting from border sanitation as an issue that should
be addressed.

Though the IBWC had not previously had a specific focus on groundwater, it was
undoubtedly a critical functioning regional institution for the function of the TAAP. The
IBWC, along with CONAGUA, were key players for the development of the Joint Report.
The IBWC’s expertise in managing treaty obligations (previous water cooperation) and Mexi-
can policies regarding transboundary waters made the binational organization central in
formalizing the cooperative framework [22].

Funding was provided by each country, but there were times when the timing of fund-
ing availability was asynchronous between the two countries. This resulted in differences
between countries in the amount and type of work at a given time.
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Political will was evident throughout the TAAP process. The approval of the TAAP
had to go through multiple official channels, including the 2006 US TAAA and the IBWC.
Stakeholder involvement was also significant in developing the assessment’s parame-
ters. Because the parties have limited their efforts to assessment, there has been no
test of the political will associated with addressing the institutionally complex matter
of joint management.

4.5. Summary of Attributes for Information to Be Used in Decision-Making

Salience of scientific information increases when the questions asked are relevant to
actors involved. While binational priorities were developed jointly, some studies focusing
on the TAAP aquifers were not binational as each country can conduct work within its
own borders without needing to consult the other, in accordance with the Joint Report
(e.g., [5]). Binational forums resulted in the development of strategic plans for the two
Arizona–Sonora aquifers, outlining priorities and tasks, with annual tactical plans allow
for more adaptive research to realities relating to funding, resources, personnel, and new
progress [26].

The TAAP team attended and participated at conferences to communicate and ex-
change information with others in the scientific community. Team members have also
disseminated journal articles, theses, and reports to enhance credibility. The Sonora–Arizona
effort has yielded two reports: the Binational Study of the Transboundary San Pedro Aquifer,
published in 2016, and the Binational Study of the Transboundary Santa Cruz Aquifer, which is
undergoing peer review. Both studies address their attention to physical characteristics of
the aquifers—the geology, climate, hydrology, landcover, and soils—and integrate these
data across the entire geographic extent of the aquifer, evaluating it for the first time as
a single physical system. Besides the work published by Pool and Dickinson [92] on the
Sierra Vista Subwatershed and Sonoran portions of the Upper San Pedro Basin, binational
maps were not common for the Transboundary San Pedro Aquifer. The same is true for
the Transboundary Santa Cruz Aquifer, where only a few sources present harmonized
binational cartography [93,94]. The San Pedro study produced 42 aquiferwide geographic
information system (GIS) layers containing data about the aquifer, which served as the
basis for the development of over 34 binational maps that describe multiple aspects of
the study area [95]. Each of the two reports represents a one-of-a-kind type of assessment.
The studies analyze and harmonize information from two different countries. Analyz-
ing and harmonizing information required overcoming language barriers, institutional
asymmetries, mapping and measurement preferences, and review processes.

Identifying each country’s team members was one of the initial challenges of the TAAP.
In Mexico, for example, some of the members were required by governmental policy to
go through CILA for this task, as Mexico requires that all border water issues be handled
through CILA. Universidad de Sonora and CONAGUA carried out the studies. US funding
was divided among the federally authorized Water Resources Research Institutes in Texas,
New Mexico, and Arizona, and the US Geological Survey Water Science centers in those
three states, as required by the TAAA. Selection of team members who were bilingual also
eased the process of communication.

4.6. Interview Results

Officials interviewed from both countries agreed that the information generated from
the reports could be used for recommendations and regulations (though were less cer-
tain about whether the information would help regulations), and an informal or formal
binational groundwater organization. Interviewees said that the results are potentially
useful for, e.g., confirming past conceptual understandings on the other side of the border,
some adjudication decisions in Arizona, and providing information for other forms of
decision-making. Figure 4 presents a summary of interviewees’ scores for salience, en-
gaging stakeholders, bolstering trust and building relationships (interviews of scientists),
and salience, credibility, and legitimacy (interviews of government officials). The TAAP’s
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collaborative and iterative process of scientific assessment helped produce information
that is more salient, credible and legitimate—regarding the transboundary aquifer—than
could have been produced by either country alone (Table 1).
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Table 1. Science production and relevant attributes of science outputs in the TAAP.

Features of Science Production Relevant Attributes of
Science Outputs

Binational development of research aims and focus areas
through Binational Technical Group meetings Legitimacy, salience, iteration

Investment of funding or in-kind investments from
both countries Legitimacy

Involvement of binational experts in knowledge production Credibility, iteration

Stakeholder involvement in planning Salience, legitimacy, iteration

Integration and harmonization of data from both nations Salience, iteration

Bilingual reporting of results (Binational Studies of the San
Pedro and Santa Cruz Aquifers) Legitimacy
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Regular and continuous communication and cooperation among the TAAP stakehold-
ers also bolstered the legitimacy and acceptability of scientific information produced. The
science produced by the Arizona–Sonora TAAP effort achieved legitimacy at the national
level, gaining official approval by the governments of both the US and Mexico. Inclusion
of social scientists in project design helped address social and institutional aspects of
cross-border cooperation, which are critical to the production of legitimate knowledge.

No binational work contributing toward the assessment happened until the 2009 Joint
Report. During this time, the Arizona–Sonora team engaged in team- and trust-building.
Participation in field trips helped build trust and a shared history among team members.
We define trust as an expectation or belief that one group can rely on another’s actions and
word and/or that the group has good intentions toward others [96]. During the period of
the study, the Binational Technical Group meetings established by the Joint Report also
helped to build trust: “Through the collaborative work we have learned about the capacity
and experience of the other researchers. It is not the same to know a person through what
he or she has published as it is to work together with them,” one TAAP scientist said. The
cooperative process was also aided by previous cooperative work conducted by Mexican
and US geologists over the last 50 years. The multiple iterations of communication were
essential for the process to continue and the work to be completed.

Both groups of Mexican officials and scientists interviewed for this article gave higher
scores compared to their US counterparts in all six categories portrayed in Table 1. These
higher scores could imply that Mexico perceives more benefits from the transboundary
aquifer assessment process through sharing previous studies, data, and technical resources.
The program also allows for arguably greater opportunities for Mexican researchers to
expand their research networks compared to their US counterparts.

5. Bidirectionality and the Science–Policy Interface

Key elements of “good governance” and of collaborative scientific assessment pro-
cesses both contributed to fruitful binational cooperation over assessment of these aquifers.
We show the bidirectional interaction between groundwater governance and science pro-
duction in Figure 5.
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The TAAP engaged in science production with joint research projects through the bina-
tional studies. Transboundary cooperation was established through trust and relationship
building among actors. One TAAP scientist interviewed said, “The binational relations
have been strengthened in many levels- [on the] local, formal, academic and research level,
[we’ve engaged in] collaboration and [generated] trust, long term projects, medium term,
joint collaboration.” Trust and relationship-building was aided by the already-established
relationship between governments through the IBWC and other governmental avenues
of cooperation. This was achieved through formal agreements in data and information
sharing through the 1944 agreement and subsequent minutes. The establishment of a frame-
work for a joint or collaborative binational study through the 2009 Joint Report helped to
build a formal cooperation channel that was sheltered by the IBWC. Previous collaboration
efforts lacked a coordinating body, Binational Technical Groups, and Binational Technical
Advisory Committees. This led to ambiguities within studies and barriers associated to
information distribution and availability.

In the context of US–Mexico transboundary groundwater, our view is that science
can palpably contribute to US–Mexico groundwater governance (Hypothesis 1) in two
key ways: (1) by informing management on each side of the border with a transboundary
scientific understanding, and (2) by expanding binational cooperative networks—including
communities of practice—on local, state, and national levels. These foundational coopera-
tive elements allowed for a collaborative process of science production that goes beyond
merely sharing information. From a ”science-to-governance” perspective, collaborative sci-
entific assessment of shared aquifers can help to inform water management decisions at the
local (e.g., water rights adjudication in Arizona) and national (e.g., determining availability
of groundwater in Mexico) levels, provides a shared knowledge-base and strengthened
trust among participants. Multiple scientists said that the TAAP has helped scientists in
learning to collaborate and promoted making contacts on the other side of the border. All
scientists involved with the TAAP said that they have made new contacts thanks to the
program: “Through this program we had the fortune to meet several researchers in the field
and know what they do and be familiar with their work,” one TAAP scientist said. Another
TAAP scientist said, “Because of TAAP, now I know who to go to [if I had a question about
groundwater across the border].”

From a “governance-to-science” perspective (Hypothesis 2), the previous cooperation
over water between Mexico and the US through the 1944 treaty and their subsequent
minutes undoubtedly facilitated the establishment of the binational assessment process.
Interviewed scientists said that the previous treaty and minutes helped to strengthen
communication between countries.

The political will of stakeholders and policy makers played a significant role for the
assessments. Funding provided by each country showed investment in the assessment’s
outcome. The investment of time that it took for the parties to agree upon the 2009 Joint
Report was arguably worthwhile, as it allowed them to create a document that struck
a balance between independence—where both countries conduct and fund their own
research activities on their side of the border—and coordination, including communication
of information through sharing data publicly, e.g., through the publication of the assess-
ments. Parties were able to harmonize information and overcome barriers, differences, and
preferences through the Binational Technical Group and Binational Technical Advisory
Committee meetings. The 2009 Joint Report guided how cross-border scientific efforts were
carried out—e.g., via binational teams—which helped reduce the possibility that either
nation would object to the knowledge produced. While one scientist pointed out that the
2009 Joint Report allowed for the assessments to happen, another scientist mentioned that
it was an obstacle for them due to the level of formality associated with the protocol. The
process for sharing data required multiple iterations. Both parties were initially cautious
about sharing information. The data sharing process became more efficient as the studies
progressed. Over time, scientists interviewed said that participation in multiple, face-to-
face meetings built trust and relationships between team members. The meetings led to
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collaborative science production by helping to resolve issues including jointly determining
the delineation of the study area, data needs, and data integration and compatibility: “In
both of those watersheds [San Pedro and Santa Cruz], there is a significant amount of
data—making the results meaningful to stakeholders needs to be part of the package,”
one US government official said. However, we should note that the results from scientists
involved with the TAAP program may exhibit a more favorable view of the products
resulting from the TAAP.

The IBWC was necessary as a coordinating body for the assessments. Its institutional
capacity, (manifested through its authority in ensuring compliance with the 1944 treaty),
its management of joint infrastructure and maintenance of hydrologic monitoring stations,
its protocols for data exchange, its contribution of funding, and its role in transboundary
communication, all contributed to helping the assessment process. With suitable adap-
tation for context, this effort could be replicable for other areas of scientific cooperation
between Mexico and the US, and perhaps for other transborder-resource studies [97]. In the
TAAP, steps taken on transboundary groundwater governance and production of scientific
information built upon each other. This bidirectionality contributed to partially harmonize
asymmetries in institutional frameworks between Mexico and the US, particularly because
of the central role of the IBWC in its collection of binational data and coordination of the
joint studies.

As an example of how governance elements and science production build upon
each other bidirectionally, the TAAP process began with a joint decision regarding which
aquifers would be assessed first. This consensus-based decision-making helped formulate
project aims that are salient for stakeholders on both sides of the border. Datasets produced
are comprehensive and harmonized across the border, in turn, allowing for better access to
decision-makers and improved legitimacy of the information. Overall, the collaborative
process enhanced legitimacy of the information produced through transparency and bina-
tional engagement. The resultant cross-border network of scientists and other stakeholders
can be leveraged to help guide further efforts toward addressing shared goals. For instance,
one TAAP scientist referenced how the TAAP has allowed for advancements in mapping
geologic units that were beyond the scope of the original assessments.

There is no agreement to extend cooperation beyond scientific investigation and
collaboration. However, if a more formal binational management regime were to come
to pass (which appears unlikely according to interviewees), the availability of reliable
scientific information would be an initial step [69,70,97–99]. From the outset, building trust
and mutual respect have been important components of the assessment’s realization. Both
countries would need to continue to build trust and navigate jurisdictional overlaps for a
development of a binational management agreement, among other things.

It is possible that assessments such as the ones achieved by the TAAP will help to
determine the severity of existing challenges and promote joint problem-framing and
agenda-setting. Reaching a mutual understanding on aquifer and groundwater conditions
is arguably a necessary (though not sufficient) condition for collaborative management.
Such a strategy would help direct resources more efficiently to address the problems. That
said, assessment can only go so far in leading to resolution of the groundwater manage-
ment issues in the Santa Cruz and San Pedro aquifers. Rules, regulations, monitoring,
enforcement of those rules and regulations, and perhaps most importantly, public accep-
tance, political will, and financial commitment are needed to resolve management issues.
It appears likely that scientific assessments alone will need other factors to generate the
political will necessary to create a binational management regime in this case or elsewhere.

There may be some potential for more localized cooperation between subnational
jurisdictions within these aquifers. There has also already been informal, local cooperation
in sharing water between the cities of Nogales, Arizona, and Nogales, Sonora, in times of
serious drought in the Santa Cruz Aquifer [91] or during other specific problems such as
fires [100].
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6. Conclusions

This article argues, using the case study of the TAAP Sonora–Arizona assessments as
an example, that transboundary groundwater governance and the production of scientific
information evolve in reciprocal synchronicity—cooperation can enhance science produc-
tion, and science can lead to advancements in policy. Both are needed for transboundary
groundwater governance, as they are in nontransboundary situations. Certain elements of
governance need to be present for scientific assessments to occur—particularly via collabo-
rative efforts—and for the knowledge gathered through the efforts of the assessments to be
potentially usable for future policy- and decision-making. In the case of the TAAP, the estab-
lishment of trust, the cooperative framework, and the history of cooperation between the
two countries through formal agreements were particularly important to successful assess-
ments. These components helped the binational team overcome challenges of integrating
different standards and methods for reporting, peer review, language, measurement units,
and technical and financial capacities, among others. While salience, credibility, legitimacy,
and iterations of assessment and information-sharing can certainly aid further cooperation,
it has yet to be seen whether the assessments will aid transboundary water governance
between the two countries. Because of this, it should be noted that the case study is one
example of bidirectionality, which may not be present in all cases. More evidence is needed
from other cases to prove our argument.

More work lies ahead for policymakers to continue collaborative efforts after the
completion of the assessments. A few questions about how momentum can be sustained,
how the results of the assessments are being used, identifying the sources for financing, de-
termining if political will exists to continue collaboration and progress to governance, and
continuing the trust-building process, are yet to be answered. The politically charged issues
surrounding water rights between the two countries also are yet to be solved. Despite the
questions listed above, the TAAP case has several elements that enable groundwater col-
laboration. It is also consistent with some of the principles included in other groundwater
management agreements around the world [99].

The TAAP case suggests that the relationship between data-cum-information-sharing
and transboundary water governance is iterative and self-reinforcing. All discrete gover-
nance and information elements are part of a larger cooperative process. This process could
help yield an eventual binational agreement (or agreements) such as those for the Genevois,
Guaraní, Iullemeden, and Nubian aquifer systems. Since decision-making ultimately is a
political process, we believe that, as elsewhere, science is a necessary condition for forging
international groundwater agreements. Along with science, political will, stakeholder
engagement, and adequate incentives to cooperate are critical factors for initiating and
sustaining transboundary cooperation.
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Abstract: The assessment of transboundary aquifers is essential for the development of groundwa-
ter management strategies and the sustainable use of groundwater resources. The Transboundary
Aquifer Assessment Program (TAAP) is a joint effort by the United States and Mexico to evaluate
shared aquifers. This study examines the TAAP Cooperative Framework as a guide for further trans-
boundary groundwater collaboration. We compared lessons learned from six transboundary aquifers
that currently have mechanisms for groundwater collaboration to identify common elements of
collaboration. Though the TAAP Cooperative Framework governs an assessment-only program, the
elements of collaboration included are consistent with the principles of other institutional agreements
around the world. Importantly, all the analyzed agreements included a knowledge-improvement
phase, which is the main objective of the TAAP Cooperative Framework. The present study finds
evidence of successful outcomes within the TAAP Cooperative Framework consistent with available
transboundary groundwater management agreements, demonstrating that this approach is suited
to serve as a model for those wishing to engage in transborder aquifer assessments. Furthermore,
the TAAP elements of collaboration can help to establish the meaningful and robust binational
cooperation necessary for the development of U.S.-Mexico groundwater management agreements at
the aquifer level.

Keywords: transboundary aquifers; United States; Mexico; assessment; agreements; groundwa-
ter management

1. Introduction

Groundwater is an important source of fresh water for populations and the environ-
ment. Fresh water represents only 2.8% of the total water resources in the world, with
70% of fresh water composed of polar ice layers and continental ice, 1% from surface
watercourses, and 29% from groundwater [1]. Transboundary rivers, lakes, and aquifers
are home to over 70% of the world’s population and supply water for around 60% of global
food production [2]. Approximately 600 transboundary aquifers have been identified
around the world [3]. However, only six of them have formal binational or multinational
mechanisms of cooperation: (1) the Guaraní Aquifer System in Brazil, Argentina, Paraguay,
and Uruguay; (2) the Franco-Swiss Genevese Aquifer System in France and Switzerland; (3)
the Northwestern Sahara Aquifer System in Algeria, Libya, and Tunisia; (4) the Iullemeden
Aquifer System in Mali, Niger, and Nigeria; (5) the Nubian Sandstone Aquifer System
shared by East Libya, Egypt, Northeast Chad, and North Sudan, and; (6) the Al-Saq/Al-Disi
Aquifer System in Jordan and Saudi Arabia (Figure 1).

Although geographically widespread, these aquifers represent only 1% of identi-
fied transboundary aquifers, a proportion that is quite different from the proportion of
transboundary river basins with international basin agreements. While there are 310 trans-
boundary river basins around the world, a total of 688 transboundary basin agreements
have been signed between 1820 and 2007 [4–6]. These agreements apply to 133 river basins,
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representing 36% of the identified transboundary basins [4]. The reasons for such a dispar-
ity between the number of basin agreements and the number of groundwater agreements
include the “invisible” nature of groundwater [7,8], limited and dissimilar groundwater
data [9], and the lack of institutional capacity for groundwater governance [10].
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Groundwater collaboration between the United States and Mexico is similar to other
transboundary settings around the world. Efforts by the two countries to understand and
manage groundwater resources have been scarce and sporadic [11]. The two countries
have a surface water agreement, the 1944 Water Treaty Regarding the Utilization of Waters
of the Colorado and Tijuana Rivers and of the Rio Grande (1944 Treaty); however, ground-
water was left unmentioned. Only Minute 242 was approved in 1973 by the International
Boundary and Water Commission (IBWC), one of many interpretations of the 1944 Treaty
includes a provision that is relevant to groundwater. The IBWC is the international body
that oversees the application of U.S.-Mexico treaties related to boundary demarcation,
national ownership of waters, sanitation, water quality, and flood control in the border
region [12]. Challenges in the management of groundwater resources in the U.S.-Mexico
border region include rapid urbanization and industrialization, agricultural intensification,
contamination of surface and groundwater resources, increase in surface and groundwater
demands, and climate uncertainties [13–15]. These challenges indicate the need for bina-
tional transboundary collaboration to secure water for populations and the environment.
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Such a collaboration could take the form of a binational agreement for the management
of groundwater resources. However, scholars have recognized that the assessment of
shared aquifer systems is a necessary antecedent to the development of any groundwater
management agreement [8,16–19]. For example, Kirstin I. Conti [18] indicated that scien-
tific research is an enabling factor for groundwater cooperation, along with existing legal
mechanisms, regional institutions, high institutional capacity, funding mechanisms, strong
political will, previous water cooperation, and third-party involvement.

The Joint Report of the Principal Engineers Regarding the Joint Cooperative Process
United States-Mexico for the Transboundary Aquifer Assessment Program (TAAP Coop-
erative Framework) [20], guides the joint effort between the United States and Mexico
to improve the knowledge base of transboundary aquifers. The program began in 2006
with the Transboundary Aquifer Assessment Act (U.S. Public Law 109–448, TAA-Act). The
TAA-Act authorized the United States Geological Survey (USGS) and the Water Resources
Research Institutes (WRRIs) of Arizona, New Mexico, and Texas to work with Mexican
counterparts on the development of transboundary aquifer assessments. The TAA-Act au-
thorized U.S. involvement in binational studies of the Santa Cruz and San Pedro Aquifers,
shared by the state of Arizona in the United States and the state of Sonora in Mexico, and
the Mesilla and Hueco Bolson aquifers, shared by the states of Texas and New Mexico in
the United States and the state of Chihuahua in Mexico (Figure 1). These priority aquifers
were selected based on their proximity to highly populated areas, increasing groundwater
demands, and water quality issues [21]. The binational TAAP was formally initiated in
2009 upon the signing of the TAAP Cooperative Framework by the principal engineers
of the U.S. and Mexican sections of the IBWC. The two countries agreed upon the TAAP
aquifers of focus consistent with the TAA-Act priority aquifers (Figure 1). According to the
TAAP Cooperative Framework, either of the two countries can propose an aquifer of focus,
but both countries must agree to develop a joint assessment.

The TAA-Act and the TAAP Cooperative Framework offer a foundation for collab-
oration to study shared groundwater resources through an effective partnership among
federal agencies, academic institutions, and federally established water resources research
institutes [21,22]. The TAAP can also be considered a climate and water adaptation initia-
tive for the western U.S.-Mexico border [13], a transboundary regional initiative that has
the potential to build adaptive capacity [15], an activity that can support decision-making
processes related to groundwater management in each country [23], and a precedent for
a binational partnership that can promote and implement a new binational aquifer as-
sessment [9]. However, the relevance of the TAAP Cooperative Framework as a model
mechanism for groundwater collaboration has not been fully addressed in the literature.

The TAAP Cooperative Framework is limited to assessment only, with four trans-
boundary aquifers studied to date. The Map of Transboundary Aquifers of the World [3]
includes 11 shared transboundary aquifers along the border between the United States and
Mexico. Yet, a review of technical studies, reports, and publications on U.S.-Mexico trans-
boundary aquifers suggest that at least 36 transboundary aquifers are shared by the two
countries [24]. Clearly, additional study opportunities exist, and the activities undertaken
by the TAAP can serve as the basis for assessment that goes beyond the current TAAP
aquifers of focus and that can even guide future dialogue regarding groundwater gover-
nance and management [8]. The primary objective of the study is to determine whether the
elements of the TAAP Cooperative Framework can serve as a model for others wishing to
engage in transboundary aquifer assessment. Expert interviews and lessons learned from
evaluating six existing international groundwater agreements helped to determine whether
the objectives, framework/process, funding, principles, and communication arrangements
of the TAAP Cooperative Framework can guide further groundwater cooperation.

2. Materials and Methods

The present work provides an assessment of the TAAP Cooperative Framework as a
model for transboundary groundwater collaboration. To achieve this, we compared the
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elements of collaboration in the TAAP Cooperative Framework with the components of six
transboundary groundwater collaboration agreements. The TAAP Cooperative Framework el-
ements of collaboration were taken from the Joint Report of the Principal Engineers Regarding
Joint Cooperative Process United States-Mexico for the Transboundary Aquifer Assessment
Program (Cooperative Framework) [20]. These elements are presented in Table 1 and were
used as a basis for comparison. Selected institutional governance agreements include the
existing collaboration mechanisms for the following: (1) the Guaraní Aquifer System (GAS),
(2) the Franco-Swiss Genevese Aquifer System, (3) the Northwestern Sahara Aquifer System,
(4) the Iullemeden Aquifer System, (5) the Nubian Sandstone Aquifer System (NSAS), and (6)
the Al-Saq/Al-Disi Aquifer System. These transboundary aquifers were selected because of
their formal mechanisms of groundwater cooperation [17,18,25–27].

Table 1. TAAP Cooperative Framework elements of collaboration [20].

Objectives

Facilitate data exchange
Ensure the concurrence for binational aquifer assessment activities

Facilitate agreement on the aquifers, which will be evaluated jointly
Establish and coordinate binational technical advisory committees

Establish an official repository for binational project reports

Framework (Process)

Either of the two countries can propose an aquifer to study
The International Boundary and Water Commission (IBWC) will coordinate with agencies from

both countries to jointly define the scope of the assessment
Binational technical groups will be established and coordinated by the IBWC

The IBWC will facilitate concurrence of joint work plans
Whoever carries out the joint studies will update the binational technical groups with the

project progress
The final reports that proceed from the joint studies will be published in English and Spanish and
will be made available for publication once they have been approved within the IBWC framework

Funding

Each country will be responsible for any costs on projects conducted in its territory
Either country may contribute to the costs of work done in the other country

Contributions will be distributed according to the process agreed on through the IBWC
All projects and measures considered are subject to the availability of funds

Principles

Activities should be beneficial to both countries
Activities should be agreed on within the framework of the IBWC

Activities should respect the legal framework and jurisdictional requirements of each country
No provision set forth in this agreement will limit what either country can do independently in

its own territory
No part of this agreement may contravene what has been stipulated in the boundary and

water treaties
The information generated from these projects is solely for the purpose of expanding knowledge

Communication

The IBWC will be an official repository of records
The final joint binational reports will be available to the public in each country and will be posted

on the website of each section of the IBWC
Information obtained should be considered as official data and should be shared without any

restrictions
Credit will be given to those who provide information

Stakeholder interviews implemented during 2019 and 2020 served to identify whether
TAAP lessons can be generalized to other aquifers along the U.S.-Mexico border and
elsewhere. The selection of participants was based on purposive sampling. This nonran-
dom technique does not need a set number of participants and interviewees are selected
according to the qualities or knowledge they possess [28]. Interviewees consist of two
IBWC experts (interview 1 and 2), two experts in political sciences (interview 3 and 4), and
two researchers/scientists (interview 5 and 6). Selected interviewees were familiar with
transboundary aquifer assessment and management and with the principles of the TAAP
Cooperative Framework. Interview questions included:
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• According to your experience, what factors promote the successful groundwater
collaboration between nations that share one or various aquifers?

• Do you think we can generalize the TAAP principles of collaboration to other aquifers
within the U.S.-Mexico border?

• Do you think the TAAP Cooperative Framework can serve as a model for the assess-
ment of other transboundary aquifers?

• Do you think the TAAP Cooperative Framework can serve as a basis for the devel-
opment of future groundwater management agreements in the borderlands of the
United States and Mexico?

3. Results

This section describes the history of transboundary groundwater collaboration around
the world and the mechanisms of collaboration included in the analyzed groundwater
agreements. We also present a comparison of the elements of the TAAP Cooperative
Framework and the components of the six analyzed aquifer agreements. Expert interviews
regarding the applicability of the TAAP Cooperative Framework to others contemplating
transborder collaboration are also reported in this section.

3.1. Transboundary Groundwater Resources and International Law

Some of the international guidelines related to transboundary groundwater resources
include the 1966 Helsinki Rules, the 1986 Seoul Rules, the 1997 UN Convention on the Law
of the Non-Navigational Uses of Transboundary Watercourses (UN Watercourses Con-
vention), the 1999 Convention on the Protection and Use of Transboundary Watercourses
and International Lakes, the 2004 Berlin Rules, and the 2008 Draft Articles on the Law of
Transboundary Aquifers [29–31]. These guidelines serve as a reference for groundwater
management. However, only some of them recognize the connection between surface
water and groundwater. For example, the UN Watercourses Convention addresses surface
water and groundwater but fails to recognize confined aquifers [30]. The Convention on
the Protection and Use of Transboundary Watercourses and International Lakes also fails
to recognize confined transboundary aquifers even though it documents the importance of
groundwater in the management of drainage basins [29].

The 2008 Draft Articles on the Law of Transboundary Aquifers (UN Draft Articles)
do recognize confined aquifers [1,32,33]. Among many provisions, the UN Draft Articles
include principles related to the sovereignty of the countries sharing an aquifer (Article 3),
provisions for equitable and reasonable utilization of groundwater resources (Article 4),
the obligation not to cause significant harm (Article 6), a general obligation to cooperate
(Article 7), requirements for the regular exchange of data and information (Article 8),
stipulations for the protection and preservation of ecosystems (Article 10), and guidelines
for monitoring (Article 13). The United Nations General Assembly (UNGA), however, has
not ratified the UN Draft Articles, though the item has been on its agenda several times in it
will be again in 2022 [8]. Partly in response to this development in international law, other
cases of groundwater collaboration mechanisms have been signed between countries [8].
For example, the Guaraní Aquifer System Agreement and the Bamako Declaration for the
Iullemeden Aquifer System both refer to the UN Draft Articles [8,32]. Below, we present a
summary of the mechanisms analyzed in this study.

3.2. Transboundary Groundwater Collaboration around the World

Diverse cultures, countries, and states connect to groundwater in a hydropolitical
matrix that comprises the policies, social exchanges, discussions, and agreements between
different nations [34]. Water allocation is a key component of water governance, and in
transboundary settings, this process involves a variety of users competing in an unavoid-
able conflictual process [35]. The principle of equitable and reasonable utilization of water
resources should guide groundwater allocation between different countries, yet there is no
universal theory of justice to satisfy every water user [36].
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According to the United Nations Sustainable Development Goals (SDG 6.5.2), “specific
arrangements or agreements between co-riparian countries are a precondition to ensure
long-term sustainable cooperation” [37,38]. In this section, we detail the six transbound-
ary aquifers that have agreements or other arrangements established for groundwater
collaboration. Table 2 presents a summary of the analyzed transboundary groundwater
agreements, the countries involved, dates, and the purpose of each agreement, followed
by an explanation of the main characteristics of each aquifer agreement. Focusing on the
elements and history of each collaboration, we subsequently compare the agreements with
the U.S.-Mexico TAAP Cooperative Framework.

Table 2. Transboundary Groundwater Agreements around the World.

Aquifer System Agreement Countries Involved Date(s) Agreement
Characteristics

Guaraní Aquifer System
(GAS)

Guaraní Aquifer
Agreement

Argentina Brazil
Paraguay Uruguay

Signed in 2010 Ratified in
2018

Promotes the sustainable
development of the

aquifer system
Solves issues arising
between countries

Aligned to the UN Draft
Articles

Franco-Swiss Genevese
Aquifer System

Convention on the
Protection, Utilization,

Recharge, and Monitoring
of the Franco-Swiss
Genevese Aquifer

France Switzerland
1978–2008

(New convention
established in 2008)

Focused on groundwater
quality, quantity, and

artificial recharge
The only treaty to date

that allocated volumes of
water

Northwestern Sahara
Aquifer System

The Permanent
Consultation Mechanism

for the Northwestern
Sahara Aquifer System

Algeria
Libya

Tunisia
2008

Developed a
hydrogeologic database

and model
Maintains an observation

network
Analyzes socioeconomic

activities
Develops joint studies

Formulates proposals for
optimization and

consultation mechanisms

Iullemeden Aquifer
System Bamako Declaration

Mali
Niger

Nigeria
2009

Serves as a consultative
mechanism

Improves knowledge and
strenghtens regional

cooperation

Al-Saq/Al-Disi Aquifer
System

Agreement between the
Government of the

Hashemite Kingdom of
Jordan and the

Government of the
Kingdom of Saudi Arabia
for the Management and
Utilization of the Ground

Waters in the
Al-Saq/Al-Disi Layer

Jordan
Saudi Arabia 2015

Restricts groundwater
extractions in protected

areas
Governs the digging of

observational wells
Controls pollution

Nubian Sandstone Aquifer
System

Programme for the
Development of a

Regional Strategy for the
Utilization of the Nubian

Sandstone Aquifer System
and the Terms of
Reference for the

Monitoring and Exchange
of Groundwater

Information of the Nubian
Sandstone Aquifer System

East Libya Egypt
Northeast Chad

North Sudan
2000 Focuses on data exchange

and monitoring efforts
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3.2.1. Guaraní Aquifer System (GAS)

Located across four South American countries, the GAS is one of the largest freshwater
reservoirs in the world [26,39]. The GAS covers an area of 1,087,879 square kilometers
(km2), with the largest portion situated in Brazil, followed by Argentina, Paraguay, and
Uruguay [26,40]. The breakdown of the reservoir’s water resources usage is as follows:
municipal water supply (66%), industries (16%), thermal tourism (13%), and irrigation
(5%) [40]. The four countries sharing the aquifer are known for their collaboration regarding
the La Plata River Basin [8] and have benefited from continuous research and development
projects, such as the Environmental Protection and Sustainable Development of the Guaraní
Aquifer System Project supported by the Organization of American States and the Common
Market of the South [39,41].

The Guaraní Aquifer Agreement was signed in August 2010, but it was not ratified by
all four countries until 2018. This document points to the principles described by the UN
Draft Articles to promote the sustainable development of the aquifer system and to solve
some of the issues that might arise in the aquifer countries. For instance, Articles 2 and 3
of the Guaraní Aquifer Agreement state that each of the parties has the sovereign right to
promote the management, utilization, and monitoring of their portion of the aquifer system
as long as they follow the principle of reasonable use. Data exchange and knowledge
improvement are essential, as expressed in Articles 8 and 12. Finally, a commission
oversees compliance by all parties with the principles of agreement [42]. Factors enabling
transboundary collaboration among the countries that share the GAS include the existing
regional institutions, funding mechanisms, high institutional capacity, previous water
cooperation, scientific research, strong political will, and third-party involvement [18].

3.2.2. Franco-Swiss Genevese Aquifer System

The Franco-Swiss Genevese Aquifer System is shared by France and Switzerland and has
an approximate areal extent of 19 km2 [27]. Ten wells on the Swiss side of the aquifer and four
wells on the French side supply water to the Swiss Canton of Geneva and the neighboring
French Territory (Haute-Savoie). The Convention on the Protection, Utilization, Recharge, and
Monitoring of the Franco-Swiss Genevese Aquifer was established in 1978 after a dramatic
decrease in groundwater levels associated with groundwater pumping [18,43].

The 1978 convention focused on groundwater quality, quantity, and artificial recharge,
and it is the only treaty for transboundary aquifers that allocates specific volumes of water
to the involved parties [17,18,44]. Despite the lack of provisions related to sovereignty
rights, each of the parties has the right to make decisions around groundwater pumping,
equipment, and abstraction margins [8,38]. Recharge from the Arve River is treated
and channeled into the aquifer, helping to balance a seven million cubic meters (Mm3)
per year overdraft [43,45]. A joint commission oversees the preparation of groundwater
management plans, the monitoring of groundwater, the efforts to gain approval for new
infrastructures, and the verification of construction and operation costs of artificial recharge
facilities [17]. The commission consists of six members, at least four of whom are experts in
water-related issues [17].

When the 1978 convention expired, a new convention came into effect on 1 January,
2008 [46]. This new agreement includes the French communities of Annemasse, the rural
districts of Genevois, and the municipality of Viry. The fact that the 1978 convention did not
include participation from the federal government of either country adds a local dimension
to the arrangement that was essential for the success of the agreement [25]. Technical and
scientific studies were also crucial for resolving the overexploitation problems, and they
served as the basis for collaboration efforts [43].

3.2.3. Northwestern Sahara Aquifer System

Shared by Algeria, Libya, and Tunisia, the Northwestern Sahara Aquifer System
has an areal extent of 1,019,000 km2. The Permanent Consultation Mechanism for the
Northwestern Sahara Aquifer System was signed in July 2008 by the three countries’
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representatives [26]. The consultation mechanism is composed of a steering committee and
a scientific committee [47]. The many goals of the agreement include (1) the development
of a hydrogeologic database and groundwater flow model; (2) the setup of an observation
network to process, analyze, and validate data; (3) the analysis of the socioeconomic
activities of the region; (4) the coordination for the development of joint studies, and (5)
the formulation of proposals for optimization and consultation mechanisms [48].

Collaboration among the countries sharing the aquifer has lasted at least 45 years,
with activities designed to improve scientific knowledge about the aquifer. Features of
collaboration for the Northwestern Sahara Aquifer System include political will, funding,
and available institutions, such as the Observatoire du Sahara et du Sahel (Sahara and
Sahel Observatory—OSS) [18]. Thus far, collaborative efforts have focused on scientific
studies of the aquifer, and transboundary groundwater management has not yet occurred.

3.2.4. Iullemeden Aquifer System

The Sahel region aquifers in West Africa include the Iullemeden-Taoudeni/Tanezrouft
Aquifer System. Shared by Mali, Niger, and Nigeria, the Iullemeden Aquifer System
has an areal extent of 525,000 km2. The cooperative and financing mechanisms of the
region, along with their regional institutions, have been shaped by 20 years of collaboration
that has led to the development of two agreements: (1) the Protocol on Cooperation of
the Utilization of the Niger River, signed by Mali and Niger in 1988, and (2) the Joint
Commission for Cooperation on Equitable Sharing for Development, Conservation, and
Utilization of the Common Water Resources, signed by Niger and Nigeria in 1990 [18].
Later, the Bamako Declaration for the Iullemeden Aquifer, which is a Memorandum of
Understanding (MOU) that encourages collaboration between the three countries, was
signed by Mali, Niger, and Nigeria in 2009. The MOU recognizes the importance of water
resources for alleviating poverty, acknowledges the rights and duties of the countries
sharing the aquifer, appreciates the achievements of the improvement of the scientific
knowledge associated with the aquifer, and highlights the importance of cooperative
management of the Iullemeden Aquifer System in improving the management of shared
groundwater resources [49].

Additionally, the countries commit to adopting the principles of the equitable and
reasonable use of shared groundwater resources, exchanging information, giving prior
notification of planned work, and adopting environmental protection regulations [32]. This
collaborative effort evolved into the development of another MOU in 2014, this time, among
the countries of Algeria, Benin, Burkina Faso, Mali, Mauritania, Niger, and Nigeria, for the
establishment of a Consultative Mechanism for the Iullemeden and Taoudeni/Tanezrouft
Aquifer Systems (ITAS). This MOU, however, is not yet in effect, pending the signatures
of three of the parties [50]. The consultative mechanisms of the ITAS demonstrate the
readiness to develop management strategies, though the agreement has not evolved into
additional management actions [1,26].

3.2.5. Nubian Sandstone Aquifer System (NSAS)

The Nubian Sandstone Aquifer System consists of a series of laterally and/or vertically
interconnected aquifers that extend across more than 2,000,000 km2 in East Libya, Egypt,
Northeast Chad, and North Sudan [17]. The formal agreements ratified by the countries
sharing the aquifer include (1) the Programme for the Development of a Regional Strategy
for the Utilization of the Nubian Sandstone Aquifer System and (2) the Terms of Reference
for the Monitoring and Exchange of Groundwater Information of the Nubian Sandstone
Aquifer System, both signed in October 2000 [47]. The NSAS projects, which are considered
initial stages of groundwater collaboration, are widely supported by donors and the
scientific community [51].

Though these agreements are relatively recent, the collaboration between Libya and
Egypt dates back to 1991, when the Joint Authority of the Nubian Sandstone Aquifer
System (JASD-NSAS) was established [47]. The first countries to join were Libya and
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Egypt, with Sudan and Chad following in 1996 and 1999, respectively [52]. The information
shared under the NSAS agreement includes yearly groundwater extractions, electrical
conductivity measurements, chemical analysis, and water-level measurements [48]. In
2012, the Regional Strategic Action Program for the Nubian Sandstone Aquifer System
was negotiated through the Action Programme for the Integrated Management of the
Shared Nubian Aquifer, which included guidance for future groundwater management
agreements [18,53]. The JASD-NSAS has a regional expert group, with offices in each of
the countries sharing the aquifer, as well as specific units for public relations, follow-up,
finance, technical affairs, information, and administration.

3.2.6. Al-Saq/Al-Disi Aquifer System

The Al-Saq/Al-Disi Aquifer is a reservoir of fossil water shared by Jordan (Al-Saq
Aquifer) and Saudi Arabia (Al-Disi Aquifer). Groundwater recharge in the region is
minimal, and the two countries seem to be involved in a pumping race that might lead to
the inevitable depletion of the groundwater resource [54]. The Agreement between the
Government of the Hashemite Kingdom of Jordan and the Government of the Kingdom of
Saudi Arabia for the Management and Utilization of the Ground Waters in the Al-Saq/Al-
Disi Layer was signed on 4 April, 2015. The Al-Saq/Al-Disi Aquifer area covered by the
agreement has an area extent of 308,000 km2 [55].

The agreement restricts groundwater extractions in protected areas, encourages the
drilling of observation wells, and includes pollution control statements. The agreement au-
thorizes the drilling of wells in the management area between Jordan and Saudi Arabia but
limits water usage for municipal purposes. A joint Saudi/Jordanian technical committee
formed by five members from each country is responsible for supervising the implemen-
tation of the terms of the agreement, monitoring groundwater quality and quantity, and
exchanging data and information between the involved parties. The agreement calls for
members of the joint committee to have one meeting every six months. However, it was
reported that as of 2018, the committee has never met [50]. According to the agreement,
data exchange with a third party is not allowed unless approved by the two countries.
Activities by the joint committee can be completed with the help of experts, technicians, of-
ficials, and citizens from the two countries. The agreement will be reviewed every 25 years,
and any amendment will be studied by the joint committee and referred to the appropriate
authorities. In this case, informal political meetings contributed to the development and
signing of the MOU in 2015 [36]. However, the countries have not truly reached a bilateral
treaty over the use of their shared groundwater [36].

3.3. Transboundary Groundwater Collaboration between the United States and Mexico

The allocation of shared surface water resources between the United States and Mexico
is governed by the 1944 Water Treaty Regarding the Utilization of Waters of the Colorado
and Tijuana Rivers and of the Rio Grande (1944 Treaty). The treaty, however, leaves
groundwater unmentioned. The IBWC, established in 1889, is the international body that
oversees the application of U.S.-Mexico treaties regarding boundary demarcation, water
resources, and sanitation in the border region [12]. It received the name of the International
Boundary Commission (IBC) before the signing of the 1944 Treaty.

The IBWC is composed of the U.S. and a Mexican Section. The U.S. Section is housed
in the U.S. Department of State and has headquarters in El Paso, Texas. The Mexican
Section is operated by the Mexican Ministry of Foreign Affairs, with headquarters in Ciu-
dad Juarez, Chihuahua. To implement international treaty provisions, the IBWC requires
specific agreements, which have been recorded in the form of Minutes and date back to
1889. A key pillar of the 1944 Treaty is that it allows for interpretations or modifications
(Minutes) to adapt to new challenges that emerge between the two countries [56]. These
Minutes are considered extensions and applications of the treaty [56]. To date, 324 Minutes
act as binding obligations between the United States and Mexico, but only Minute 242
for the “Permanent and Definitive Solution to the International Problem of the Salinity
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of the Colorado River” specifically includes groundwater management provisions [57].
Resolution 5 of Minute 242 establishes that “pending the conclusion by the Governments
of the United States and Mexico of a comprehensive agreement on groundwater in the
border areas, each country shall limit pumping of groundwater in its territory within eight
kilometers of the Arizona-Sonora boundary near San Luis to 197,358,000 cubic meters annu-
ally” [57]. Minute 323, “Extension of Cooperative Measures and Adoption of a Binational
Water Scarcity Contingency Plan in the Colorado River Basin,” is a relevant example of
cooperation for many reasons, including the assessment of desalination impacts [58]. While
this Minute does not consider groundwater, it does consider a binational assessment effort
within the context of the IBWC and the 1944 Treaty.

Aside from the 1944 Treaty framework, the Bellagio Draft Treaty represents another
fine example of the progress being made toward the understanding and management of
the U.S.-Mexico transboundary aquifers [16]. The treaty suggests a structure by which
the United States and Mexico can work cooperatively, describing the development of
a bilateral institution that will allow the United States and Mexico to jointly study and
manage their shared groundwater resources [59]. Moreover, it emphasizes the importance
of knowledge improvement for the development of joint agreements and the management
of groundwater resources. Another collaborative effort between the United States and
Mexico, the MOU between Ciudad Juárez Water Utilities and El Paso Water Utilities
promotes the exchange of information and the development of binational studies in the
region [18,47]. This surface-water and groundwater assessment effort represents a local
approach arranged by interested communities [11], indicating the presence of different
paths toward scientific groundwater collaboration on a local or regional scale.

Finally, the TAAP Cooperative Framework represents another mechanism of bina-
tional collaboration between the United States and Mexico. The knowledge-improvement
goals included in the TAAP Cooperative Framework coincide with the data-collection
efforts and assessment of shared water resources described in the Bellagio Draft Treaty of
1989. The TAAP Cooperative Framework is described below.

3.4. The United States-Mexico Transboundary Aquifer Assessment Program

Recognizing the interest of the United States and Mexico to understand their shared
aquifers, and with U.S. Public Law 109–448 as a precedent, the Principal Engineers of
the U.S. and Mexican sections of the IBWC signed the Joint Cooperative Process United
States-Mexico for the Transboundary Aquifer Assessment Program (TAAP Cooperative
Framework) in August 2009. While some scholars argue that TAAP marginalizes issues
such as water rights and management [60], others have contended that improving un-
derstanding of the U.S.-Mexico transboundary aquifers, which is the objective of the
TAAP Cooperative Framework, is a necessary first step toward a binational groundwater
management agreement between the United States and Mexico [19].

The TAAP Cooperative Framework promotes the development of binational techni-
cal groups to evaluate shared aquifers, advocates for knowledge improvement and data
exchange, and states that each country has an obligation to cooperate [24]. It is worth
noting that these principles correspond to UN Draft Articles 7 and 8, “General Obliga-
tion to Cooperate” and “Regular Exchange of Data and Information” [19]. Additionally,
TAAP principle 4 considers the sovereignty of each nation by stating, “no provision set
forth [in this agreement] will limit what either country can do independently in its own
territory.” This principle is consistent with UN Draft Article 3, “Sovereignty of Aquifer
States” or countries that share the aquifer. UN Draft Article 13, regarding monitoring, is
also consistent with the overall TAAP objective of improving knowledge of transboundary
aquifer conditions.

Accomplishments of the TAAP include the development of the Mesilla Valley Hy-
drologic Model; the completion of the Binational Study of the Transboundary San Pedro
Aquifer; the establishment of research projects in Texas, New Mexico, Arizona, Sonora,
and Chihuahua; the output of numerous publications and conference presentations; and
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fieldwork in the U.S. and Mexican portions of the priority aquifers [61]. Additionally,
over 50 binational meetings have taken place, many of them were between the technical
workgroups established pursuant to the Cooperative Framework.

An existent legal mechanism for collaboration, regional institutions, funding mecha-
nisms, high institutional capacity, previous water cooperation, and scientific research are
some of the enabling mechanisms for groundwater collaboration that are present in the
TAAP collaboration and that might facilitate future groundwater collaboration between
the two countries.

3.4.1. Common Elements of Collaboration between the TAAP Cooperative Framework and
International Aquifer Agreements

A comparison of the elements of the TAAP Cooperative Framework and the com-
ponents of the six international groundwater agreements is presented in Table 3. Five
items were particularly relevant as common features of collaboration: (1) the presence of
data exchange provisions, which was true for all the agreements but the Al-Saq/Al-Disi
Aquifer System; (2) the concurrence for binational aquifer assessment, agreed on and
implemented by all the countries sharing an aquifer; (3) the establishment of technical
advisory committees, which occurred in all of the countries; (4) the presence of technical
groups, discussed in every agreement except the Bamako Declaration, and; (5) respect for
the legal framework and jurisdictional requirements of each country, which was inferred
from the content of each of the agreements and which apply to all of the analyzed aquifers.

Table 3. Common elements of collaboration between transboundary groundwater agreements (4 = Component present in
the agreement, 8 = component absent in the agreement, * = inferred present component, ? = unspecified component, not
shown in the agreement and cannot be inferred from additional content).

Elements of Collaboration TAAP GAS Franco-Swiss
Genevese

Northwestern
Saharan Iullemeden NAS Al-Saq/

Al-Disi

Objectives

Exchange data 4 4 4 4 4 4 8
Concur on binational aquifer assessment

activities 4 4 4 4 4 4 4

Establish and coordinate technical
advisory committees 4 4 4 4 4 * 4 4

Establish an official repository for
binational project reports 4 ? ? 4 ? ? 8

Framework
(Process)

Establish technical groups 4 4 4 4 X 4 4
Develop project progress reports 4 4 4 4 ? 4 4

Publish final reports 4 ? 4 4 ? 4 8

Funding Arranged between the parties 4 ? 4 4 ? ? ?

Principles

Activities should be beneficial to both
countries 4 4 * 4 * 4 * 4 * 4 * 4 *

Activities should be agreed on within
the framework of the coordinating

agency
4 ? ? ? ? ? ?

Activities should respect the legal
framework and jurisdictional
requirements of each country

4 4 4 4 4 4 4

No provision set forth in this agreement
will limit what either country can do

independently in its own territory
4 4 4 4 ? 4 8

No part of this agreement may
contravene what has been stipulated in

the Boundary and Water Treaties
4 4 4 4 ? 4 4

The information generated from these
projects is solely for the purpose of

expanding knowledge
4 8 8 4 8 4 8

Communication

An official repository of records will be
present 4 ? ? 4 ? ? 8

Reports will be available to the public in
each country 4 ? 4 4 ? 4 8

Information obtained will be considered
official data and will be shared without

any restrictions
4 ? 4 4 ? 4 8

Credit will be given to those who
provide information 4 4 * 4 * 4 * 4 * 4 * ?
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These features of collaboration, present in all of the agreements except the Al-Saq/Al-
Disi Aquifer System and the Iullemeden Aquifer, are in alignment with the main objective
of the TAAP Cooperative Framework, which is to improve knowledge of transboundary
aquifers. These features also demonstrate that groundwater assessment is necessary for
managing transboundary aquifers. A notable difference between the agreements and
the TAAP Cooperative Framework is the use of information. While the data generated
through the TAAP serve only to improve knowledge, as do the data generated for the
NSAS and the NSA, the information and monitoring outcomes from the GAS, Franco-Swiss
Genevese Aquifer, Al-Saq/Al-Disi Aquifer System, and Iullemeden Aquifer can be used
for decision-making purposes with respect to groundwater management.

Another difference between the agreements and the TAAP Cooperative Framework
is the availability of aquifer assessment data to the public, which is not discussed by
or does not apply to the rest of the transboundary aquifers. The IBWC is the official
repository of the available studies, which are published in both English and Spanish
through the organization’s official website. The financial arrangements, as described in the
TAAP Cooperative Framework, were rather uncommon, being present in the Franco-Swiss
Genevese and the Northwestern Saharan Aquifer agreements only.

3.4.2. Expert Interviews on U.S.-Mexico Transboundary Groundwaters

Expert interviews on transboundary groundwater served to determine whether the
TAAP principles of agreement could guide transboundary aquifer assessment in areas that
have not entered into formal agreements for binational collaborative studies, ultimately
leading to the development of groundwater management arrangements or agreements
(Table 4).

Table 4. Summary of expert interview responses.

Question Interviewee 1 Interviewee 2 Interviewee 3 Interviewee 4 Interviewee 5 Interviewee 6

According to
your experience,

what factors
promote the
successful

groundwater
collaboration

between nations
that share one or
various aquifers?

-Interest
-Compliance with

existing
agreements
-Respect for

cultural
differences

-Consideration for
institutional
asymmetries

-Friendly
relations between

countries
-Pre-existing

framework for
collaboration

-Pre-existing
institutional
framework

-Data-sharing
mechanisms

-Trust
-Interest
-Funding

-Trust
-Considering
imbalances

between
countries

- Processes that
promote trust,

e.g., data sharing
and prior

notification
-Avoiding
water-right

discussions in the
initial stages

-Trust
-Common

issues/problems
-People—not
institutions—

promoting
cooperation

-Local
agreements
-Avoiding
water-right
discussions

-Focusing on
water quality

Do you think we
can generalize the
TAAP principles
of collaboration
and apply them
to other aquifers

within the
U.S.-Mexico

border?
Do you think the

TAAP
Cooperative

Framework can
serve as a model

for the
assessment of

other
transboundary

aquifers?

-General
principles can be

utilized
-Take into account
the uniqueness of

each aquifer
system

-Principles can
help other

countries deal
with the use of

shared
groundwater

resources
-Absolute

commitment is
needed between

countries

-Important model
to consider in

countries with or
without

pre-existing
frameworks for

collaboration
-Depends on the

circumstances
-Require

higher-level
discussions

-Partnerships
among

universities,
federal agencies,
and coordinating
agencies provide
a favorable model

-Follow the basic
rules of

cooperation and
apply them to the
specific needs of

each aquifer

-

-Elements are
good but worked

due to the
leadership of

specific members
-Does not have
federal strength

-Political
sensitivity limits

data sharing
-Formality of

relations slows
down

collaboration
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Table 4. Cont.

Question Interviewee 1 Interviewee 2 Interviewee 3 Interviewee 4 Interviewee 5 Interviewee 6

Do you think the
TAAP

Cooperative
Framework can
serve as a basis

for the
development of

future
groundwater
management

agreements in the
borderlands of

the United States
and Mexico?

-Principles can
serve as a

foundation
-There has to be a

reason/interest
that drives the

development of a
groundwater
management

agreement

-Smaller,
localized

agreements are
needed

-States should be
involved

-A framework for
talking about
groundwater

management is
needed

-A generic
framework for
collaboration is

needed
-You can

implement a
framework for

the whole border
stating that each

aquifer must have
its own regime

-I don’t think so
-Water

management
differs greatly
between the
borderlands

-Not as it stands
right now

-Does not help to
plan, manage, or
learn about the

border
-It is limited to

only four aquifers

Interviewees reported that the TAAP principles are general enough to be used as
a guide to promoting additional groundwater collaboration for the assessment of other
transboundary aquifers in the United States and Mexico. This can be supported by a
statement included within the TAAP Cooperative Framework (framework/processes):
“Either of the two countries can propose an aquifer to study. Within the IBWC framework,
it will be determined whether the proposal is in common interest and, as appropriate,
a joint program developed.” However, the commitment of the involved countries must
be “absolute”; i.e., the time frame, funding, and political support for the analysis should
be established between the collaborating parties. Participants also commented that be-
cause the TAAP effort involves partnerships among universities, federal agencies, and
coordinating agencies, it provides a favorable model for collaboration. Nevertheless, its
application would depend on the circumstances of each partner country and also on the
leadership of the involved members. Historic or high levels of distrust between the two
countries may interfere with the process of collaboration, while a pre-existing foundation,
as demonstrated by the 1944 Treaty and the IBWC Framework in the case of Mexico, has
facilitated collaboration. On the other hand, it was also expressed that even though the
elements of the TAAP Cooperative Framework are effective, it lacks a binding capacity
and federal and institutional support from both the United States and Mexico, a fact that
sometimes hinders cooperation between the two nations.

Regarding the development of transboundary groundwater management agreements
between the United States and Mexico, interviewees stated that the uniqueness of each
aquifer system might require the development of aquifer-specific agreements. It was also
expressed that the TAAP Cooperative Framework, as it stands right now, cannot serve as
the foundation for groundwater management agreements due to the differences in water
management between the United States and Mexico. An alternative proposed during the
interview process was the possible development of a regional agreement for the use of
groundwater resources in the border region. Such an agreement could employ principles of
the TAAP Cooperative Framework, and it should be consistent with the UN Draft Articles
and existing international groundwater agreements, as well. According to the interviews,
the case of aquifer-specific agreements will require the direct involvement of each of the
individual states, due to the decentralized way in which water resources are managed in
the United States. Each state within U.S. territory has different needs, goals, funds, and
management schemes; therefore, each state must play an active role in the development of
an agreement.

Interviewees expressed that trust is a key factor in successful groundwater collab-
oration and that data sharing processes can improve trust between different countries.
The interest between involved parties and common issues can also promote collaboration.
Respect for cultural differences, institutional asymmetries, and economic imbalance is
essential. Finally, additional indicators of successful groundwater collaboration include
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the presence of a pre-existing institutional framework and the countries’ compliance with
pre-existing agreements.

3.4.3. The TAAP Cooperative Framework as a Model for Groundwater Collaboration

The TAAP is a binational scientific effort that enabled groundwater data exchange and
harmonization, knowledge improvement of the TAAP aquifers of focus, and trust-building
among the federal agencies, academic institutions, and water resources research institutes
that collaborated in the program. It was enabled by a governance approach, the Joint Report
of the Principal Engineers Regarding Joint Cooperative Process United States-Mexico for
the Transboundary Aquifer Assessment Program of 2009, and, for the United States, the
TAA-Act of 2006 (Figure 2). The TAAP history of collaboration exhibits six out of eight
enabling factors for groundwater collaboration described in the current literature [18]:
(1) a strong regional institution like the IBWC (U.S. and Mexican Section); (2) existing
legal mechanisms, such as the 1944 Treaty and the IBWC Minutes; (3) previous water
collaboration for solving water-related issues; (4) third-party involvement from entities that
do not belong to the government of each country, such as academic institutions; (5) scientific
research on transboundary aquifers, and; (6) funding mechanisms (Figure 2). Although
the two remaining features, high institutional capacity, and strong political will are not
fully present in the TAAP, they are not absent either. Strong political will is identified when
high-ranking officials prioritize transboundary water management [18]. However, the
facilitation of diplomatic events and meetings like the ones hosted by the IBWC and TAAP
can be considered an early sign for the strengthening of political will. The monitoring and
modeling efforts that are present in the TAAP can also be considered factors that strengthen
institutional capacity.

The TAAP represents a pre-existing institutional arrangement that promotes trust
development between the United States and Mexico, in addition to the development of
groundwater assessment studies within the aquifers of focus. These outcomes position the
two countries to move forward in one of two ways: (1) implement additional assessment
within the transboundary aquifers shared by the United States and Mexico, or (2) initiate
dialogue toward the need of developing groundwater management mechanisms for the
two countries. While a dialog is needed between the United States and Mexico to deter-
mine the need for a possible groundwater management agreement and the scale of the
agreement itself, the importance of considering the unique physical, cultural, institutional,
and economic characteristics surrounding specific aquifers is essential, as expressed during
the expert interviews.

The analysis of common elements of collaboration between existing groundwater
cooperation mechanisms and the TAAP indicates that the program itself, which is guided
by the TAAP Cooperative Framework, has laid the groundwork for the development of ad-
ditional aquifer assessment studies along the U.S.-Mexico border. The principles contained
within the framework, which already include the majority of the elements described in
pre-existing aquifer agreements, allow the two countries to continue studying additional
aquifers and help to build trust between the involved parties (Figure 2). Moreover, the
TAAP encompasses tenets such as communication and funding principles not previously
mentioned in other aquifer agreements. These statements support the fact that the TAAP
Cooperative Framework can be used as a model for transborder groundwater collaboration
for the assessment of transboundary aquifers between the United States and Mexico and
around the world.
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4. Discussion

Currently, there is no groundwater treaty between the United States and Mexico. The
1944 Water Treaty regarding the Utilization of Waters of the Colorado and Tijuana Rivers
and of the Rio Grande (1944 Treaty) is the primary surface-water-allocating mechanism for
the two countries. The treaty, however, does not mention groundwater. The Joint Report of
the Principal Engineers Regarding the Joint Cooperative Process United States-Mexico for
the Transboundary Aquifer Assessment Program (TAAP Cooperative Framework) is a case
of groundwater collaboration for the assessment of the U.S.-Mexico transboundary aquifers
of focus: the Santa Cruz, San Pedro, Mesilla, and Hueco Bolson aquifers. However, at least
36 transboundary aquifers shared by the United States and Mexico have been identified so
far [25].

Relevant studies on U.S.-Mexico groundwater governance have analyzed (1) the in-
tranational institutions for the management of shared groundwater resources [22]; (2) the
importance of institutional asymmetries for transboundary aquifer assessment [20]; (3) the
institutional assessment of the Transboundary Santa Cruz and San Pedro Aquifers [21],
and; (4) the management perspectives for the shared aquifers of the United States and
Mexico [25]. While most of these studies discussed the outcomes, advantages, and disad-
vantages of the TAAP Cooperative Framework and the program itself, the components of
the TAAP Cooperative Framework have not been analyzed as a model for groundwater
collaboration.

This study analyzed the TAAP Cooperative Framework as a guide for furthering
scientific assessment in areas that have not entered into formal agreements for binational
collaborative studies. Through literature review and analysis of existing transboundary
groundwater management agreements, we found that common elements of collabora-
tion between the TAAP Cooperative Framework and existing groundwater management
agreements include provisions for the exchange of data, concurrence for binational aquifer
assessment, the establishment of technical advisory committees and technical groups, and
respect for the legal framework and jurisdictional requirements of each country.

The TAAP exhibits several features that enable groundwater collaboration: existing
legal mechanisms, previous water collaboration, third-party involvement, scientific re-
search, and funding mechanisms. Additionally, the framework is consistent with four
UN Draft Articles on the Law of Transboundary Aquifers, findings that may indicate the
readiness of the two countries to move on to a next step: to implement additional aquifer
assessment along the U.S.-Mexico border or to initiate dialogue toward the development of
groundwater management mechanisms.

Some scholars have argued that the TAAP marginalizes issues such as groundwater
rights and management [60] and lacks a binding capacity (personal communication, 2020),
and we agree with this premise. The information generated through the TAAP is “solely
for the purpose of expanding knowledge” [20]. However, the present study has found
that scientific assessment is a prior step for the development of groundwater management
agreements. In fact, interviews with experts on transboundary waters explored two ways
in which the TAAP could guide groundwater management: through local agreements
for the management of specific aquifer systems or through a regional agreement that
guides the use of groundwater resources in the border region. In any case, lessons from
the TAAP Cooperative Framework and the program itself remain as a model of robust
binational groundwater collaboration with principles that have the potential to guide
future groundwater assessment and management not just along the U.S.-Mexico border,
but across the world.

5. Conclusions

The United States and Mexico share rivers, basins, and aquifers. Yet they do not
share a water management agreement that suits the needs of the border communities that
completely rely on groundwater resources. Challenges for managing shared groundwater
in the region include population growth, industrialization, increase in agriculture, contam-
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ination, increase in surface water and groundwater demands, and climate uncertainties.
These challenges indicate that some sort of binational arrangement is needed to protect and
manage the shared groundwater resources. However, the topic has only been mentioned
twice since the IBWC was created. Almost five decades after the signing of Minute 242 and
three decades after the development of the Bellagio Draft Treaty, there has been no effort to
establish a comprehensive groundwater agreement. Meanwhile, efforts toward increasing
understanding of the U.S.-Mexico transboundary aquifers have taken place. This study
analyzed the TAAP Cooperative Framework as a guide for furthering scientific assessment
in areas that have not entered into formal agreements for binational collaborative stud-
ies. To achieve this, we compared the elements of collaboration present within the TAAP
Cooperative Framework and six transboundary aquifer agreements around the world.

From this analysis, we found that five elements were particularly relevant as common
features of collaboration that align with the TAAP Cooperative Framework: (1) the presence
of data exchange provisions, (2) the concurrence for binational aquifer assessment, (3) the
establishment of technical advisory committees, which occurred with all of the aquifers,
(4) the presence of technical groups, and (5) respect for the legal framework and jurisdic-
tional requirements of the involved countries. Expert interviews also served to identify
lessons learned from the TAAP and global challenges for groundwater collaboration, which
included the importance of trust-building between border communities sharing water
resources, groundwater assessment, and a pre-existing framework for collaboration. It
was also suggested that the TAAP principles are general enough to be used as a guide to
promoting additional groundwater collaboration for the assessment of other transboundary
aquifers in Mexico and the United States and around the world. Yet, the applicability of
the TAAP Cooperative Framework will depend largely on the unique circumstances of the
involved countries.

We conclude for several reasons that the transboundary aquifer assessment efforts
following the TAAP Cooperative Framework represent a model for others wishing to
engage in transboundary aquifer assessment. The TAAP Cooperative Framework is a
concisely written and readily available document that has been successfully approved and
signed by two countries. It has promoted productive scientific collaboration between the
United States and Mexico in a manner consistent with the Draft Articles on the Law of
Transboundary Aquifers (UN Draft Articles). Its elements are also consistent with the infor-
mation gathering portion of successful groundwater management agreements around the
world. It includes funding and communication provisions that are uncommon in existing
international agreements but that facilitate groundwater cooperation, as made evident by
the collaboration to date. Finally, according to the TAAP Cooperative Framework, either of
the two countries can propose an aquifer of focus, meaning that there is no need to develop
a new cooperative framework for assessing additional transboundary aquifers shared by
the United States and Mexico.

The present study finds evidence of successful outcomes within the TAAP Coop-
erative Framework consistent with available transboundary groundwater management
agreements, demonstrating that the approach is suited to serve as a model for others wish-
ing to engage in transborder aquifer assessments worldwide. Furthermore, the principles
of the TAAP Cooperative Framework include elements that promote trust between the
United States and Mexico (e.g., data sharing, development of binational aquifer assess-
ment activities, the establishment of technical advisory committees, and establishment of
technical groups). These and the rest of the TAAP elements of collaboration can help to
establish the meaningful and robust binational cooperation necessary for the development
of U.S.-Mexico groundwater management agreements at the aquifer level.
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Abstract: In events and discussions about transboundary aquifer assessment, trust is often cited as
an essential component of collaborative efforts. However, there is little discussion of what trust is,
how it is built, what diminishes trust, and why it is so important. This study uses ethnographic
research carried out between 2019 and 2021 with the Transboundary Aquifer Assessment Program
(TAAP) to examine the role and significance of trust in U.S./Mexico TAAP collaborations. This
study demonstrates that trust is best understood in relationship to power and risk. It examines the
strengths and weaknesses of the TAAP program in managing asymmetrical relationships of power
and unequal levels of risk in participation. In TAAP collaborations, the insistence on establishing
trust should signal participants to consider and address the underlying issues of risk and power.

Keywords: Transboundary Aquifer Assessment Program; collaboration; trust; power; risk; U.S./Mexico
border; ethnography

1. Introduction

In April 2019, the Binational Summit on Groundwater at the U.S./Mexico Border drew
a lively crowd to the TecH2O Learning Center in El Paso, Texas. Scholars, governmental
officials, water managers, and reporters from both sides of the U.S./Mexico border filed
into the modern, angular, cement and glass building, were provided with a glossy program
in either English or Spanish and a headset for simultaneous translation, and were directed
to the main auditorium. Over the two days of the summit, participants arranged them-
selves along the curved wooden tables and navy office chairs in the auditorium seating to
watch presentations and panel discussions regarding the important themes surrounding
binational groundwater: data sharing, salinity, geohydrology, modeling, water law, wa-
tershed restoration, collaborative governance, etc. Throughout the groundwater summit,
however, an unexpected theme emerged—trust. The Binational Summit in 2019 was my
first introduction into binational efforts to understand shared groundwater resources, so I
was surprised to hear the word trust repeated in so many panel presentations, keynotes,
and discussions. I was not the only one who noticed. In her closing remarks, the then
newly appointed Commissioner of the U.S. International Boundary and Water Commission
(IBWC), Jayne Harkins, commented that she had also not expected to hear the word “trust”
so often at the Binational Summit. To newcomers to the world of binational groundwater
collaborations, the emphasis on trust was surprising. Yet, the longer one works on issues
of binational groundwater, the more one comes to expect conversations about data, water
quality, and aquifer recharge will also include conversations about trust. In this paper, I
examine the role of trust in the Transboundary Aquifer Assessment Program (TAAP) and
contextualize its importance in relationship to power and risk.

The TAAP program was written into law by the U.S. government in 2006 with the
signing of Public Law 109–448, the United States–Mexico Transboundary Aquifer Assess-
ment Act [1]. The law authorized the study of priority transboundary aquifers along the
U.S./Mexico border, an effort to be led by the United States Geological Survey (USGS)
and the Water Resources Research Institutes of Arizona, New Mexico, and Texas. The law
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creating the TAAP program, however, was unilaterally developed and passed by the U.S.
without agreement from corresponding Mexican institutions. In 2009, after nearly three
years of binational negotiation, the TAAP program as a binational effort was established in
The Joint Report of the Principal Engineers Regarding the Joint Cooperative Process United
States–Mexico for the Transboundary Aquifer Assessment Program, known as the TAAP
Cooperative Framework. The TAAP Cooperative Framework serves as a formal agreement
to collaborate, establishes a central role for the IBWC and its Mexican counterpart CILA
(Comisión Internacional de Límites y Aguas), and defines the rules of engagement agreed
upon by both sites.

The TAAP program, at its inception and today, includes participation by members of
state agencies such as IBWC/CILA, the USGS, and CONAGUA (Comisión Nacional del
Agua), along with university scientists from both sides of the border. Regional TAAP efforts
may also include local water authorities, such as the inclusion of JMAS (Junta Municipal
de Agua y Saneamiento) and EL Paso Water in the Hueco Bolson and Mesilla/Conejos-
Medanos TAAP working group. TAAP provides the foundation for the exchange of data
between Mexico and the U.S. about groundwater resources mutually identified as priority
aquifers that are shared across the border. Although the data exchange occurs through a
legally codified framework supported by both nations, the success of the collaboration is
uneven across time and space. Collaboration varies by working group. It may be successful
for a stretch of time, then slow, or come to a grinding halt. There are false starts, restarts,
and failures along with great successes. These inconsistencies reveal what is obscured by
political and legal discussion of the program—that the binational data exchange depends
on the social relationships between the participants. Throughout my participation in TAAP
and transboundary water activities, the presence of trust in binational social relationships
was repeatedly identified as the most important aspect of the binational cooperation.
Despite the fact that the word “trust” comes up in nearly every binational waters event,
there is little to no discussion about what is meant by the concept. What is trust? How is
trust achieved? How is trust broken? Why is trust important?

The act of trusting, scholars have noted, is necessary for social life and essential to
the functioning of relationships and institutions [2,3]. The importance of trust appears in
multiple scholarly publications about the TAAP program and binational aquifer gover-
nance [4–7]. The meaning of trust in collaboration on issues of binational water, however, is
not closely examined. Trust is a complex topic, and one that is recently receiving renewed
attention in fields from economics and political science to sociology and evolutionary
biology [1]. Some authors describe trust as a disposition, affect, or feeling that goes beyond
rational, transactional calculations of risk [2,8]. Others argue that trust is informed by past
experiences, but is, at its core, an anticipatory orientation towards the future [2,8,9]. One
study identified and analyzed 126 definitions of trust, ending on the concise definition of
“trust as confidence in the face of risk” [10]. I use Fink et al.’s useful definition of trust as a
basis for my own working definition of trust in the context of TAAP collaborations: trust is
the willingness to proceed with collaboration despite risks. By operationalizing Fink et al.’s
“confidence” as “willingness to proceed with collaboration”, trust and mistrust become
ethnographically observable as a set of practices that either halt or facilitate collaboration
in the TAAP program.

In trust studies, symmetrical relationships and the domestic sphere have been empha-
sized, while trust in hierarchical relationships is underdeveloped [2]. This means that the
relationship between trust and power is undertheorized. Yet, as medical anthropologist
Harald Grimen states, “Analyses of trust that neglect power are naïve” [11]. To understand
trust in asymmetrical relationships, it is necessary to consider the “nexus of power, trust,
and risk” [11].

The concept of risk is present in both the Fink et al. definition of trust and my own
working definition of trust. Unequal relationships of power amplify risk. It is important to
note that power is not simply a dominating force, but is “an aspect of all relations among
people” that operates differently at different scales [12]. Eric Wolf’s description of the four
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modalities of power help clarify how power is manifested at different scales. I condense
his longer description here: (1) “the power of potency of capability that is seen to inhere
in an individual”; (2) power “manifested in interactions and transactions among people
and refers to the ability of an ego to impose its will in social action upon an alter”; (3)
“power that controls the contexts in which people exhibit their capabilities and interact
with others”; and (4) structural power that “manifest in relationships that not only operates
within settings and domains but also organizes and orchestrates the settings themselves,
and that specifies the direction and distribution of energy flows” [12]. Wolf further clarifies
that structural power is related to Foucault’s definition of governance [12]. I will use these
different scales of power in my analysis below as I identify sources of risk that are essential
to understanding trust in TAAP collaborations.

The object of this article is to interrogate the meaning of trust in the TAAP binational
collaborations, and to explicitly link the experience of trust and mistrust to the concept of
power. Using ethnographic, interview, and document analysis data, I examine the factors
that contribute to trust, and those that are detrimental to trust. I then contextualize the
discussion of trust in relationships of power using the Framework for Assessing Power
in Collaborative Governance Processes [13]. I show in which ways TAAP successfully
negotiates relationships of power, and where it falls short. I then discuss the issue of risk
and examine what is at stake in the binational groundwater collaborations. Ultimately, I
argue that discussions of trust should cue TAAP participants to consider and discuss the
underlying issues of risk and power at multiple scales to strength collaborative binational
relationships.

2. Materials and Methods

The data for this article were collected as part of a larger ethnographic research project
that examines the social and political context of water use, planning, and management on
both sides of the U.S./Mexico border. This is an ongoing research project, so the results
presented here are preliminary findings. Ethnographic research methods were used to col-
lect the data presented in this work. Three elements are considered central to ethnographic
research practices: participant observation, interviews, and analysis of relevant documents,
archives, and scholarly literature [14]. Participant observation prioritized long-term em-
placement, face-to-face interactions, taking part in daily activities and special events, and
recording such interactions in fieldnotes [15]. Over the course of twenty-seven months
between 2019 and 2021, I used participant observation to engage in a large array of events,
meetings, and conversations related to local, regional, national, and international water use
and management. These events included domestic and international, formal and informal,
TAAP meetings. During this time, I managed New Mexico Water Resources Research
Institute’s TAAP participation and reporting. I helped plan, attended, and presented at
binational groundwater conferences and workshops. I was in frequent communication
with other TAAP program participants about the program, the current state of cooperation
and research, and the future goals of the program. The topics of the meetings, presentations,
and conversations included: descriptions of the physical qualities of the aquifers and the
quality of the water they contain, the binational exchange of data planned and carried out
during this time, discussions of the successes and obstacles to TAAP collaboration, debates
about what kind of governance systems might be most appropriate for binational aquifer
management in the future, the role of science in water management, and more. I recorded
the observations made during fieldwork in ethnographic fieldnotes [16].

Ethnographic fieldnotes provide the bulk of the data used in this article. The process
of recording ethnographic fieldnotes includes taking record of the event while in process to
the extent possible, then typing up detailed, descriptive notes and reflections after the event.
Fieldnotes include record of the words spoken at a meeting, as well as careful observations
of non-verbal communication. For example, my notes from the in-person, formal binational
TAAP meeting in Juarez in 2019 included relevant information about where the meeting
was held, who participated, and what was discussed. It also included notes on which
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topics of conversation were avoided in this setting, how people arrange themselves in
space, notes on the tone of voice used throughout the meeting, non-verbal communicative
signaling such as scowls, sideways glances, expressions of surprise, folding arms, etc. From
an anthropological perspective, thick description of data on all kinds of social signaling is
as important, if not more so, than the spoken transcript of official discussion topics.

I systematically analyzed the data collected through a process of “qualitative analytic
coding” [16] using NVivo software. Using NVivo, I assigned each piece of text one or
multiple codes and/or subcodes. I began by creating a code structure from the themes
that I already knew would be important. For example, I created a code I call Governance.
Nested under Governance are subcodes for different policies, including international
treaties and minutes, and national policies such as Waters of the U.S. I also used “open
coding”—designating descriptive codes for a wide range topics as they emerged in the
data [16]—in order to allow unexpected patterns to emerge from the data. The process
included “affective coding” [17] to capture emotions, conflict, and values present in the
data. Under the code Affect, I use subcodes for Trust, Anger, Optimism, Fear, and more.
The data set used for this article currently has 210 codes and subcodes, and will likely
continue to grow. The process of coding is not just a matter of sorting by words—the
word “power” does not have to be mentioned in a section of data to be coded as having
a conceptual relationship to manifestations of power. I used my working definition of
trust as “the willingness to proceed with collaboration despite risks” to guide my coding.
As such, ethnographically recorded displays of hesitancy to proceed, or obstructing the
collaborative process, were coded as relating to trust. Qualitative analytic coding, therefore,
is a practice in analysis and interpretation of data, rather than merely sorting. Having
analyzed and organized my data through qualitative analytic coding, I was able to pull out
the most important themes and patterns relating to the idea of trust, power, and risk in the
TAAP program.

I supplemented my ethnographic fieldnotes with four targeted semi-structured inter-
views [18] carried out in the spring of 2021 for the purpose of cross-checking the results of
my ethnographic data analysis. I selected the interviewees using “purposeful sampling”,
a technique that selects interviewees based on their knowledge and experience about a
phenomenon, as opposed to randomized interviews intended to serve as a representative
sample of a larger population [19]. The interviewees shared a combined forty-seven years
of participation in the TAAP program. Two were government agency representatives and
two were scholarly researchers. Two were from Mexico and two from the United States. I
asked questions such as: What is your role in the TAAP program and how did you become
involved? What is the role of trust in the TAAP program? Can you describe a time when
trust was broken in binational collaborative efforts? What is at risk in binational collabora-
tions? As the interviews were semi-structured, I did not strictly adhere to the interview
script and instead allowed for the development of a natural conversation with appropriate
follow-up questions. The interviews served to confirm or challenge the patterns in my
ethnographic data, and provided additional data. I recorded the interviews either on Zoom
or using a digital voice recorder, transcribed the interviews, and coded them in NVivo.

I also compiled and analyzed an archive of relevant documents. The compiled archive
included foundational TAAP documents such as the 2009 Joint Report of the Principal
Engineers Regarding the Joint Cooperative Process United States–Mexico for the Trans-
boundary Aquifer Assessment Program, and the United States–Mexico Transboundary
Aquifer Assessment Act of 2006. I also included scholarly articles published by TAAP
researchers and popular coverage of TAAP activities from newspapers and online publica-
tions. Collecting data from three sources—fieldnotes, interviews, and documents—enabled
me to cross-check the findings and validate the data through triangulation [19].

3. Results

In this section, I show the factors that contribute to trust and the factors that diminish
trust identified in the data. I then demonstrate the link between trust and relationships
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of power, and use the Framework for Assessing Power in Collaborative Governance
Processes [13] to examine how the TAAP program navigates relationships of power. I then
show how the Framework falls short in its ability to identify important sources of power
imbalances in the TAAP program.

3.1. What Promotes and Diminishes Trust

In the TAAP program, scholars and representatives from government institutions from
both sides of the border join together to exchange data and carry out collaborative research
on the shared aquifers. There is a common understanding amongst TAAP participants that
trust is essential to the collaborative process. Through the process of applying qualitative
analytic coding to the ethnographic data, interviews, and documents, patterns emerged
that reveal what contributes to trust in TAAP collaborations, and what diminishes trust.
Table 1 Shows important factors revealed in the ethnographic data and interviews that can
contribute to trust amongst TAAP collaborators. Many people in both formal interviews
and informal conversations during fieldwork explained that trust was not automatically
present in TAAP interactions from the start. It had to be established through relationship
building through long-term engagement. For some TAAP collaborations, building a his-
tory of showing up, following through, and working together over the years resulted in
a solid baseline of trust. Frequent face-to-face interactions were also cited as useful for
building trust. In-person interactions that occur in formal TAAP meetings are important,
as are informal face-to-face interactions such as fieldtrips organized on each side, and/or
interacting with other participants at conferences. These factors increase confidence in
one another by building familiarity at an interpersonal level, diminishing the perception
of risk in the collaboration. Participants identified the need for transparency about mo-
tivations for carrying out research. Assurances that the information collected would be
for the betterment of science and beneficial for both sides help establish confidence in the
collaboration. Similarly, working together to establish mutually agreed upon common
goals was identified as important for relationships of trust. Establishing clear boundaries
about what the program was intended for, and could not be used for, was also essential.
Importantly, establishing transparency about motivations, goals, and boundaries in the
beginning of the relationship is not sufficient; TAAP participants emphasized the need to
communicate and reaffirm these aspects of the collaboration throughout the collaborative
process. In the ethnographic data, there were many examples of participants from both
sides publicly reaffirming the goals and boundaries of the TAAP program. For instance,
in the context of planning for a data exchange, there was a lively discussion regarding
whether or not data on the topic of governance was appropriate to exchange within the
boundaries of TAAP. In the end, both parties agreed not to include such data during that
exchange. Respect for the processes set out in the TAAP Collaborative Framework also
works to build trust (described in more detail below). Participants also identified the
importance of the personal traits of patience and sensitivity to building trust. Patience in
the process of establishing relationships of trust and other participants’ timelines is highly
valued. Likewise, sensitivity to the needs, interests, and fears of the other side is important.
Lastly, successful collaborations, including completed data exchanges, the establishment
of work plans, and the publication of joint reports all contributed to feelings of trust and
confidence in the group’s ability to further collaborate.
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Table 1. Factors that contribute to and diminish trust.

Contributes to Trust Diminishes Trust

Long-term Engagement Unilateral Decision Making
Relationship Building Pushing Agenda or Timeline

Face-to-Face Interactions Controlling Funding
Transparency about Motivations Unmet Expectations in Exchange

Common Goal Turn-over of Participants
Clear Boundaries Absence of Key Participants

Respect for Process Disagreeable Personalities
Communication

Patience and Sensitivity
Successful Collaborations

Table 1 shows that there are also clear patterns in the data about the factors that detract
from trust. One factor that limits trust is unilateral decision making. An interviewee who
was present for the very start of the TAAP program explained that this was a problem
in the beginning as the United States passed Public Law 109–448, creating the TAAP
program without input or collaboration with Mexico. Mexico, in turn, did not recognize
this U.S. domestic law and insisted on collaboratively developing a binational framework.
The TAAP Cooperative Framework therefore became “the bridging document in order
to implement the TAAP in that binational arena.” Relatedly, the data also revealed that
attempts by one side to push a specific research agenda or timeline harms trust. An
example of this occurred at a binational TAAP meeting in 2019. After a long deliberation
about next steps to exchange data, and the assertion by the Mexican participants that
all other collaborations would be on hold until the completion of the data exchange, a
U.S. newcomer to the TAAP project interrupted to insist on simultaneous engagement in
another collaborative project. Pushback from both sides was immediately evident in body
language—crossing arms, scowling, uncomfortable chuckles, and sideways glances. A
long-term U.S.-based TAAP participant stepped in to smooth things over and shelve the
suggested endeavor, but another participant later admitted she feared that years of work
could have been unwittingly undone by the comment.

One side controlling funding can also damage trust. The U.S. TAAP law includes
a provision that money for research on shared aquifers can fund Mexico-based research
teams to collect data on the Mexican side of the border. Early attempts to fund studies
in Mexico, however, were contentious. Contracts from the U.S. side had specific stipu-
lations for deliverables, reporting, and timely information exchange. As one U.S.-based
interviewee explained, “Mexico felt that we were trying to control them through payment
of funds.” While the early study was successful, disagreements in the process damaged
the relationship.

Additionally, unmet expectations in data exchanges can lead to mistrust. In formal
TAAP meetings now, a one-time failure of the U.S. to provide what Mexico considered to be
equivalent, current, and properly formatted data that occurred a decade ago still emerges
in conversation as a source of mistrust and obstacle to moving forward with collaborative
projects. The group now takes special care to clarify what data is available and what format
it is most useful in before attempting to exchange data.

Other factors that limit trust are related to individual participants and personalities.
The turn-over of personnel involved in the TAAP program can be problematic. Changes in
administrations or ruling party can lead to changes in who holds important government
offices, retirement of collaborators and scholars leaving for positions elsewhere all disrupt
the continuity of relationships and necessitate rebuilding trust. Even when membership
remains the same, the absence of key members in formal meetings can also cause mistrust
by throwing into doubt the commitment of the individual to the collaboration. Lastly,
disagreeable personalities can greatly affect the formation and dissolution of trusting rela-
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tionships. In the data, traits such as being “pushy”, “domineering”, “forceful”, “impatient”,
and “aggressive” were identified as having a detrimental effect on relationships of trust.

Each of these factors that negatively contribute to trust are distinct mechanisms, but
I argue that they contribute to mistrust as each highlight existing power inequalities in
ways that amplify the awareness of risk. Even personality traits such as being “pushy” are
related to the threat of one side using its power to coerce the other side. It is significant
that, in both formal and informal conversations about TAAP, and in my ethnographic field
notes, the negative factors listed were generally discussed in relationship to the actions of
the U.S., the party with more social, political, and economic power.

3.2. Why Is Trust Important?

The above data are useful for understanding how trust is established and maintained,
but less revealing about why it is so important. I argue that trust is important in TAAP
collaborations as it helps to mitigate unequal relationships of power. All social relationships
are also relationships of power, but in the case of TAAP, the unequal relationship of power
is intensified by the fact that the United States is a significantly more powerful player in
global politics, is economically dominant, and is backed by the world’s most powerful
military force. In this section, I use the Framework for Assessing Power in Collaborative
Governance Processes [13] to demonstrate how the TAAP program manages unequal
relationships of power, and where it falls short of that goal.

The Framework for Assessing Power in Collaborative Governance Processes identifies
three arenas for power: formal authority (right to make decisions and take action), discur-
sive legitimacy (ability to represent a discourse of social value), and resources (ability to
deploy financial, material, and knowledge resources) (Purdy 2012). In regard to authority,
the original U.S. domestic law that created the TAAP program without input from Mexico
started the program off with unequal authority. Authority, however, can be negotiated.
In the formation of the TAAP Cooperative Framework, representatives from the U.S. and
Mexico set stipulations for the sharing of authority within the project after Mexico’s refusal
to accept the unilateral authority of the United States. Formal authority in the TAAP
program is therefore managed through the TAAP Cooperative Framework.

The category of discursive legitimacy is also relatively even on both sides. The U.S. and
Mexico both appeal to the shared social values of protecting natural resources, binational
cooperation, and scholarly advancement. The use of discourses about trust fits into this
category—it is a socially salient idea that can be used to manage relationships of power
and increase standing in an unequal relationship.

The category of resource-based power is less effectively managed in the TAAP pro-
gram. Ideally, under the TAAP Cooperative Framework, both the United States and Mexico
would agree on a priority aquifer, approve a particular study, each side would carry out
data collection on their own side of the border using their own funds, and then the data
would be shared and a joint report would be produced. In practice, the U.S. has signifi-
cantly more funding, personnel, and institutional infrastructure to devote to binational
aquifer assessment than Mexico. As one interviewee explained, there have been times that
TAAP participants on both sides have agreed to the importance of collecting a certain kind
of data, but then the Mexican side declines to move forward with the joint study due to
lack of funding. In meetings and in formal presentations by Mexican officials, the budget
cuts to participating agencies and lack of personnel and equipment have at times been
acknowledged as an obstacle to participation. Other times, more subtle actions, such as de-
laying studies, or giving “maybe in the future” responses to requests for collaboration may
also stem from the gap in resourced-based power. The TAAP Cooperative Framework does
include the following stipulation: “Either country may contribute to costs for work done
in the other country” [20]. This rule is intended to compensate for the unequal resources.
As discussed above, however, the U.S. control over funding for research completed by
Mexico has previously been experienced as coercive. Therefore, the practice of sharing
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funds meant to equalize participation on each side of the border does not mitigate the gap
in resourced-based power in TAAP collaborations.

The Framework for Assessing Power in Collaborative Governance Processes juxta-
poses the three arenas of power with three sources of power—participants (who is involved
and who leads), content (what issues are addressed), and process design (the where, when,
and how of collaborative interaction) [13]. The TAAP Cooperative Framework is largely
successful in managing power asymmetries in these three sources. TAAP brings together
participants from agencies and scholars on both sides of the border with roughly equivalent
standing. Representatives from each side have the power to move the collaboration forward
or to delay and/or end particular collaborative efforts. In terms of content, representatives
from each country have the ability to propose a priority aquifer, but the other side must
agree to move the collaboration forward. Both countries must agree on the topic and scope
of work of joint research.

In formal TAAP meetings, unequal relationships of power are mitigated through
process design. In-person meetings are held on both sides of the border as to not privilege
one site over the other. Each side speaks the language of their own country, regardless
of language ability, and simultaneous translation is provided in both languages so that
neither Spanish or English is privileged over the other. Formal meetings are arranged
and hosted by IBWC/CILA. Meeting organizers balance the agenda between each side,
and agendas are distributed in both languages prior to the meeting. The representatives
from the U.S. are seated together and at the opposite side of the table from the Mexican
representatives. The strict rules of engagement create a “ritualized” meeting space, with a
high degree of “formalization” [21]. Formalization is characterized by restricted codes of
behavior, rigid schedule of events, and invariance to form, and is often a way of clarifying
social hierarchies [21]. In the case of formal TAAP meeting, the formalization serves to
symbolically confer equal standing to participants from each side. The rules of engagement
for TAAP meetings therefore help to moderate the effects of unequal relationships of power.

When relationships of power are managed, trust is more easily established. Examining
the TAAP program with the Framework for Assessing Power in Collaborative Governance
Processes is a useful exercise to illuminate the strengths and weaknesses in the TAAP
program at mitigating unequal relationships of power and establishing trust. In the
analysis above, resource-based power is shown to be the most significant and persistent
source of power inequality. However, the Framework was not necessarily intended to
examine international attempts at collaborative governance processes and therefore falls
short of illuminating important power relationships and corresponding barriers to trust in
the TAAP program. Referencing again Wolf’s four modalities of power, the Framework
provides tools to assess (1) personal power, (2) interpersonal power, and (3) the context in
which power is exercised, but is does not address (4) structural power. Below, I examine
the importance of structural power in shaping the context of relationships of power in the
TAAP program.

3.3. Risk, Power, and Sovereignty

The gap in structural power between the United States and Mexico is particularly
important to consider in the TAAP program, an endeavor that engages with two important
ways that modern nation-states assert sovereignty: control over borderlands, and control
of natural resources. Border scholars show that demonstrating control of national borders,
particularly through militarization and policing, have become essential ways of asserting
sovereignty in an era of globalization [22–27]. Likewise, control over and efficient use of
natural resources is a central component of nation-states’ claims of political legitimacy,
modernity, and sovereignty [28,29]. Demonstrating appropriate control over natural re-
sources in the U.S./Mexico borderlands is therefore deeply tied to structural power due to
its symbolic significance in regard to assertions of sovereignty by each country.

Assertions of sovereignty at the border are material as well as symbolic [25], and
the importance of the gap in structural power between the U.S. and Mexico is also both
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material and symbolic. Collaboration across structural power imbalance results in different
levels of symbolic and material risk between sovereign nations with significantly different
levels of political, economic, and military power. To understand the level of risk that each
side faces, it is important to contextualize the relationships between the United States and
Mexico in the history of exercises of power between the two nations. The last military
conflict between the U.S. and Mexico, the Mexican–American War, ended in 1848 with
the signing of the Treaty of Guadalupe in which Mexico ceded more than half its territory
to the U.S. To understand the historical significance of this to the TAAP program, it is
important to consider that each of the Water Resources Research Institutes of Arizona, New
Mexico, and Texas are all located on land ceded to the U.S. by Mexico through military
intervention. While this event occurred more than a century and a half ago, historical
legacies haunt the present and expectations about the future. The United States military
remains dramatically more powerful than that of Mexico. If the exchange of data about
shared groundwater resources resulted in conflict over the resources, Mexico would be at a
distinct disadvantage to defend its rights to water. Therefore, Mexico is taking a greater
risk in collaborating than the United States, causing an asymmetrical relationship of power
that hinders the development of trust.

There is also the perceived risk of losing control over groundwater resources through
litigation. For the TAAP participants that I spoke to about risk, legal battles over shared
groundwater resources were a more pressing concern than military conflict. One intervie-
wee explained that U.S.-based domestic lawsuits have disrupted TAAP collaborations in
the past, as Mexico does not want to be drawn into a legal battle over water rights. Instead,
the interviewee explained, Mexico prefers to step back and wait for the U.S. lawsuit to
be resolved before continuing binational work. Litigation between U.S. states therefore
increases perceived risk of participation in TAAP and decreases trust in the process.

The TAAP Cooperative Framework includes provisions to limit the risk of partic-
ipation by explicitly prohibiting TAAP data from being used to intervene in the water
management practices of either sovereign nation. In the section titled “Principles of the
Agreement”, the last three of the six principles are aimed at this task, stating:

1. No provision set forth in this agreement will limit what either country can do inde-
pendently in its own territory.

2. No part of this agreement may contravene what has been stipulated in the Boundary
and Water Treaties between the two countries.

3. The information generated from these projects is solely for the purpose of expanding
knowledge of the aquifers and should not be used by one country to require that the
other country modify its water management and use [20].

The language of the agreement strongly imposes limits to what the data produced
and shared through the TAAP program can be used for. Yet, data and research results,
once made public, can be taken up in unexpected and undesirable ways, regardless of the
intentions of the scientists involved. There will always be a degree of risk in producing
and sharing data about shared resources, leading to the question: If risk is inherent in the
TAAP data exchange, why trust at all?

TAAP participants choose to trust one another and the collaborative process as the
risk of not exchanging knowledge about shared groundwater resources seems even greater.
Along the U.S./Mexico border, urban centers, rural communities, industrial and agricul-
tural economies, and ecosystems rely on groundwater resources. Border communities
are looking to prolong the life of the aquifers they depend on. However, how can that be
accomplished with incomplete knowledge of basic facts about shared aquifers? How many
aquifers are shared across the U.S./Mexico border? What is the capacity of each aquifer?
How far into each country does a particular aquifer extend? How much water is being
extracted from each side? What factors are affecting the quality of the shared groundwater?
The sharing of data that addresses these questions is essential to understanding the future
of the binational aquifers and the futures of the communities that depend on them. There-
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fore, extending trust and engaging in collaborative binational groundwater assessments
are worth the risk to participants.

There is also the hope amongst many participants that successful collaborative assess-
ment of binational aquifers will eventually lead to successful cooperative management of
the shared resources. As one interviewee said:

It really begins with us. If we can demonstrate that we can collect this information, and
do it where it’s equal and transparent, that’s going to hopefully help the next effort, where
they do start having discussions on how the resources are managed. People are afraid to
take that step because they fear of losing control of their resource. But we’re hoping that at
some point, they’ll think, we’re more afraid that we’re not going to have a resource if we
don’t talk about it . . . So, I’m hopeful that our work is laying the groundwork for those
future discussions.

The risk involved in the collaborative assessment of binational groundwater is magni-
fied in attempts at collaborative governance. The asymmetry of power between the U.S.
and Mexico makes Mexico particularly hesitant to engage in negotiations over water [30].
The hope is that the framework for mitigating unequal relationships of power put into
practice in the TAAP program, as well as the years of successful binational collaboration
and relationship building that has flourished under TAAP, will result in sufficient trust that
collaborative binational resource management may become possible.

4. Discussion

In public presentations, official meetings, informal discussions, scholarly publications,
and interviews, trust is identified as essential to the success of the TAAP program. There
are specific behaviors and occurrences that contribute to trust, and others that detract
from trust, as shown above. Yet, the question of why trust is so important is not often
discussed. Considering the nexus of power, trust, and risk [11], trust is important due to
what is at risk—loss of control by a sovereign nation of shared groundwater resources.
The level of risk is high due to the unequal relationship of power that characterizes the
United States and Mexico. The TAAP Cooperative Agreement and rules of engagement
for formal TAAP meetings help to mitigate the unequal power relationship, but important
asymmetries remain.

Consider the factors that contributed to trust listed in Table 1—ethnographic and
interview data support that factors such as long-term engagement, relationship building,
and face-to-face interactions are important to establishing trust in the TAAP program.
However, the data also show that adherence to the listed factors does not always result in
trust. I have witnessed TAAP participants who know each other well, have worked together
for many years, who respect TAAP processes, and who communicate well about goals and
boundaries, demonstrate resistance to further collaboration in the form of delaying action
or refusing to commit to a project. Using my working definition of trust, an unwillingness
to proceed in collaboration demonstrates a lack of trust. I argue that this is because,
considering trust in relationship to risk and power, these factors only address differences
in power at the first, second, and third levels of power identified by Wolf as described
in the introduction. They do not diminish risk based on unequal relationships of power
at the fourth, structural level of power. That same limitation is found in the factors
identified in the Framework for Assessing Power in Collaborative Governance Processes.
The TAAP Cooperative Framework does well to manage power inequalities at personal
and interpersonal levels, and in the context of organizing and managing the exchange, but
it cannot mitigate differences in structural power.

I argue that the gap in structural power is more of a hinderance at times of increased
risk to a nation-state’s ability to maintain sovereign control over its borderland water
resources, such as a domestic lawsuit over water in the U.S. While work on other shared
aquifers along the U.S./Mexico border continues to progress, work on the Mesilla Bol-
son/Conejos Medanos and the Hueco Bolson at the Texas/New Mexico/Chihuahua border
has slowed and experienced setbacks in the last decade. Ethnographically, this was visible
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at the conclusion of a virtual Mesilla/Hueco TAAP meeting in 2021 when it came time to
discuss next steps. A U.S. representative asked Mexico to commit to a consistent meeting
time at agreed upon intervals throughout the year as a way to ensure the collaboration
moved forward. A Mexican representative rejected the proposal. The U.S. representative
then asked to set a date just for the next meeting. Again, the Mexican representative
refused, stating that they needed to take time to review the data that the U.S. provided in
the most recent exchange before committing to any further meetings. Earlier in the meeting,
discussions of further collaborations beyond data exchanges were tabled by Mexico as
contingent upon a successful data exchange.

Discussion by U.S.-based collaborators in regard to these slowdowns often center
around trust at an interpersonal level—participants wondering what more they can do
to earn the trust of the other side in order to continue. However, I interpret the refusal to
progress in collaboration not as a lack of interpersonal trust, but as a reaction to increased
risk of collaboration brought about by the still unresolved lawsuit over water resources
brought to the Supreme Court in 2013 by the state of Texas against New Mexico. This
increased risk highlights the unequal relationship of power between the two countries. In
the context of this unequal relationship of power, Mexico’s practice of delaying progress,
tabling ideas, and rejection of establishing a set meeting schedule can all be understood as
forms of negation as described by James Scott—ways for the less powerful party to assert
agency without directly confronting the source of power [31]. Insistence on establishing
relationships of trust before proceeding further is another way of “pumping the breaks” or
slowing down the collaborative process. It can be frustrating for participants who are ready
to progress with their scholarship, and for parties hoping to meet funding timelines and
produce deliverables. However, using trust as a tactic to slow down, especially when used
by the underpowered party, should be understood as an important tool for navigating very
real risk and a form of asserting power in an asymmetrical context. The emphasis on trust
makes sense when contextualized in the power, trust, and risk nexus.

When I asked participants if issues of power were ever discussed openly between
TAAP participants from the U.S. and Mexico, no one could recall such an instance. In my
ethnographic fieldwork, I did not observe frank conversations about power. Instead, trust
is the acceptable language with which to address issues that I argue are rooted in power.
The lack of frank conversations about power indicates that important asymmetrical power
relationships between participants remain, despite efforts mediate such differences.

In this research, representatives of government agencies were more able to identify
the structural risks of TAAP than were participating scholars, who tended to emphasize
interpersonal trust. However, all participants should be encouraged to think critically
about trust, risk, and power when engaging in binational collaborations. This is especially
true in times of heightened risk, such as ongoing litigation over water resources. If refusals
to move forward can be attributed to heightened risk for the Mexican collaborators, both
sides may need to adjust in the short-term to keep the long-term goals of the program
intact. For example, if both sides could agree to name another priority aquifer (or set of
aquifers) that presents less risk, collaboration could continue while tabling stalled efforts
on temporarily contentious aquifers. This would require addressing the gap in structural
power head-on and working together to find suitable workarounds.

In this article, I use the working defined trust in TAAP collaborations as the willingness
to proceed with collaboration despite risks. This definition is useful for analyzing trust in
practice in TAAP collaborations; it is also useful for conceptualizing what trust is. Similar
to Grimen [11], I analyze trust in relationship to risk and power, but it is important in this
context to consider how manifestations of power are scaled hierarchically ask described
by Wolf [12]. Trust is a social relationship, but it is not only an aspect of interpersonal
relationships. Risk related to structural relationships of power is an essential component
to understanding trust and its social function. This is particularly true when considering
asymmetrical binational collaborations.

81



Water 2021, 13, 3350

One interviewee stated, “it’s critical that you establish trust and it doesn’t matter how
long it takes, it’ll benefit whatever you’re doing. I think that’s been one of the most valuable
lessons that I learned participating in the TAAP.” Establishing trust in a context of unequal
risk and power requires intentionality, commitment, patience, and a major investment of
time. The binational relationships established, and scholarship collaboratively produced,
through the TAAP program are therefore a commendable feat. Yet, the TAAP program
would benefit from critical discussions of power and risk, particularly in reference to the
gap in structural power between the U.S. and Mexico. Such conversations are particularly
necessary when progress is stalled, revealing a lack of trust. Once underlying issues of
power and risk are identified, creative and workable solutions could be identified to keep
the important work of the TAAP program going.
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Abstract: Hydrogeomorphology is an emerging discipline that studies the relationship between
landforms and hydrology, focusing on groundwater and surface water interactions. This study
presents the methodology for the elaboration of a hydro-geomorphological map oriented to illustrate
the relationships between the aquifer components and geomorphological characteristics in the United
States-Mexico Transboundary San Pedro Aquifer (TSPA). This information contributes to a further
understanding of the TSPA, facilitates the location of groundwater recharge and discharge zones, is
useful for the development of sustainable groundwater management strategies, and could be useful
in developing conceptual and numerical groundwater models for the region.

Keywords: hydrogeomorphology; transboundary aquifer; recharge; discharge; United States; Mexico

1. Introduction

Granular and fractured aquifers represent an important source of fresh water in
arid and semi-arid regions that are highly dependent on groundwater resources. Factors
such as climate, topography, geomorphology, and lithology influence groundwater-flow
interactions [1–4]. However, groundwater availability ultimately relies on the rainfall rate
of the site, and the location and characteristics of the aquifer’s recharge and discharge
zones [2,3,5]. A better understanding of these areas contributes to the development of
groundwater-management plans and strategies that promote water-resources sustainability,
which is essential in transboundary settings where water resources are shared by two or
more countries. Hydrogeomorphologic studies have proven to be useful for investigating
the associations between landforms and hydrological processes that affect surface-water
and groundwater flow, identifying the potential impacts of changes in land-use practices,
and locating possible groundwater recharge and discharge areas [1,5–11].

A term first introduced in 1972, hydrogeomorphology broadly described the study
of landforms produced by different hydrologic processes [10]. Over the years, hydroge-
omorphology evolved into “an interdisciplinary science that focuses on the interaction
and linkage of hydrologic processes with landforms or earth materials and the interac-
tion of geomorphic processes with surface and subsurface water in temporal and spatial
dimensions” [11]. Frequently, geomorphologic and hydrogeomorphologic studies have
focused on flood assessment and surface-water controls, landslide assessment, and in
atmosphere-hydrosphere-lithosphere interactions [12–15]. On the other hand, hydrogeo-
morphologic studies have also been associated with the analysis of groundwater resources
(e.g., [1,5–7]). For instance, hydrogeomorphologic mapping allowed the identification and
classification of hydro-objects in Southern Italy and the modeling of catchment contribution
areas [16]. Additionally, scholars in this area of study have defined the connection between
landforms and hydrology and expressed the need for a holistic approach that considers the
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relationships among landscape engineering, agriculture, natural areas, and water-resources
management [17].

The importance of using criteria including landform, elevation, lithology, and hydrology
for the assessment of groundwater resources has been described by Chaminé et al. (2015) [18].
In the arid Río Asunción Basin of Sonora, México, the correlation between the basin’s
groundwater-storage capacity and its lithologic units, ability to resist weathering and ero-
sion, and presence of faults was described by Gutiérrez Anguamea (2013) [6]. The mapping
methodology presented by [6] was later used for the development of a hydrogeomor-
phologic map for the state of Sonora, Mexico [7], an approach published in collaboration
with the Mexican National Water Commission (CONAGUA) that serves as a guide for
water-resources management in the region.

Located in Northwestern Mexico, the state of Sonora is bordered to the north by the
state of Arizona in the United States. The United States and Mexico share history, culture,
people, and water. A recent transboundary-characterization study indicates that based
on geological correlations, there are 72 hydrogeologic units, or aquifers, that cross the
U.S.-Mexico border [19]. One of these aquifers is the Transboundary San Pedro Aquifer
(TSPA), located in the Arizona-Sonora border region. The TSPA is a Transboundary Aquifer
Assessment Program (TAAP) aquifer of focus, which is a joint effort between the United
States and Mexico to evaluate shared aquifers [20–23]. A number of studies and technical
activities have been carried out through the TAAP in Arizona and Sonora over the last
decade (i.e., [22–25]). For example, in 2016 the International Boundary and Water Commis-
sion published the Binational Study of the Transboundary San Pedro Aquifer [24]. This
study, jointly developed by TAAP partners from the two countries, binationally described
the physical geography, geology, hydrology, hydrogeology, and hydro-geochemistry of the
TSPA. In this study, we aim to contribute to the TAAP knowledge base by using hydro-
geomorphologic mapping as a tool for groundwater characterization, a novel approach that
could guide land and water-management decisions in both the United States and Mexico.

2. Study Area

Located in the eastern portion of the Arizona-Sonora border, the TSPA is drained by the
San Pedro River (Figure 1). The San Pedro River has its headwaters east of Cananea, Sonora,
and flows northward to the United States until its confluence with the Gila River. The San
Pedro River sustains hundreds of species—for example, it is an important bird habitat—and
the basin contains one of the major unfragmented landscapes in the Southwest [26]. Several
authors who have studied the aquifer basin have reported concerns regarding the impact
of groundwater pumping on the San Pedro River, an ongoing issue that has captured the
attention of scientists and stakeholders within the region [24,26–28].

The TSPA has an approximate area of 5000 km2 and a population of around 97,235
(Table 1). The climate in this border region is arid to semi-arid with bimodal patterns of
precipitation characterized by intense summer rains associated with the North American
Monsoon and winter precipitation associated with the presence of Pacific cold fronts [24,27].
The mean annual precipitation in the Mexican portion of the TSPA has been reported to
be 553 mm [28]. On the other hand, 330 mm were reported in Tombstone, and 960 mm
on the Huachuca mountains in Arizona [24]. Mean annual temperature was reported to
range between 12 ◦C and 18 ◦C [24]. The TSPA is located in the Basin and Range Province,
bordering the Sonoran and Chihuahuan Deserts [24,27].
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Figure 1. The Transboundary San Pedro Aquifer (TSPA). Source: Authors’ development based on
Callegary et al. (2016) [24].

Table 1. Population centers located in the TSPA. Source: INEGI, 2010, INEGI, 2020, U.S. Census
Bureau 2020 [29–31].

Town Population

Sierra Vista 45,308

Tombstone 1209

Naco 6064

Bisbee 5203

Cananea 39,451

Total 97,235

The major economic activities within the region include tourism and military opera-
tions in the United States, and livestock, agriculture, and mining in Mexico [24]. According
to data from the Mexican Public Registry of Water Rights [32], 82 wells are registered in the
Mexican portion of the TSPA under the following activities: 41 for livestock activities, two
for industrial uses, 14 for agricultural uses, and 25 for public, urban, residential, and miscel-
laneous uses. Annual groundwater extractions from these wells equals 30.67 million cubic
meters per year (MCM/year) [32], and in 2015, the aquifer registered an annual ground-
water deficit of −7.49 MCM [28]. In 2014, groundwater demand in the U.S. portion of the
TSPA, the Sierra Vista Sub-watershed, was reported to be 38.38 MCM/year (31,119 acre-feet
per year) [33]. This region also reported a groundwater deficit of 5.21 MCM (4229 acre-feet
per year) during the same year [33].
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3. Materials and Methods

In this study, we analyzed the satellite imagery available through the ArcGIS Online
Server [34] and combined the geologic and hydrogeologic information [24], and the topo-
graphic features (Digital Terrain Model SRTM1N30W109V3, [35]) to identify composition,
topographic arrangement, and the presence or the absence of structures (see Figure 2). A
visual inspection of satellite imagery allows for the differentiation of rock units based on the
identification of textures and tones, i.e., smoothness, roughness, and compaction [36–38].
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3.1. Topographic Characterization (Landform Identification)

A topographic characterization was carried out using the Digital Terrain Model infor-
mation available for the study site [35]. Elements within the study area were classified into
four major types of terrain (described below): mountains, hills, piedmonts, and plains [39].

Mountains: Landforms with a relative height greater than 200 m, associated with
endogenous folding processes, magmatism, vulcanism, and the dissection of endogenous
formation structures [40]. Relative heights were considered from the base to the top of each
formation analyzed in this study.

Hills: Landforms with a relative height less than 200 m. This group originates from the
leveling of mountains (endogenous) or the dissection of a sloping plain (erosive exogenous).
However, hills may be associated with low-elevation endogenous landforms or the product
of quaternary tectonics [41].

Piedmonts: Mountainous margins or transitional zones distinguished by a change of
slope and considerably lower height, ranging from 0 to 200 m depending on the behavior of
the terrain. Piedmonts are composed of detrital material and present fluvial drainage [6,40].

Plains: Land surfaces with minimal slope and altitude difference. Correspond to the
cumulative exogenous terrain of alluvial, wind, and coastal deposits [6,40]. The following
factors were considered in the identification of a plain: land use (agricultural and urban),
change in slope, and drainage pattern.

3.2. Geologic Characterization

A diverse tectonic evolution has shaped a complex geology in the TSPA with in-
trusive, metamorphic, volcanic-sedimentary, sedimentary, and volcanic rocks [24,30]. A
Precambrian basement covered by sedimentary platform sequences—mainly carbonates—
is exposed along southeastern Arizona/northeastern Sonora [24,30]. The oldest Mesozoic
rocks within this region are Jurassic volcanic and sedimentary sequences covered by
Cretaceous-Tertiary rocks, which are widely distributed throughout the TSPA [24,30]. The
lithological units considered in this study, based on Callegary et al. (2016) [24], are shown
in Table 2.

Table 2. Lithological units in the TSPA. Source: Authors’ development based on Callegary et al.
(2016) [24].

Legend Lithostratigraphic Units Description

Precambrian Igneous-Metamorphic
Complex Igneous and metamorphic rocks

Early Paleozoic Sedimentary Unit
Localized outcrops of detrital-carbonate
rocks within the Mexican portion of the

TSPA

Late Paleozoic Sedimentary Unit
Limestone and sandstone exposed in

most
topographic highs in the TSPA

Jurassic Felsic Volcano-Sedimentary

Intercalation of volcanic rocks,
sandstones,

agglomerates, basalt flows, sills, and
intermediate composition

Jurassic Intrusive Complex Intrusive hypabyssal bodies mainly
exposed on the U.S. side of the TSPA

Late Jurassic–Early Cretaceous
Sedimentary Unit

Conglomerate, sandstone, shale, and
limestone from the Bisbee Group

Late Cretaceous Sedimentary Unit
(KsVs, Ks) Sedimentary sequences
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Table 2. Cont.

Legend Lithostratigraphic Units Description

Cretaceous–Paleocene
Volcano-Sedimentary Unit Rhyolitic clastic and volcanic rocks

Tertiary–Cretaceous Intrusive
Complex Intrusive felsic rocks

Tertiary Felsic Volcanic Unit Rhyolitic rocks from the west-central
portion of the TSPA

Tertiary Volcano-Sedimentary Unit
Continental rocks, mainly

conglomerates with intercalations of
sandstone and tuff

Plio–Quaternary Sedimentary Unit
Coarse sediments (gravels and sands)

distributed within the center of the
TSPA

Alluvium Gravel, sands, silts, and clay.

3.3. Hydrological and Hydrogeological Information

The proposed hydrogeomorphologic map includes hydrological and hydrogeological
data for a better visualization of the impact groundwater extractions have on the aquifer’s
distinct units. Information for this study includes a spatial layer with the hydrology, the
locations of wells, and the groundwater levels for the year 2011. In addition, we identified
the permeability, hydraulic conductivity of the rock units based on Gutiérrez Anguamea
(2013) [6] and Freeze and Cherry (1979) [3] (Figure 3).

Figure 3. Permeability and hydraulic conductivity of rock units and unconsolidated deposits. Modi-
fied from Freeze and Cherry (1979) [3].

The primary permeability is a property directly related to the origin and formation
of rock material to allow water to pass through it [42]; likewise, a secondary permeability
can be interpreted based on the number and interconnection of structures that are present
in a lithological unit [3,43,44]. Although it is true that the hydraulic potential of materials
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can be defined by direct and indirect methods—such as petrography, stratigraphy, and
resistivity estimation [43]—in this study the permeability was determined based on the
characteristics inherent to the formation of the rock (i.e., Figures 3 and 4) and its subsequent
fracturing by movements of the earth crust.

Figure 4. Relation between landform and potential well yield. Source: Freeze and Cherry (1979) [3]
and LeGrand (1954) [45].

It is also presumed that the combination of permeability (primary and/or secondary)
with the shape of the terrain is directly related to the potential well yield of a lithological unit
(Figure 3). In other words, a portion of materials with a significant primary permeability,
such as a smoothed conglomerate hill, is likely to allow water to flow through it easily, as
it is composed of elements with varied granulometry and flat topography [6]. In contrast
to the above, when it comes to more compact and steeper materials where the speed of
surface runoff increases and the spaces between the rock crystals are smaller, the potential
well yield of groundwater can be reduced [6].

The combination of the aforementioned factors allowed for the assignment of a ground-
water permeability and potential well yield category to each of the elements contained
in the TSPA. Categories were based on the aquifer materials, permeability, and hydraulic
conductivity to describe how much and how quickly water moves within an aquifer [6].

4. Results

Based on the hydrogeomorphological analysis of the TSPA, a total of 22 units of
high, medium, low, very low, and very low/null permeability/potential well yields were
characterized (Table 3, Figure 5). The legend of the map is based on [46]. Extensive and
highly productive (high aquifer well yield) intergranular aquifer units are shown in shades
of blue. The green color range represents fissured environments. The brown areas signify
the units of local extension and limited resources, as well as those that are considered
to have very low well yield. Alluvial plains, cultivated plains, upper divergent plains,
and unconsolidated polymictic conglomerate foothills were identified as intergranular
mediums with high permeability and potential well yield.
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Table 3. Hydrogeomorphologic Units in the Transboundary San Pedro Aquifer.

Recharge/Non-Recharge Unit Description

Discharge Zone

High permeability intergranular
environment (high potential

well yield)

Crop plain

Upper divergent plain

Alluvial plain

Unconsolidated polymictic
conglomerate piedmont

Water

Medium permeability
environment (medium potential

well yield)

Unconsolidated polymictic
conglomerate hill

Low permeability environment
(low potential yield)

Consolidated polymictic
conglomerate hill

Consolidated polymictic
conglomerate and basalt hill

Recharge Zone

Medium permeability fissured
environment (medium potential

well yield)

Fissured limestone, sandstone,
and shale hill

Fissured sandstone and shale
mountain

Low permeability fissured
environment (low potential

well yield)
Fissured volcanic mountain

Very low permeability fissured
environment (very low potential

well yield)

Fissured polymictic
conglomerate and volcanic

mountain

Fissured limestone, sandstone,
and shale mountain

Fissured volcanic and
sandstone mountain

Fissured plutonic mountain

Fissured metamorphic
mountain

Fissured volcanic hill

Fissured plutonic hill

Fissured metamorphic hill

Impervious Areas

Urban zone

Volcanic hill

Plutonic hill

Regarding the units of medium permeability/potential well yield, only hills of uncon-
solidated polymictic conglomerate were identified as such. Conglomerate hills, consoli-
dated polymictic conglomerate hills, consolidated basalts, consolidated polymictic conglom-
erate foothills, consolidated sands, polymictic conglomerate mountains, and polymictic
conglomerates were identified as units of limited potential well yield.

The presence of fractures and faults indicates fissured environmental units with a
very low permeability and potential well yield. A second subcategory comprises medium
permeability fissured units such as fissured limestone, sandstone and shale hill, polymictic
conglomerate mountain and fissured sandstone, sandstone mountain, and fissured shale.
A third category, the fissured volcanic mountain, was identified in a fissured medium
of low permeability and potential well yield. Finally, those units whose permeability is
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characterized as very low/null are considered non-aquifer units. According to the flow-
direction lines identified for the study area, groundwater flows from south to north and
towards the San Pedro River. This information is consistent with Callegary et al. (2016) [24],
who also identified cones of depressions near the cities of Sierra Vista, Tombstone, and
Cananea. For this study, the hydrological discharge zones were located within the San Pedro
River and its tributaries, while the recharge areas were mainly located within mountainous
areas: the Huachuca, Mule, and Mustang Mountains (in the United States) and the Sierra
Mariquita, Sierra Los Ajos, and Sierra San Jose (in Mexico).

Figure 5. Hydrogeomorphologic map of the San Pedro River Basin.

5. Discussion and Conclusions

The TSPA is an aquifer shared between the United States and Mexico. It is also a TAAP
aquifer of focus that has been deeply studied over the last decade. The Binational Study of
the Transboundary San Pedro Aquifer [24] is one of the most relevant binational studies of the
region and includes information regarding the physical geography, geology, hydrology,
hydrogeology, and geochemistry of the region. According to Chaminé et al. (2015) [18],
groundwater characterization must be approached based on different disciplines. These
disciplines might include geology, hydrology, hydrogeology, and geochemistry, but also
geomorphology and hydrogeomorphology.

Hydrogeomorphology studies describe the interactions between hydrologic processes,
landforms, and lithology, and can be useful for determining potential well yields, along
with recharge and recharge zones. In this study, we developed a hydrogeomorphologic
map for the TSPA. This aquifer is currently experiencing groundwater deficit, with mining,
military, domestic, and agricultural users competing for groundwater resources. Hydrogeo-
morphologic units are defined based on their formation, composition, and original texture
of the different rock formations [6]. According to this study, highlands constitute potential
recharge zones, and lowlands serve as groundwater-flow discharge areas.

This map makes it possible to quickly identify the functioning of the aquifer system,
with the recharge and discharge zones clearly discernible. The information presented here
can be used as the basis for the development of sustainable water-resources strategies that
consider the hydrogeomorphic characteristics of a given aquifer region to determine how
feasible it is to extract or continue extracting water in that area. Moreover, the assessment
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of binational aquifers needs to use consistent and harmonized methodologies to identify
discharge and recharge areas in need of conservation efforts. The application of this
methodology allows the locations of these areas to be identified within the framework of a
pragmatic morphogenetic mapping.
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Abstract: In the parched Upper Santa Cruz River Basin (USCRB), a binational USA–Mexico basin,
the water resources depend on rainfall-triggered infrequent flow events in ephemeral channels to
recharge its storage-limited aquifers. In-situ data from the basin highlight a year-round warming
trend since the 1980s and a concerning decline in average precipitation (streamflow) from 1955–2000
to 2001–2020 by 50% (87.6%) and 17% (63%) during the winter and summer, respectively. Binational
sustainable management of the basins water resources requires a careful consideration of prospective
climatic changes. In this article we review relevant studies with climate projections for the mid-21st
century of four weather systems that affect the region’s precipitation. First, the North American
Monsoon (NAM) weather system accounts for ~60% of the region’s annual rainfall. The total NAM
precipitation is projected to decline while heavy rainfall events are expected to intensify. Second, the
frequency of the pacific cold fronts, the region’s prevalent source of winter precipitation, is projected
to decline. Third, the frequency and intensity of future atmospheric rivers, a weather system that
brings winter rainfall to the region, are projected to increase. Fourth, the frequency and intensity of
large eastern pacific tropical cyclones (TC) are expected to increase. On rare occasions, remnants of
TC make their way to the USCRB to cause storms with considerable impact on the region’s water
resources. In contrast to the high confidence projections for the warming trend to persist throughout
the mid-21st century, the precipitation projections of these four weather systems affecting the region
encompass large uncertainties and studies have often reported contradicting trends. An added
source of uncertainty is that the USCRB is located at the periphery of the four rain-bearing weather
systems and small mesoscale changes in these weather systems may have accentuated impacts on
their edges. Despite the high uncertainty in the projections of future precipitation, the early 21st
century drying trend and the projected mid-21st century decline in precipitation events serve as a
pressing call for planning and actions to attain sustainable water resources management that reliably
satisfies future demands.

Keywords: Santa Cruz River; climate change; water resources; transboundary aquifer; transboundary
aquifer assessment; Arizona; Sonora

1. Introduction

Water supply in the Upper Santa Cruz River Basin (USCRB), a binational United States
of America (USA)–Mexico basin, relies on a relatively storage-limited aquifer system that
is recharged primarily during occasional rain-triggered flow events in ephemeral desert
channels. Because of the region’s scarce water resources and the added complexity that
requires bridging binational regulatory and policy differences in order to manage the shared
aquifer, the region was selected for the USA−Mexico Transboundary Aquifer Assessment
Program (TAAP), a program that aims to improve the knowledge base of transboundary
aquifers between the United States and Mexico [1–4]. In order to consider a sustainable
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water resources plan for the USCRB that addresses binational needs, a comprehensive
impact assessment of future climatic changes on the region’s water resources is needed.
However, identifying quantitative future climate projections for the region that should be
used for hydrological impact assessments is challenging. This is because of the region’s
complex and variable climate, which includes two very different rainy seasons (i.e., winter
and summer). Winter (November–March) rain is caused by cold fronts from the Pacific
Ocean that yield widespread stratiform rainfall events while summer rain (July–September)
is triggered by the North American Monsoon (NAM) weather system that brings intense,
brief, and local rainfall events.

The Southwest chapter of the USA Fourth National Climate Assessment (hereinafter,
Fourth Assessment) [5] provides projections for the mid-21st century that, when being
interpreted for the USCRB, are uncertain and point to conflicting trends. For the winter, the
Fourth Assessment projects an increase in the frequency of high-pressure weather systems
that would trigger longer durations of dry spells, while also projecting an increase in the
frequency of rain-bearing atmospheric rivers to hit the Pacific Ocean’s eastern shore. For the
summer, although the Fourth Assessment projects an increase in extreme daily precipitation
due to a warmer atmosphere that can hold larger amount of water vapor, it also states
that the projected total summer precipitation is uncertain. The Fourth Assessment’s future
projections, which cover the entire domain of southwest USA, are clearly too general and
insufficient as a quantitative projection to be used for hydrologic impact assessment in
the USCRB. In addition, because the USCRB is located at the periphery of both the winter
and summer rain-bearing weather systems (as we will further discuss), the region is very
sensitive to small changes in these prevailing weather systems. The challenge of climate
models to represent the weather at the periphery of these rain-bearing weather systems is
an added source of uncertainty to the future climate projections of the USCRB.

In order to conduct a quantitative hydrologic impact assessment, time series of pro-
jected future precipitation and surface temperature are needed. These time series are
commonly available from dynamic simulations of coupled atmospheric-ocean global cli-
mate models (GCMs). The GCMs are often simulated in a spatial resolution that is too
coarse to represent the salient regional climatic features and therefore the GCMs’ simu-
lations require additional spatial downscaling. The uncertainty in the future rainfall and
temperature projections for the USCRB is demonstrated in Figure 1. In this figure, the
projected mid-21st century (2040–2069) changes in total winter (DJF) and summer (JJA)
precipitation and temperature for the study region are shown. These projections are from
20 statistically downscaled CMIP5 Global Climate Models (GCM) with Representative
Concentration Pathway 4.5 and 8.5 (RCP 4.5 and RCP 8.5), which are future greenhouse
gas (GHG) concentration trajectories [6]. The simulated projections all agree on the warm-
ing trends and the warmer projections are seen for RCP 8.5, which is the higher GHG
concentration scenario. Concerning precipitation, the average projected changes for both
GHG concentration trajectories suggest a future with a slightly (less than <5%) wetter
summer and dryer winter. However, there is a large spread and contradicting trends
among the GCM projections, pointing to wetter and/or dryer winters and/or summers.
The uncertainty in the projected precipitation is even larger when considering GCMs that
are dynamically downscaled using Regional Climate Models (RCM) [7,8]. Furthermore, the
projected changes in future precipitation are highly magnified as precipitation transforms
to runoff and streamflow that is eventually recharged into the aquifers [7,9,10].
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In view of this large uncertainty, our objective in this paper is to review and synthesize
the current knowledge on climate change trends in precipitation and temperature that are
relevant to the USCRB.

2. Study Area

The Santa Cruz River flows southward from its origin in the San Raphael Valley in
south-central Arizona to cross the international border into the state of Sonora, Mexico.
Flowing ~60 km into Mexico, the river initially flows south, bends west, and then bends
again to the north and crosses the international border back into the USA, about 8 km
east of the city of Nogales, Arizona. From its border crossing, the river flows in a general
northward direction to its confluence with the Gila River, which is a tributary of the
Colorado River that drains much of southern Arizona and parts of western New Mexico.
Our region of interest is the Upper Santa Cruz River Basin (USCRB) (Figure 2), which
is composed of the drainage area of the river’s headwater in the San Rafael Valley USA
(470 km2), the Mexican portion of the basin (1122 km2), and the USA Santa Cruz Active
Management Area (1791 km2).

Based on Scott et al., (2012) [12], about 60% of the water in the USCRB is consumed
by municipal demand (12.8 and 20.9 MCM/Yr in USA and Mexico, respectively) to pri-
marily supply the twin cities of Nogales, Sonora (~220,000 people) and Nogales, Arizona
(~20,000 people), the two largest population centers in the USCRB. The remaining ~40%
of the water is consumed by irrigated agriculture (13.2 and 7.4 MCM/Yr in USA and
Mexico, respectively). The main source of water supply in the basin comes from relatively
shallow alluvial aquifers with limited storage capacity. These aquifers that are also known
as the Transboundary Santa Cruz Aquifer system are composed of the Santa Cruz River
Aquifer and Nogales Aquifer in Mexico, and the aquifer system of the Santa Cruz Active
Management Area and San Rafael Valley in USA. The aquifers are being recharged through
infiltration during occasional and highly variable rainfall-driven streamflow events in the
ephemeral channels of the Santa Cruz River and its tributaries (e.g., [13,14]). The relatively
limited storage of the aquifers and their dependence on streamflow events for recharge
makes the region’s water resources availability tightly linked to the local prevailing climate
and its variability (e.g., [9,15–17]).
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3. Climate and Historical Trends

The climate at the USCRB is classified as hot semi-arid according to Köppen-Geiger,
with an extremely hot summer (average daytime temperature is about 40 ◦C) and a mild
winter (average daytime temperature is about 15 ◦C). The monthly 1980–2020 average
temperature in Figure 3, confirms the reported warming trend that the southwest USA
has been experiencing (e.g., [5,18]). This warming is seen for all months with linear trends
ranging from 1 ◦C to 3 ◦C in 40 years. There is a consensus and high confidence among
various climate projections that this historical warming trend will persist in the future
(e.g., Figure 1; [5,18]). This near-surface warming leads to an increase in vapor pressure
deficit, which is likely to increase the potential evapotranspiration (ET). Potential ET (PET)
is the ET that would occur if a sufficient water source were available. However, because
the USCRB is already a region with a limited moisture supply in which the PET largely
exceeds the Actual ET (AET), changes in the AET due to the prospective future increase in
PET may be negligible. In a study conducted at the Mexican part of the USCRB, the annual
AET was estimated as 90–95% of the annual precipitation [19]. In this region, most of the
rainfall either quickly evaporates from the soil back to the atmosphere or runs off as surface
flow. With the absence of open water surfaces in the USCRB, such as lakes, reservoirs and
perennial sections of the river channels, the only perennial source of moisture available for
ET is the sedimentary aquifer underlining the river channels, which is tapped by the roots
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of the riparian vegetation. Serrat-Capdevila et al., (2011) [20], who studied the riparian
aquifer of the San Pedro River, a river east of the USCRB with similar geographical and
climatological features, found that although PET is projected to increase, the riparian AET
rates during the growing season will remain unchanged because of transpiration regulation
by the stomata. They also suggested that the future warming trend would prolong the
duration of the growing season, a change that may slightly increase the total annual AET.

The AET response to the warming atmosphere is often complex and dependent on
processes such as changes of the region’s land cover (e.g., [21]), physiological adaption
of the plants to carbon intake and regulation of transpiration (e.g., [20]), and complex
atmospheric mesoscale processes that may even cause for the warming to decrease the
AET (e.g., [22]). Another response to the warming that may be important in the USCRB is
the anthropogenic change in water demand. In summary, the impact of the existing and
projected warming trends on water resources in the USCRB is yet unclear and it is likely
secondary in its importance to prospective changes in the precipitation regime.
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Figure 3. Average 1981–2020 monthly temperature from the Santa Cruz River near the border crossing
from Sonora to Arizona. Data are available from the 4 km monthly climatological gridded surface
meteorological dataset [11]. The estimated linear trend are shown as red lines and the estimated
monthly rate of change over 40 years are indicated at the top left of the panels.

In Figure 4, the summer and winter precipitation from a gauge near the city of
Nogales, Arizona and observed streamflow from a hydrometric station on the Santa Cruz
River, less than a 1 km north of the border crossing from Sonora to Arizona, are shown
for the 1937–2020 and 1955–2020 water years, respectively. While the average summer
precipitation during these years (259 mm) was more than twice as much as the winter
(115 mm), the average winter streamflow (8.5 MCM) was only about 7% smaller than
the summer streamflow (9.15 MCM). Clearly, the inter-annual averages of the seasonal
values by themselves are insufficient descriptors of the statistical characteristics of these
highly variable and positively skewed seasonal precipitation and streamflow time series.
The differences between the winter and summer, as well as changes in the statistical
distributions as the rainfall transforms into streamflow, point to the complex and seasonal-
dependent hydrological processes of the region, which must be considered for water
resources assessment.
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Figure 4. Observed summer (July–September) and winter (November–March) 1955–2020 precipitation (mm) from a rain
gauge near Nogales, Arizona (USC00025924) and 1937–2020 streamflow (1000 m3) on the Santa Cruz River near the border
crossing from Sonora to Arizona (USGS-09480500). The inter-annual averages are indicated as horizontal solid lines. The
seasonal and the water year (blue) 10-year moving averages are indicated as solid lines.

An alarming drying trend of a sizeable decline in the early 21st century is shown in
Figure 4 and Table 1. This drying trend is seen when comparing the early 21st century
(2001–2020) to the average historical record from the 20th-century of streamflow (1937–2000)
and precipitation (1955–2000) for both winter and summer seasons. The average decline
from 1955–2000 to 2001–2020 in summer precipitation is 10%, and the reduction in winter
precipitation is 33%. These declines are substantially larger at the streamflow record (65%
and 78% for summer and winter flow, respectively). The 10-year moving averages that are
shown in Figure 4 shows that both for summer and winter the precipitation and streamflow
are below the inter-annual averages since about 2000. Although dry seasons were seen in
the historical records, the consequence of having both dry winters and summers is shown
when looking at the total annual 10-year moving average (blue), which indicates that the
2001–2020 period is the dryer period in the observed record.

Table 1. Observed average summer and winter precipitation (mm) in USC-00025924 and streamflow
(MCM) in USGS-09480500. The square parentheses indicate the percent reduction of the averages for
the precipitation and streamflow respectively from 1955–2000 and 1937–2000 to 2001–2020.

Summer Winter

Precipitation (mm)

1955–2000 259 115

2001–2020 233 (10%) * 77 (33%)

Streamflow (MCM)

1937–2000 9.2 8.5

2001–2020 * 3.2 (65%) * 1.9 (78%)
* Null hypothesis in which the 2001–2020 is from the same distribution as 1955–2000 and 1937–2000 for the
precipitation and the streamflow, respectively was rejected at 1% significance level using the non parametric
Kolmogorov-Smirnov test.

We used the agnostic non-parametric Kolmogorov–Smirnov test to examine the null
hypothesis, stating that the seasonal precipitation and streamflow during the early 21st-
century (2001–2020) and the 20th-century (1955–2000 and 1937–2000 for the precipitation
streamflow, respectively) can be considered as statistical samples that were taken from
the same seasonal population. Except for summer precipitation, the null hypothesis was
rejected at 1% significance level for the summer precipitation and for both winter and
summer streamflow. The rejected null hypothesis implies that the statistical distributions of
the early 21st century (2001–2020) seasonal hydrometeorological time series are significantly
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different than the distributions of the historical data that are available from the 20th century.
While the reduction in the precipitation is most likely attributed to climatic factors, the
intensified reduction of the streamflow during the early 21st century should be further
investigated to understand whether this reduction can entirely be attributed to climatic
factors, or whether other factors such as changes in land cover, land use, and/or water
resources management are responsible for this reduction as well.

The significant change in winter precipitation, as seen in Table 1, are also seen in two
other in-situ stations from the region (i.e., USC000026282 in Patagonia (1980–2020) and
USC000028865 in Tumacacori (1965–2020)). In these two stations the null hypothesis was
rejected in a significant levels of 0.01 and 0.05 for the Patagonia and Tumacacori stations,
respectively. A streamflow analysis of the Lochiel hydrologic station (USGS 09480000),
a station on the Santa Cruz at the border crossing from Arizona to Sonora, showed a
significant decrease in 2001–2020 streamflow when compared to 1950–2000 during both
summer and winter seasons. We note that data from the Lochiel hydrologic station were
missing during 2014–2019.

4. Summer

Summer rainfall in the USCRB is mainly driven by the North American Monsoon
(NAM) climate system that triggers localized convective cells, which often produce thun-
derstorms and intense short-lived rainfall events. The NAM starts in early June along
the western slopes of the Sierra Madre Occidental in southern Mexico and later expands
northward to reach the USCRB by early July, lasting until early September. A high-pressure,
subtropical ridge forming over northwest Mexico in June causes hot and dry weather, with
southwesterly winds in Arizona. As summer progresses, the subtropical ridge normally
moves northward until its center of circulation is located over west Texas and New Mexico.
This northward movement of the sub-tropical ridge alters the low-level winds in Arizona
to a southerly or southeasterly direction. The southerly-southeasterly wind direction com-
bined with the daytime surface low pressure (thermal low) caused by the intense heating
of the desert ground, conveys pulses of low-level moist air from the Gulf of California and
the eastern Pacific to the region. The Gulf of California moisture surges—which is a major
source for the low-level moisture transport into Arizona and Sonora [23]—are triggered by
tropical easterly waves and passing tropical cyclones (e.g., [24]). Additional upper-level
moisture is transported by easterly winds aloft from the Gulf of Mexico (e.g., [25]). This
combination of a seasonally warm land surface and ample atmospheric maritime moisture
is conducive to the development of local convective clouds that produce afternoon isolated
thunderstorms followed by local and short-lived intense precipitation events. From mid-
September the NAM withdraws as the southwestern ridge decays and retreats southward
(e.g., [25]).

We present the 1981–2020 climatological spatial extent of the NAM’s precipitation
in Figure 5a–c. Inspecting these climatological maps, we outline the core of the NAM to
be in western and southeast Mexico as the areas with precipitation exceeding 500 mm
(a) and a relatively small inter-annual variability (coefficient of variation (CV) smaller than
0.3 (c)). Our study area (demarked with purple dots) that received an average of about
~200 mm per summer with a CV greater than 0.3 is noticeably situated at the northern edge
of the NAM weather system. However, as the contribution of the NAM to the total annual
precipitation quickly diminishes northward of the study region (Figure 5b), the NAM
precipitation accounts, on average, for ~60% of the annual precipitation at the USCRB. The
increase of the precipitation inter-annual variability in the NAM’s northern boundaries is
attributed to the variability in the strength and latitudinal position of the subtropical ridge
and the low-level moisture surges from the Gulf of California (e.g., [26,27]).
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The NAM’s onset and rainfall amount are influenced by Sea Surface Temperature (SST)
anomalies that shape the land-sea thermal contrast. During El Niño–Southern Oscillation’s
(ENSO) El Niño (La Niña) phase, periods when the SST of the eastern Pacific Ocean near
the equator are warmer (colder) than normal, later (earlier) monsoon onset in southwestern
USA was observed [29]. Moreover, dry summers in the northern edge of the NAM system
tend to follow wet winters that are associated with El Niño phase [29]. However, in the
USCRB, ENSO indices were found to have a weak association with summer rainfall [16,30].

4.1. Historical Changes

As seen in Figure 3 and as reported by previous studies, an apparent positive trend
in summertime temperatures have been observed in recent decades in the southwestern
USA (e.g., [5,18,31]). This warming can potentially trigger two competing processes that
may affect the NAM precipitation regime. On the one hand, higher terrestrial temperatures
that increase vapor pressure may enhance convective activity to produce more intense
rainfall events. On the other hand, the warming SST may decrease the contrast between
the land and sea to reduce the maritime moisture transport and increase atmospheric
stability that suppresses convection activity [32]. Although we observed a reduction in
the total summer rainfall in the USCRB (Figure 4; Table 1), studies on historical changes
of NAM precipitation characteristics asserted, at times, contradicting conclusions. These
studies are commonly based on regional analyses of either daily to seasonal precipitation
observations (e.g., [27]), or high-resolution atmospheric model simulations (e.g., [31,33,34]).
The interpretation of the trends from these studies to Northern Mexico–Southern Arizona
(NMSA) and in particular to the USCRB, is challenging because of the region’s high inter-
annual variability within the NAM weather system. Moreover, these analyses are often
deficient in representing the small temporal and spatial scale of NAM precipitation events,
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typical to the study region. A recent study by Demaria et al., (2019) [35] analyzed 1961–2017
sub-daily precipitation in the densely gauged Walnut Gulch Experimental Watershed
(149 km2) in southeastern Arizona (about 150 km northeast of the Santa Cruz river at its
border crossing from Sonora to the USA). Attempting to represent the region’s rainfall
small spatiotemporal scale, they reported intensification of NAM precipitation starting
at the mid-1970s. Studies conducted in the USCRB indicated several observed changes
in the region’s hydrologic regime, such as a reduction in summer streamflow volume, a
reduction in the number of summer streamflow occurrences [30,36] and a reduction in the
duration of baseflow [17]. These reductions increased the monthly inter-annual variability
of streamflow since the 1970s (e.g., [30]). Again, we point to the results shown in Table 1 of
~63% reduction in average summer streamflow from 1937-2000 to 2001–2020. With respect
to precipitation, the analysis presented in Table 1 indicates a 17% reduction in total summer
precipitation, which agrees with Shamir et al., (2007a) [37], who reported a reduction in the
number of summer precipitation events.

4.2. Future Projections

The future of the NAM weather system is an active study area and recent detailed
reviews have been presented by Wang et al. (2021) [26] and Pascale et al. (2019) [32]. In
the following, we attempt to review the findings that are relevant to the USCRB. Almost
all future climate projections agree that the increase in atmospheric moisture associated
with the warming of the atmosphere will increase the intensity of the extreme rainfall
events (e.g., [5,26,32]). However, future NAM projections are uncertain mainly because the
horizontal resolution of the GCMs is often too coarse to adequately represent the complex
topography of the NAM’s region and the regional (mesoscale) atmospheric processes that
control the NAM convective storms. Some important processes for assessing the NAM
characteristics and their simulations that are challenged by the GCMs include the location
and characteristics of the North American subtropical high pressure, the regional wind
patterns, the near-surface onshore flow into NMSA, and the northward low-level jets along
the Gulf of California (e.g., [23,38–41]). Furthermore, GCM biased simulations of NAMs’
teleconnections, such as SST in the North Atlantic and the Pacific, often leads to unrealistic
easterly low-level moisture flux across the Caribbean region, which affect the simulations
of the NAMs precipitation (e.g., [42]).

Several studies that analyzed CMIP5 GCMs, reported an expected future seasonal-
ity shift of the NAM with no significant change in the total seasonal precipitation. This
seasonal shift is expressed as a delay of the NAM’s onset at the beginning of the summer
(June–July) due to increased atmospheric stability and increased precipitation during the
late summer (September–October) [43–45]. Geil et al., (2013) [41] evaluated the skill of 21
CMIP5 GCMs to simulate the NAM system. They identified several GCMs that failed to
simulate NAM characteristics. Among the well-performing GCMs, large differences in
their future projections with contradicting trends were identified. They also concluded
that all the evaluated GCMs, because of simulated SST biases, simulated excessive pre-
cipitation in September and failed to effectively simulate the retreat of the seasonal NAM
(as also reported by Colorado Ruiz et al., 2018 [46]). Correcting for the GCM’s SST biases,
Pascale et al., (2017) [42] projected a reduction in NAM rainfall over the Southwestern U.S.
that is attributed to an increase in the atmospheric stability due a uniform warming of
the SST, which dampens the convective activity. Bukovsky et al., (2013 and 2015) [39,40]
evaluated four CMIP3 GCMs that were dynamically downscaled by six different RCMs.
When RCMs were used to downscale the historical reanalysis data, various atmospheric
patterns of the NAM were simulated with high skill, but all simulations showed a dry bias
over Arizona. Bukovsky et al. (2013) [39] concluded that except from one GCM, all other
GCMs provided reasonably adequate boundary conditions to the RCMs during the summer
season. All the RCM simulations suggested an overall trend of decrease NAM precipitation.
However, the RCMs were varied in their skill to simulate the NAM’s climatological regional
features. Based on the best-performing GCM-RCM, a slight but significant trend for drying
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summers by mid-21st century across the southwestern USA, with increased frequency and
intensity of heavy precipitation events, was projected (Bukovsky et al., 2015) [40].

Castro et al. (2017) [38] implemented a dynamically downscaled high horizontal reso-
lution (3 km) RCM with a convective permitting scheme in order to skillfully simulate the
thermodynamic conditions during extreme NAM rain events. These extreme rain events are
infrequent late summer events of organized monsoon thunderstorms over relatively large
geographic areas, bringing large amounts of rainfall (e.g., [47]). Castro et al., (2017) [38]
observed a fewer severe, strong, and organized convective summer events in the southwest
USA over the past sixty years. However, this frequency reduction was accompanied by
increase in the intensity of these severe events. Their analysis points to a future that is
consistent with the trends of the historical record. We note that the organized severe thun-
derstorms events that are documented in Castro et al., (2017) [38], Maddox et al., (1995) [47]
and the 27–31 July 2006 event that brought heavy rainfall to Santa Catalina Mountains and
the lower Santa Cruz River [48] had not caused exceptional storm events in the USCRB. As
of now, we are unaware of an extreme summer event in the USCRB that was the result of
well-organized convective complexes.

In summary, most studies point to a future with warmer temperature during the NAM
season. With respect to precipitation, the studies remain uncertain. Some studies reported a
seasonal shift but these observed projected shifts may be associated with GCM simulations’
biases in SST. An agreed upon projection points to an overall decrease in total seasonal
precipitation but an increase in rainfall intensity during large events. A major caveat of
these projections is that the results of most studies are dominated by the core region of
the NAM system, while the USCRB, which is at the fringe of the NAM, experiences much
higher inter-annual variability than in the core.

5. Winter

The 1981–2020 climatological spatial extent of winter precipitation (Figure 5d–f) displays
the importance contribution of the winter season (~50%) to the annual precipitation (d). How-
ever, as was shown for the summer precipitation, the USCRB is located at the southeast edge
of the winter weather system, which is shown by the region’s large inter-annual variability
(f). This large inter-annual variability, which makes the region sensitive to subtle changes, is
likely to increase the uncertainty of future winter precipitation projections.

In recent years, winter storms in the region are broadly classified into two categories:
Pacific cold fronts and Atmospheric Rivers. The Pacific cold fronts are large-scale low-pressure
cold front systems approaching from the Pacific Ocean. These storms bring high winds and
cloudy skies that cause persistent rain over large areas. The frequency of these storms
is closely associated with SST in the Pacific Ocean. During El Niño years, the southwest
experiences wetter winters because the upper-level, subtropical, westerly jet stream over
California and Baja California (Mexico) is displaced southward, a displacement that transports
onshore moisture to the southwest. During La Niña years, the northward displacement of the
subtropical jet stream brings dryer winters in the southwest (e.g., [49,50]).

Specifically, in the USCRB, Shamir (2017) [16] reported that during 1949–2016 most
years with September–October ENSO3.4 anomalies greater than 1.5 ◦C experienced above-
normal winter rainfall. On the other hand, during most of the strong September-October
La Niña conditions (ENSO3.4 < −1 ◦C), excluding one year, the winter rainfall was below
normal. Winter rainfall had no clear association with neutral years that experienced
September-October ENSO3.4 anomalies between −1 and 1.5 ◦C. It is interesting to note that
during strong El Niño years the streamflow at the Upper Santa Cruz River was not always
above normal. However, during all strong La Niña years the annual streamflow was below
normal. Although the ENSO phases show a firm association with winter precipitation, the
wettest years and the largest inter-annual variability were observed during the neutral
ENSO years.
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Atmospheric Rivers (ARs) are a middle latitude synoptic phenomenon that transports
high water vapor concentration from the tropical ocean to the land through a relatively
long and narrow corridor. Although ARs are a year-round phenomenon, summer ARs are
prevalent in high latitudes and do not affect the precipitation in NMSA. During 1988–2011,
an average of seven ARs-related rainfall events per year penetrated inland to hit Arizona
causing about half of the largest winter streamflow events [51]. The region in Arizona that
is most impacted by ARs is the Salt and Verde watersheds, draining the Central Highlands
and Mogollon Rim (e.g., [52]). In the USCRB, about 10% of the largest annual flow events
and 38% of the winter flow events are attributed to ARs [51] and about 10–15% of the
cool season precipitation during 1998–2008 are caused by ARs [53]. The ARs that reach
the USCRB are ARs with a northeastward trajectory that make landfall along the Baja
California Peninsula, south of the U.S.–Mexico border (32.5◦ N Latitude). These are about
8% of the cool season ARs that hit the eastern Pacific coast [54]. Water vapor concentration
near the coast in these southern ARs are typically smaller than those ARs farther to the
north. The southern ARs often deplete their moisture over the mountains of Southern
California and the Baja California Peninsula while about half maintain their AR properties
as they penetrate to the lower Colorado River basin [54]. The association of ARs with
ENSO is still inconclusive. Some evidence exists for ARs to be more pronounced during El
Niño and neutral ENSO conditions [55].

Future Projections

Most studies projecting increased probability of drier winters attributed to the pro-
jected widening of the high-pressure subtropical Hadley cell, which in turn will displace
the moisture carrier subtropical jet stream northward (e.g., [18,56]). Some studies also
point to an expected increase in the frequency of winter’s prolonged dry spells during the
21st century in the Southwest [57]. However, AR related storms in the USCRB are a small
fraction of the ARs to hit the Pacific coast, they constitute a substantial portion of the re-
gion’s winter precipitation. The projected AR changes stated by the Fourth Assessment [5]
is that for higher GHG concentration trajectories (RCP 8.5), AR frequency, and intensity
in the mid-21st century is projected to increase. This has been the general agreement
since the analysis of selected CMIP3 GCMs by Dettinger et al., (2011) [58]. Increase in
atmospheric water vapor holding capacity due to increasing temperature is the main driver
for the projection of significant increases in AR frequency and magnitude (e.g., [58–61]).
The magnitude and characteristics of these projected changes are still a vibrant research
topic. Warner et al., (2015) [60] who analyzed 10 CMIP5 GCMs using RCP 8.5, projected an
increase in winter-average precipitation along the southern offshore transect of 11%–18%
when comparing 1970–1999 to 2070–2099. In their analysis, however, the southernmost
sampling site was just offshore the Santa Barbara’s coast (35 ◦N Latitude), about 2 degrees
north of the U.S.–Mexico border.

Gershunov et al. (2019) [62] compared 1951–2000 to 2051–2100 of selected five well-
performing statistically downscaled CMIP5 GCMs using RCP 8.5 trajectories. In general,
an agreement among the GCMs about the ARs hitting the Eastern Pacific Coast, projected
positive linear trends in their intensity (~10%), frequency (~20%), and duration (~20%).
Taking a spatial perspective, it appears that the projected increase in AR intensity is shown
north of 33◦ latitude while in Baja California Peninsula this increase is less than 5%. The
largest increase in AR contribution to annual precipitation is projected for Northern Baja
California Peninsula coast (>20%). This increase in potential AR contribution to annual
precipitation along the coast is diminished to ~5% in the USCRB region. The large reduction
in the impact of the ARs may also be attributed to the relatively large portion of summer
contribution to the annual rainfall in the USCRB, which is not the case in the coastal regions.

Since AR s are commonly formed immediately south of the subtropical jet stream, the
projected future poleward shift of the jet stream is expected to reduce the AR frequencies
in the south and increase them in the north. However, studies of GCM projections point
to significant uncertainty with respect to shifts in future ARs. While some support the
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hypothesis of a northward shift in AR frequencies, which will reduce the frequency of
ARs hitting south of the U.S.–Mexico border [63], others do not support this projected
shift [59–61].

6. Tropical Storms

Northeastern pacific tropical cyclones (TC), which are prevalent during May-November,
often transport surges of moisture from the Gulf of California to enhance the NAM activity
in the region. About half of the Gulf of California moisture surges to the southwest are
associated with TCs in the eastern Pacific. These surges yield more precipitation than
non-TC surges [24]. Ritchie et al. (2011) [64] reported that, during 1992–2005, an average of
about three TC per year affected the NAM precipitation in NMSA. In the USCRB, about
10% of the summer precipitation was attributed to TC moisture and in 1992 about 30–40%
were attributed to TC.

Although relatively infrequent events, during autumn months (September–October)
the eastern north Pacific TC can potentially bring torrential rainfalls with substantial
contribution to the USCRB water resources. In the hydrometric station (USGS 09480500)
on the Santa Cruz River at the Sonora–Arizona border crossing, at least two of the largest
instantaneous flow events recorded since 1930 were associated with remnants of TC events
(880 m3/s on 9 October 1977 from Hurricane Heather; 484 m3/s on 4 August 1974; and;
459 m3/s on 2 October 1983 from Hurricane Octave). Most TC in the northeastern Pacific
travel in a northwest trajectory, rarely cross the 25◦ N, to weaken and eventually dissipate
over the cold Pacific water. Occasionally, later in the season (September–October), a storm
may shift to a northward trajectory towards NMSA or southern California. These storms,
upon their landfall, weaken to a tropical depression (winds lower than 35 knots). When
accompanied with a stable middle-latitude upper-level trough over the eastern Pacific,
these tropical depressions can funnel a large quantity of tropical moisture to NMSA region.
These storms that bring torrential precipitation to the region have a recurrence interval of
five years.

At present, despite clear evidence for warming oceans and atmosphere, there is no
clear evidence for detectable changes in northeast Pacific TC activity (e.g., [65]). Future
projections of global and regional TC have been an active research topic that suffers from
the limited skill of many GCMs in simulating TC climatological features, mainly because
of their relatively coarse horizontal resolution [66]. In a recent review of the expected TC
changes in the northeastern Pacific Ocean the following was suggested: the frequency of
TC events would decrease (median 5%; with range from 90% of the projections of 30–20%),
frequency of large TC (4–5 Saffir-Simpson Scale) would increase (~35%, 10–100%), average
TC intensity would increase (6%, 3–10%), and TC rainfall rate would increase (20%, 5–30%).
Furthermore, there were no clear indications for projected systematic changes in the TC
tracks and locations [66].

Although future changes in TC characteristics may have a substantial impact on the
water resources in the USCRB, using the projected regional changes to comprehend the
rare TC events that affect the USCRB is clearly thus far problematic.

7. Previous Climate Assessment Studies in the Region

In a study over the state of Sonora Mexico, Magaña et al. (2012) [67], who analyzed 20
CMIP3 statistically downscaled scenarios, projected a 10–25% decrease in annual precip-
itation for 2040−2099. However, although most models showed a decreasing trend, the
magnitude of the average projected precipitation change is smaller than the variability
among the GCMs. Several other climate assessments that were conducted in the USCRB
and NMSA are based on projected CMIP3 and CMIP5 downscaled simulations of selected
GCMs that were found to adequately simulate climatic indicators of southwest USA [68].
Dominguez et al., (2010) [68] graded CMIP3 GCMs with respect to their performance in
simulating monthly temperature and precipitation climatology over southwest USA (i.e.,
the states of Arizona, New Mexico, Utah, and Colorado). In addition, they assessed the
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GCMs skill to simulate ENSO teleconnection with winter precipitation and the location
of the subtropical jet stream. Among the CMIP3 GCMs, they identified the Max Planck
Institute ECHAM5 and the UK Met Office HadCM3 as the best performing GCMs. These
GCMs projected amplification of the La Niña conditions that is accompanied with drying
trends in winter precipitation.

Following the recommendations of Dominguez et al. (2010) [68], Ajami et al., (2012) [69],
in a study at the San Pedro River, reported an average change in annual precipitation
of 14–7% projected for 2050–2099. This projected change in precipitation transforms to
a decline in the aquifer recharge rate of 15–27%, with higher sensitivity to changes in
winter precipitation. Another study from the San Pedro River Basin, which used a multi-
model approach of 17 statistically downscaled CMIP3 GCMs with four different emission
scenarios, projected 17–30% changes in average annual precipitation [70]. Evaluating
the impact of the changes in precipitation on the recharge of the San Pedro aquifer, they
estimated a substantial decline in the recharge rate through 2100. Nevertheless, this
projected decline in the groundwater recharge includes a large variation among the GCMs
that ranged from 100% to 30%. Meixner et al. in their 2016 synthesis of previous studies
for the San Pedro River basin, which is mainly based on the two mentioned above studies,
projected an average decline in groundwater recharge of 10–20%.

Shamir et al. (2015) [9] used dynamically downscaled 35 km simulations of the two
CMIP3 GCMs recommended by Dominguez et al., (2010) [68] using an A2 emission scenario
(model configuration is described in Castro et al., 2012 [23]) to assess the future climate
impact on water resources in the shallow aquifers on the American side of the Santa Cruz
River. Their analysis reveals that a dominant climatic change element with direct impact
on water resources is the occurrence rate of three seasonal wetness categories (i.e., wet,
medium, or dry) in both the winter and summer rainy seasons. They reported for the mid-
21st century (2041–2070) a clear trend for drying summers that is expressed by an expected
increase (decrease) in the occurrence frequency of dry (wet) summers. For the winter,
they reported an expected increase in the frequency of both dry and wet winter seasons,
implying a lower chance of experiencing a moderate winter. They provided a probability
assessment given different management schemes of the aquifer. They concluded that the
projected changes in precipitation would introduce challenges for the City of Nogales,
Arizona to meet water demand, a long-term increase in cumulative water deficit, and a
general decrease in the aquifer recharge rate to the aquifer.

The impacts of the CMIP5 version of the GCMs that were recommended by
Dominguez et al., (2010) [68] on the USCRB water resources were assessed by Shamir and
Halper, (2019) [7] and Tapia et al., (2020) [15]. These studies used dynamically downscaled
simulations at 25 km of RCP 8.5 emission scenario [38]. Projected CMIP5 precipitation
changes from the two selected models provided contradicting results. The downscaled
simulations of the Hadley GCM expected a wetter mid-21st century (2020–2059) in the
USCRB, expressed by the frequency of dry and wet winters to increase and the frequency
of dry summer to decrease and wet summer to increase. On the other hand, the MPI
dynamically-downscaled simulations points to a much dryer mid-21st century with pro-
jections for an increase in the frequency of dry winters and summers, and a decrease in
frequency of wet winters and summers. The projected changes in the seasonal frequency
of the wetness categories were compared with statistically downscaled simulations of the
same models to find similar but substantially weaker trends. In their study, Shamir and
Halper [7] provided a probabilistic perspective to represent the variability and known
sources of uncertainties. Herein we use the distributions’ median to report the range of
the projected changes. The dry (wet) projections of the MPI (HAD) expect a −15% (7.5%)
annual change in precipitation that is transformed to a −22% decline (13% increase) in
streamflow and a 15% increase (7.3% decrease) in water supply for the City of Nogales,
Arizona expected to be substituted from a different source.

Tapia et al. (2020) [16] used the same precipitation projections to evaluate the impact
on water resources to the effluent dominant region of the USCRB. In this region of the
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USCRB, the impact of the projected median change on the region’s water deficit would
increase (decrease) for the MPI (HAD) by about 4.5 MCM/year, which is about 22% of the
annual groundwater withdrawal in this region.

8. Summary

In this review, we summarize the current state-of-knowledge of future climatic changes
in the binational USCRB that are thought to be relevant for the region’s water resources.
In the USCRB water resources replenishment is primarily depends on rainfall-triggered
streamflow in ephemeral channels that recharge the alluvial aquifers. This aquifer recharge
in the region is contingent on highly variable and different winter and summer rainy
seasons. Since the USCRB is located at the geographical edge of these weather systems,
small future changes in their cores may prompt unforeseen consequences in the USCRB.
Observations of local in-situ data from the basin for 1980–2020 reveals a warming trend
for all months, since the 1980s. While the warming trend is in agreement with other
previous reports (e.g., [5,18]), we also observed an alarming declining trend in summer and
winter precipitation in the USCRB that is likely not explained by the observed inter-annual
variability. The declines in average precipitation from 1955–2000 to 2001–2020 of 50% in
the winter and 17% in the summer were accentuated by reductions in streamflow on the
Santa Cruz River of 87.6% and 63%, respectively.

Our review of projected climate in the region points to an overall agreement that the
historical warming trend will highly-likely to continue in the future. Nevertheless, the
impact of this future warming on the region’s water resources is yet unclear. To synthesize
the future projected precipitation for the region, we reviewed climate studies that addressed
four rain-bearing weather systems that influence the USCRB (i.e., summer North American
Monsoon, winter cold fronts, atmospheric rivers, and tropical cyclones). Although highly
uncertain, most studies reported that for the mid-21st century the total summer NAM
precipitation is expected to decline with the expectation for intensification of the large
events. For the winter, the Pacific cold fronts’ frequency and intensity are projected to
decline due to SST warming that will displace the subtropical jet poleward to resemble
a La Niña like conditions. On the other hand, the frequency and the intensity of future
ARs that will likely to hit the USCRB in the winter are projected to increase. Although
rare, TC remnants can cause very significant rain events for replenishing the region’s water
resources. While the frequency of TC in the eastern Pacific are expected to decrease, the
rain rate and the frequency of large TC are expected to increase by mid-21st century.

We note that the general projection statements listed above are highly uncertain and
many studies of projected future precipitation reported ranges of projected changes that
often have contradicting trends.

Although large uncertainty is associated with the projected future precipitation, many
of the possible outcomes carry large risk, as the majority of the projections suggest a
dryer future. Because non-linear processes dominate the hydrologic response in desert
environment, the prospective drying will likely to intensify when rainfall is transformed
to runoff and eventually recharged into the aquifers. Thus, even small changes in the
precipitation regime can introduce severe ramifications to the region’s water resources. In
addition to the projected climatic and hydrologic uncertainties an added complication for
sustainable water resources management is the inter-dependency of the water systems on
both sides of the international border, in which an action on one side of the border influences
water availability on the other side. Clearly, sustainable water management in a border
setting requires collaboration. A first step for a collaborative transboundary effort is an
advancement of the knowledge base, which is the aim of this manuscript. As a final point,
given the projected uncertain future and the worrisome observed historical trends, we stress
the urgency and the severe risk of water shortages that the region may potentially undergo.
This urgent risk for water shortages calls for proactive and collaborative binational planning
to achieve a sustainable transboundary aquifer system.
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Such a binational effort can be supported by the International Boundary and Water
Commission (IBWC), a USA–Mexico joint commission that is responsible for applying the
boundary and water treaties between the two countries and settling differences that may
arise in their application. Although in its mission statement, the IBWC does not explicitly
mention sustainable management of water resources as an objective, it issued in the past
several binding interpretations (hereinafter referred to as Minutes) to the 1944 Water Treaty
regarding the utilization of waters of the Colorado River, Tijuana River, and Rio Grande
that addressed binational collaborative management schemes. Some examples of Minutes
that are relevant to the USCRB are the groundwater pumping limits within eight kilometers
of the Arizona–Sonora border near San Luis (Minute 242) and the conveyance, treatment,
and disposal of the Ambos Nogales’ sewage (Minutes 206, 227, 276, and 294). Minute 323,
signed in 2017, is the first IBWC Minute that addresses binational adaptation strategies for
allocating water resources during water scarcity periods. The Minute specifies cooperative
measures and a contingency plan during years of water scarcity in the Colorado River basin.
These Minutes can provide a framework for collaborative water resources management in
the USCRB to ensure sustainable conditions and provide mitigation measures that address
the projected climatic changes.
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Abstract: The impact of climate uncertainties is already evident in the border communities of the
United States and Mexico. This semi-arid to arid border region has faced increased vulnerability to
water scarcity, propelled by droughts, warming atmosphere, population growth, ecosystem sensitivity,
and institutional asymmetries between the two countries. In this study, we assessed the annual
water withdrawal, which is essential for maintaining long-term sustainable conditions in the Santa
Cruz River Aquifer in Mexico, which is part of the U.S.–Mexico Transboundary Santa Cruz Aquifer.
For this assessment, we developed a water balance model that accounts for the water fluxes into
and out of the aquifer’s basin. A central component of this model is a hydrologic model that uses
precipitation and evapotranspiration demand as input to simulate the streamflow into and out of
the basin, natural recharge, soil moisture, and actual evapotranspiration. Based on the precipitation
record for the period 1954–2020, we found that the amount of groundwater withdrawal that maintains
sustainable conditions is 23.3 MCM/year. However, the record is clearly divided into two periods:
a wet period, 1965–1993, in which the cumulative surplus in the basin reached ~380 MCM by 1993,
and a dry period, 1994–2020, in which the cumulative surplus had been completely depleted. Looking
at a balanced annual groundwater withdrawal for a moving average of 20-year intervals, we found
the sustainable groundwater withdrawal to decline from a maximum of 36.4 MCM/year in 1993 to
less than 8 MCM/year in 2020. This study underscores the urgency for adjusted water resources
management that considers the large inter-annual climate variability in the region.

Keywords: Santa Cruz River Aquifer; Mexico; water balance model; climate uncertainty; transbound-
ary aquifer; transboundary aquifer assessment; Arizona; Sonora

1. Introduction

According to the International Groundwater Resources Assessment Centre (IGRAC),
a total of 468 transboundary aquifers have been identified worldwide [1], a figure that
has steadily increased over the last decade due to advances in transboundary aquifer
assessment. Groundwater from transboundary aquifers constitutes a significant source of
fresh water for the environment and numerous communities in almost every nation [2,3],
representing a valuable, invisible, and finite resource that needs to be managed sustainably.

Historically, the United States and Mexico have engaged in insightful binational co-
operation and dialogue regarding water resources. A vivid example of such cooperation,
the 1994 Treaty for the Utilization of Waters of the Colorado and Tijuana Rivers and of the
Rio Grande, along with its interpretations (Minutes), addresses specific border, environmen-
tal, and water-related issues. Yet, U.S.–Mexico relations surrounding water resources have
not been exempted from conflict, such as the diplomatic dispute regarding the United States
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unilateral decision to build the All-American Canal in California that affected groundwa-
ter recharge in Mexican territory. In addition, the institutional asymmetries between the
two countries, which are detailed in [2,4,5], could also jeopardize possible cooperation on
water resources management, as described by [6]. Fortunately, among other outcomes,
cooperation between the United States and Mexico has resulted in transboundary-aquifer
assessment efforts to improve the understanding of their shared water resources.

A solid scientific foundation on groundwater resources is a needed first step in de-
veloping groundwater management strategies in transboundary settings [2]. It is also
essential in places that rely on groundwater resources for their basic activities or are cur-
rently affected by climate uncertainties, such as the Transboundary Santa Cruz Aquifer
(TSCA) shared between the United States and Mexico [3] (Figure 1). Water supply in the
TSCA, the binational aquifer recharged by the Santa Cruz River, is highly sensitive to
climate variability and largely depends on compliance of local and international water and
wastewater transfer agreements (e.g., [3,7–9]). The TSCA recharge results from riverbed
infiltration and mountain front recharge in Mexico and the United States. Thus, the TSCA
is a binational aquifer in which the water-resources management and natural processes on
one side of the border directly impact the neighboring country.
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Because of the region’s scarce water resources, population increase, and growing
groundwater demands on both sides of the border, the TSCA was selected for the U.S.–
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Mexico Transboundary Aquifer Assessment Program (TAAP). The TAAP was signed in
2009 by the principal engineers of the International Boundary and Water Commission
(IBWC) and aimed to improve the knowledge of U.S.–Mexico transboundary aquifers [10].
The principles of the TAAP Cooperative Framework include elements that promote trust
between the United States and Mexico (e.g., data sharing, development of binational
aquifer assessment activities, the establishment of technical advisory committees, and
the establishment of technical groups). These elements are crucial to maintaining the
binational cooperation necessary when researching shared aquifers. Transboundary aquifer
assessments worldwide have effectively employed these elements, including the Guarani,
Nubian Sandstone, Saharan Aquifer, and Genevese Aquifer [2]. This study is part of
the TAAP’s effort to better understand the TSCA, particularly in the Mexican portion of
the aquifer.

The TSCA comprises four political-administrative domains: the Santa Cruz Active
Management Area (SCAMA) in Arizona, with an areal extent of 1,854.43 square kilometers
(km2); the San Rafael Valley, with an areal extent of approximately 465 km2; the Nogales
Aquifer in Mexico, with an areal extent of 120 km2; and the Santa Cruz River Aquifer in
Mexico (SCRA-MX), with an areal extent of 952 km2 (Figure 1). The region’s water supply
relies on a relatively limited-storage, alluvial aquifer system underneath the Santa Cruz
River Valley. The dominant source of recharge for the aquifer is the episodic streamflow
events in the intermittent Santa Cruz River and its ephemeral desert tributaries. These
episodic streamflow events are triggered by highly variable, seasonal (winter and summer)
precipitation events (e.g., [7]). Thus, due to this region’s limited groundwater storage and
its reliance on episodic streamflow events, even small changes in groundwater recharge
patterns coupled with increased water demand from border communities can adversely
affect the water-supply reliability. Additionally, precipitation projections for the Upper
Santa Cruz River Basin point to significant uncertainty and increased interannual variability,
which will likely challenge water providers in meeting the water demands of the border
communities [3,7,9,11].

Though previous studies have analyzed water resources in different portions of the
TSCA, only a few have addressed the Santa Cruz River Aquifer in Mexico (SCRA-MX).
For instance, studies have assessed the impact of urban growth on water resources, fo-
cusing on the “Ambos Nogales” region, which is located within the Nogales Aquifer and
the SCAMA regions in Mexico and the United States [12,13]. Other studies developed
ecosystem-services tools to assess the impacts of climate change and urban growth in the
U.S. portion of the Santa Cruz Watershed [14] and to evaluate flood risk in the Ambos
Nogales region, considering various scenarios of land-use changes [15]. In addition, climate
change and water-resources assessments through hydrologic frameworks have also been
developed for the SCAMA, attempting to bridge the gap between scientific findings and
stakeholders [3,7,8,16,17].

Studies focusing on the SCRA-MX include hydrogeological characterizations of the
aquifer [18], regional studies that assessed the impacts of climate change on local water
resources [11,19], and the water availability reports published by the National Water
Commission in Mexico (CONAGUA) [20–23]. These studies have improved the knowledge
of the TSCA and have helped to develop tools that assist with water-resources-management
decisions. However, a deeper understanding of the TSCA system, particularly the SCRA-
MX, is needed to develop management strategies focused on groundwater sustainability.

Sustainable groundwater withdrawal can be generally defined as the amount of water
that can be withdrawn from an aquifer without causing undesirable environmental, eco-
nomic, or social consequences [24,25]. Undesirable outcomes of unsustainable groundwater
withdrawal may include a decrease in water availability for populations and the environ-
ment, a deterioration of the groundwater quality, riparian vegetation die-off, an intrusion of
contaminated water or seawater, and land subsidence. This study aims to identify, through
a water-balance model, the annual groundwater-withdrawal rate from the SCRA-MX that
maintains sustainable conditions. Although sustainable groundwater withdrawal can have
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various definitions and nuances, we define groundwater-withdrawal sustainability as the
withdrawal rate that maintains a multi-year balance between the water fluxes into and out
of the basin.

2. Study Area

From its headwaters in the San Rafael Valley in Arizona, the Santa Cruz River flows
southward to cross the U.S.–Mexico border into Sonora, Mexico. The river then curves
northward and returns to the United States, just east of Nogales, Arizona; from there,
it flows north to merge with the Gila River, a tributary of the Colorado River (Figure 1).

In the Mexican territory, water from the TSCA is primarily used by the city of Nogales
and the town of Santa Cruz. According to Mexico’s 2020 census, the number of registered
residents was 264,782 and 1,835 in Nogales and the town of Santa Cruz, respectively. These
numbers mark a 20.2% population increase for Nogales and an 8.16% decrease for the town
of Santa Cruz compared with the 2010 census. On the other side of the border, in the 2020
census for Nogales, Arizona, the population declined from 20,837 (2010) to 19,770 (2020).
During the same period, the total population in Santa Cruz County, Arizona, was almost
unchanged (47,420 in 2010 and 47,669 in 2020).

In Mexico, the national Law of the Nation’s Waters (in Spanish, Ley de Aguas Nacionales,
or LAN), signed in 1992, defines the role of the National Water Commission (CONAGUA)
as the federal agency responsible for water management. Grounded in the Constitution, the
LAN ordains in Article 20 that “the exploitation, use, or non-consumptive use [e.g., energy
production] of the nation’s water resources should be carried out through a concession or
asignación (in Spanish) granted by the Federal Executive Branch or Basin Councils” [26,27].
Asignación is the legal term that the legislation utilizes to describe water appropriation
for urban or domestic purposes. This appropriation cannot be transferred to other users.
A concession defines the amount of water that can be extracted from a specific well/aquifer.
The duration of concessions ranges from five to thirty years, and users can apply for an
extension [28]. The concessions and asignaciones are registered in the Public Registry of
Water Rights (in Spanish, Registro Público de Derechos de Agua, or REPDA).

CONAGUA is also responsible for publishing groundwater availability reports for
each aquifer in the Official Federal Gazette (in Spanish, Diario Oficial de la Federación, or
DOF). These reports, which are published every three years, guide the appropriations of
water concession and allocation volumes. In CONAGUA reports, water balance models
are used to assess groundwater availability. The premise of these water balance models is
that the Mean Annual Groundwater Availability for a given aquifer is equal to the difference
between Mean Annual Recharge and the Mean Annual Groundwater Extractions and the
Natural Discharge for environmental needs. For example, in 2020, CONAGUA published
groundwater availability reports for 653 aquifers and reported the available volume for
appropriation in the SCRA-MX to be 33.85 MCM/year [29]. It should be noted that the
actual volume of groundwater withdrawal is often not monitored by CONAGUA and may
therefore deviate from REPDA’s authorized volumes.

In the SCRA-MX groundwater concessions and asignaciones have increased from
19.2 MCM/year in 1995 to 33.85 MCM in 2020 (Figure 2) [30]. This increase is primarily
attributed to a gradual increase in appropriated concessions for agriculture, from 0 in
1995 to approximately 9 MCM/year in 2020. Additional appropriation of approximately
2 MCM/year was allocated since 2011 to the industrial sector for supporting copper
mining operations.

In the Nogales Aquifer in Mexico (Figure 1), groundwater allocations (concessions and
asignaciones) have ranged from 0.003 MCM/year to 1.37 MCM, since 1997. It is important
to note that additional water has been transferred for decades from both the SCRA-MX and
Los Alisos aquifers to supply the water needs of the city of Nogales [3,23,31]. According to
CONAGUA, since 1997, most concessions authorized in the Nogales Aquifer have been
industrial, consistent with the main economic activity reported by the Ministry of Economy
(Figure 2). In comparison, most of the groundwater volume allocated for the SCRA-MX
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is dedicated to urban-public services. Concessions in the SCRA-MX for livestock and
industrial activities have increased since 2011 (Figure 2). Data published by the Ministry of
Economy in 2019 show that the agricultural and mining sectors of the Nogales and Santa
Cruz municipalities have registered minimal increases in their economic activity during
this period [32].
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Nogales Aquifer. Source: REPDA (2020) [30].

3. Materials and Methods

Our study assessed the amount of annual groundwater withdrawal that maintains
long-term sustainable conditions in the SCRA-MX. Sustainable groundwater withdrawal
can be generally defined as the amount of water that can be withdrawn from the aquifer
without causing undesirable environmental, economic, or social consequences [24,25].
Undesirable implications due to unsustainable groundwater withdrawal may include the
decrease in water availability for populations and the environment, deterioration of the
groundwater quality, riparian vegetation die-off, intrusion of contaminated water, intrusion
of seawater, and land subsidence.

Within the U.S. side of the border, the term safe yield is often used to describe a man-
agement goal that maintains sustainable conditions. Safe yield is defined by ADWR as a
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groundwater management goal that attempts to achieve and maintain a long-term balance
between the annual amount of groundwater withdrawn and the annual amount of natural
and artificial recharge (A.R.S. § 45–561(12)). The terms “safe yield” and “sustainability”,
with respect to groundwater management, are often interchangeably used. Safe yield was
historically defined as the attainment and maintenance of a long-term balance between the
amount of groundwater withdrawn and the amount of recharge (e.g., [33]). Adhering to
this definition, in order to reach safe yield conditions, groundwater withdrawal should
not exceed natural recharge. This practice, however, ignores other long-term water fluxes
out of the basin such as discharge, evapotranspiration, or springs that extract unaccounted
for groundwater, which eventually may deplete the aquifer. Regardless of the term selec-
tion, the selected term should be clearly defined for each specific aquifer considering its
management goals and the potential hydrologic, economic, or ecologic harms inflicted by
unsustainable management [34].

To estimate the amount of annual withdrawal that maintains sustainable conditions,
we used a modeling framework that consisted of a water balance model (WBM) and
a hydrologic model. The WBM was developed to account for all annual water fluxes
into and out of the basin of the SCRA-MX and to calculate the long-term cumulative
water deficits or surpluses. In an arid environment that relies on highly inter-annual
climatic variability and therefore highly variable year-to-year natural recharge, the deficits
and surpluses should be assessed over multiple years. For instance, the current ADWR
recommendation for a quantitative assessment of safe yield is to consider a 20-year moving
average interval for the natural components of the water budget (e.g., natural recharge) and
a three-year running average for the artificial components (e.g., groundwater withdrawals
and incidental recharge). In our study, we assessed the sustainable withdrawal by first
considering the entire period of the historical record (1954–2020) and second, by considering
20 year moving averages, as recommended by ADWR.

3.1. Water Balance Model

Adapted from CONAGUA (2020) [23], the annual mass balance in the SCRA-MX basin
is calculated using the following equation:

∆S = Qin + GWin + Re + Ag − Qout − GWout − ET − Pu (1)

where ∆S represents the annual positive or negative water storage changes in the aquifer
and vadose zone, Qin and Qout are the Santa Cruz River streamflow in and out of the basin.
GWin and GWout are the groundwater fluxes into and out of the basin; Re is the natural
groundwater recharge component; Ag is the return flow from irrigated agriculture; ET is
the actual evapotranspiration losses; and Pu is the groundwater withdrawal. The units for
all the terms in Equation (1) are million cubic meters per year (MCM/year). CONAGUA’s
water balance model results for the SCRA-MX basin are in Table 1.

Table 1. CONAGUA’s WBM components for 2020 (MCM/year). Source: CONAGUA (2020) [23].

Inflows Outflows
∆S

GWin Ag Re Pu GWout ET

10.2 4.1 23.8 26.4 2.0 8.8 0.9

In this study, we solved the WBM equation to determine the groundwater withdrawal
(Pu) that maintains the long-term changes of ∆S in sustainable conditions. This simulation
was implemented at an annual time step to assess the overall long-term balance. In the
following section, we describe the WBM components considered in this study.

3.2. Precipitation

Hourly precipitation time series are needed as input to the hydrologic model. Hourly
precipitation records since 1949 are available from the Nogales 6N station (USC00025924;
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W110.968, N31.4554, 1055 m) from the US National Weather Service (Figure 1). However,
we found many disagreements when this record was compared to the 1954–2020 daily
quality-controlled dataset from the same station. We decided, therefore, to use the daily
time series and disaggregate it to hourly (see Figures S1–S6). The disaggregation was
carried out by using the hourly time series to identify the hourly diurnal distribution with
reported daily precipitation days. If hourly events were unavailable for the target date, we
selected from the hourly time series a rainy day within a short duration from the target date.

The hourly precipitation was then spatially interpolated over the study area using the
1958–2020, ~4 km2 gridded monthly rainfall, available from the TerraClimate dataset [35].
The interpolation was carried out by using the ratios of the station’s grid cell with the other
TerraClimate grid cells for the matching months. These ratios were used as multipliers for
the interpolation to derive 4 km2 hourly time series. Prior to 1958, a randomly selected
month from the same wetness tercile as the station’s record was used for the interpolation.
The interpolated 4 km2 grid was then averaged over the area of the modeling units to
derive the hourly Mean Areal Precipitation (MAP) time series, which were used as input
to the hydrologic model. This spatial interpolation method assumes that the Nogales
gauge well represents the occurrence of hourly events over the study area, and that the
hourly rainfall distribution throughout the month is uniformly distributed in space. These
assumptions are particularly challenged during the North American Monsoon summer
rainfall characterized by small-scale local convective thunderstorms.

3.3. Streamflow (Qin and Qout)

Observations of surface inflow and outflow to and from the Mexican portion of the
Santa Cruz River are available from the USGS hydrometric stations at Lochiel (USGS
09480000) and near Nogales (USGS 09480500). The Lochiel hydrometric station, approxi-
mately 2.5 km north of the international border (Latitude 31◦21′19′ ′, Longitude 110◦35′20′ ′,
1400 m above sea level), drains 209 km2 of the Santa Cruz River headwater at the San Rafael
Valley and parts of the Patagonia and Huachuca Mountains. It has a daily streamflow
record for the period January 1949–August 2014 and from May 2019 to present. Approxi-
mately one kilometer north of the international border, the Nogales hydrometric station
(Latitude 31◦20′40′ ′ N 110◦51′03′ ′ W, 1120 m above sea level) drains an area of 1364 km2.
It has a daily streamflow record from 1913 to the present, with some missing years during
the 1920s. We note that although the 1954–2020 observed average streamflow out of the
basin was 22.1 MCM/year (range 0–181 MCM/year), the streamflow out of the basin was
likely generated from rainfall over the basin and therefore was not considered as a negative
flux in Equation (1).

For this study, a hydrologic model was used to simulate the inflow and outflow
(i.e., Qin and Qout) as a function of precipitation. The hydrologic model we used is the
Sacramento Soil Moisture Accounting (SAC-SMA) model [36], as it was configured for this
basin by the Colorado Basin River Forecast Center (CBRFC), U.S. National Weather Service
(see Figures S7 and S8).

The SAC-SMA model is a continuous hydrologic model that keeps track of the water
content at the basin’s top and subsoil layers. It uses precipitation and evapotranspiration
(ET) demand as input to simulate runoff, recharge, actual evapotranspiration, and soil
moisture. The CBRFC’s primary purpose is to warn for high-flow events. Therefore, they
focused their SAC-SMA model calibration on capturing episodic flow events. In our study,
the model was used to account for the overall streamflow influx into the area of interest.
Therefore, the model required additional calibration to capture the range of flow regimes.
The calibration was carried out by comparing the simulated streamflow on the Santa Cruz
River in Lochiel and near Nogales to observed flow from the USGS gauges. The assessment
was carried out for ranging time scales of daily, seasonal, and annual flows. The CBRFC
SAC-SMA model configuration for the SCRA-MX basin is based on three hydrologic units.
The first hydrologic unit (210 km2) drains the headwater of the Santa Cruz River to the
US–Mexico border crossing. The second and third hydrologic units are the upper and lower
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parts of the SCRA-MX basin, respectively. The upper part of the basin (617 km2) drains
areas higher than 1515 meters, while the lower part of the basin (537 km2) drains areas
lower than 1515 meters. In our implementation, the surface runoff generated by the lower
part of the basin was considered for the flow simulation at the outlet.

The runoff from the upper part, below 50 m3/sec was considered as the groundwater
recharge component. This assumption is warranted, as it is seen that most of the flow at the
Nogales gauge is attributed to local rainfall events. During large storms in the upper basin,
the flow contribution to the basin’s outlet is delayed and later appears as baseflow [7,16].

In Table 2, summary statistics for the 1954–2020 estimated annual recharge are pro-
vided. Notice that CONAGUA (2020) [23] estimated the vertical recharge at 23.8 MCM/year,
comparable to our estimated annual average. However, as it is apparent from the values
presented in Table 2, the large inter-annual variability of the groundwater recharge may
not be well represented by the sample’s first-moment indicator.

Table 2. The 1954–2020 estimated recharge in the SCRA-MX.

Estimated Recharge (MCM/Year)

Average 25.8
Median 20.1
Standard Deviation 22.8
Minimum 0.7
Maximum 104.5

3.4. Groundwater (GWin and GWout)

The border crossing groundwater inflow and outflow mainly occur at the alluvial
aquifer underneath the river’s channel bed. These fluxes are not measured and are esti-
mated from previous studies. Although these fluxes are likely dependent on the aquifer
pressure gradients near the international border, we assume constant groundwater fluxes.
In our analysis, we adopted CONAGUA (2020) [23] estimate of +10.2 and −2.0 MCM/year
for the GWin and GWout, respectively (‘+’ indicates a flow from the United States to Mexico
and ‘-’ indicates a flow from Mexico to the United States). Other studies estimated GWout
to be 3.5 MCM/year [37], 1.54 MCM/year [38], and 1.66 MCM/year [39].

3.5. Evapotranspiration (ET)

Evapotranspiration (ET) from the basin can be divided into ET from the soil, ET
from irrigated agriculture fields, and ET from the shallow groundwater aquifer through
riparian vegetation and exposed surface water sections of the stream. In Equation (1),
the ET variable refers to the latter component. The hydrologic model calculates the ET
from the soil, and it is implicitly accounted for in the recharge and streamflow terms. The
ET from the agricultural field is considered in the calculation of the agricultural return
term. In CONAGUA (2020) [23], the total ET losses from the aquifer were estimated as 8.8
MCM/year. This estimate assumes that ET from the groundwater is linearly reduced with
depth-to-water up to an extinction depth of 10 m. In CONAGUA (2020) [23], the surface
area estimate of the aquifer’s water levels was provided as a base for the ET estimate. This
procedure assumes that the aquifer’s water level and the potential evapotranspiration are
not changing from year to year.

Using the hydrologic model simulations, we found that the average actual ET from
the soil is 314 MCM/year, and the average actual ET is 88% of the annual precipitation. The
actual ET is highly correlated with precipitation and ranges from 130 to 530 MCM/year,
62 to 103 percent of the annual precipitation, respectively. These actual ET estimates are
comparable to findings by Minjarez et al. (2011) [19].

3.6. Agricultural Return Flow (Ag)

To estimate the agricultural return flow, we used the CONAGUA (2020) [23] procedure.
It was based on calculations of crop consumptive use, which is the amount of transpired
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water during the growth period of the crop. The agricultural return is then calculated
as the irrigated water and precipitation that is in excess of the estimated consumptive
use. In CONAGUA (2009 to 2020) [20–23], the irrigated agriculture area was estimated as
8.3 km2 of alfalfa (60%), oat (30%), and sorghum (10%). Using the modified Blaney–Criddle
equation [40], the integrated consumptive use of these crops was estimated as 901 mm/year
(7.5 MCM/year), and the agricultural return was estimated as ~4.1 MCM/year. In our
implementation of the WBM, we used CONAGUA’s estimate of consumptive use and the
dynamic year-to-year change in precipitation to estimate the groundwater withdrawal that
was needed for irrigation. The 1954–2020 average annual precipitation over the agricul-
tural fields was 2.6 MCM/year (range 0.9–5.5 MCM/year), and the average groundwater
withdrawal that satisfied the irrigation demand was 4.9 MCM/year, ranging from 1.9 to
6.6 MCM/year. This demand calculation assumes that precipitation occurred during the
growing season, and the irrigation was optimized to satisfy the crops’ consumptive use.
It is important to note that the National Institute of Statistics and Geography (Instituto
Nacional de Estadística y Geografía) estimated the irrigated agriculture area in the basin to
be 15.7 km2 [41]. Using a 30 m near-infra-red band of Landsat-8 images from May 2018
and May 2019, our team estimated an area of approximately 17 km2 of agricultural fields.
Thus, the water consumption, as well as the areal extent of irrigated agriculture in the basin,
is uncertain and requires a comprehensive survey.

4. Results

Using 1954–2020 climate dependent recharge, Qin and Ag (as explained above), we
solved Equation (1) for the amount of groundwater withdrawal (Pu) yielding a ∆S annual
average of zero. The Pu that maintains a 1954–2020 average ∆S of zero is 23.3 MCM/year.
This Pu is in addition to the Pu used for irrigation that satisfies the estimated consumptive
use of the cultivated fields, as described in CONAGUA (2020) [23]. Using this estimated
Pu, the average fraction of the inflow and outflow fluxes from the basin are presented in
Figure 3, and the average quantities of these various fluxes are presented in Figure 4. The
largest influx to the basin is the natural recharge, a highly variable flux (see Table 2) that is
mainly controlled by the inter-annual variability of precipitation over the SCRA-MX basin.

Water 2022, 14, x FOR PEER REVIEW 10 of 15 
 

 

 
 

 

Figure 3. The 1954–2020 average annual percentages of inflow and outflow fluxes to the SCRA-MX basin. 

 
Figure 4. The 1954–2020 average inflow and outflow fluxes for maintaining sustainable conditions. 

The fluxes estimated for the WBM can be grouped to three general categories: climate 
driven annually variable fluxes (Qin, Qout, Re), satisfying water demand fluxes (Ag, Pu), 
and constant annual fluxes (GWin, GWout, ET). The first category is based on a hydrologic 
model that uses sub-daily precipitation and evapotranspiration demand time series as in-
put to simulate the fluxes needed for the WBM. While the simulated Qin and Qout were 
compared to observed streamflow records, the Re estimate cannot be compared to obser-
vations. As discussed in the results section, the Re is the largest flux into the basin (Figures 
3 and 4) and has large inter-annual variability (Table 2). 

Considering moving averages of 20-year intervals, the estimated Pu is shown in Fig-
ure 5b (average Pu of 26.3 MCM/year (ranging from 8.1 to 36.8 and an S.D of 9.6 
MCM/year). As expected, the estimated 20-year annual Pu has continuously declined 
since the mid-1990s to approximately 9 MCM/year since 2012. 

8%

26%

66%

Inflows Fluxes

Qin Gwin Recharge

60%
12%

5%

23%

Outflow Fluxes

Pumpage AgDemand Gwout ET

3.00 

10.20 

25.80 

4.90 

0.001 
2.00 

8.83 

23.27 

 -

 5.00

 10.00

 15.00

 20.00

 25.00

 30.00

 35.00

Qin Gwin Recharge AgDemand Qout Gwout ET Pumpage

In
flo

w
 a

nd
 o

ut
flo

w
 fl

ux
es

 (M
C

M
)

Figure 3. The 1954–2020 average annual percentages of inflow and outflow fluxes to the SCRA-
MX basin.

The cumulative changes of the ∆S using the estimated Pu of 23.33 MCM are shown in
Figure 5a. It is seen that out of the 67 water years, approximately 33% have shown a surplus
while most years ended with a deficit. The cumulative surplus consistently increased from
1965 to reach a surplus of approximately 385 MCM in 1992. These surplus years can be
related to frequent El Niño-Southern Oscillation conditions and positive Pacific Decadal
Oscillation [8]. However, since 1992, only two years showed an annual surplus (positive ∆S)
and in 2020, the entire surplus that had been gained until 1992 was depleted. These long
periods of accrued surplus (1965–1992) and deficit (1995–2020) exemplify the dependence
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of the sustainable Pu on the period of analysis. The increasing and decreasing trends shown
in Figure 5 seem to support ADWR recommendations for examining 20-year intervals, a
duration sufficiently long to capture the observed multi decadal trends.
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The fluxes estimated for the WBM can be grouped to three general categories: climate
driven annually variable fluxes (Qin, Qout, Re), satisfying water demand fluxes (Ag, Pu),
and constant annual fluxes (GWin, GWout, ET). The first category is based on a hydrologic
model that uses sub-daily precipitation and evapotranspiration demand time series as
input to simulate the fluxes needed for the WBM. While the simulated Qin and Qout
were compared to observed streamflow records, the Re estimate cannot be compared to
observations. As discussed in the results section, the Re is the largest flux into the basin
(Figures 3 and 4) and has large inter-annual variability (Table 2).

Considering moving averages of 20-year intervals, the estimated Pu is shown
in Figure 5b (average Pu of 26.3 MCM/year (ranging from 8.1 to 36.8 and an S.D of
9.6 MCM/year). As expected, the estimated 20-year annual Pu has continuously declined
since the mid-1990s to approximately 9 MCM/year since 2012.

5. Discussion

Overall, there has been constant cooperation and dialogue over water resources shared
between the United States and Mexico. A remarkable example is the 1944 Water Treaty that
has allowed sharing surface water among both countries. However, this agreement does not
include groundwater management. This absence has not been addressed, although some
steps have been taken—for instance, creating the TAAP that allows technical cooperation
between both countries and sharing information on groundwater resources.

The Santa Cruz River Aquifer in Mexico (SCRA-MX) is part of the Transboundary
Santa Cruz Aquifer (TSCA), an aquifer shared by the United States and Mexico. The TSCA
is located in a semi-arid region characterized by limited groundwater storage, dependency
on climate variability, and physical water and wastewater transfers within Mexican territory
and between the two countries [3,11,19]. Because of this region’s limited groundwater
storage and the border communities’ reliance on groundwater as their sole resource, even
small changes in groundwater recharge patterns coupled with increased water demands
can detrimentally impact the water-supply reliability.

Previous efforts on the TAAP have focused on understanding the aquifer characteris-
tics of the TSCA, particularly the U.S. portion of the aquifer e.g., [3,12]. Our study improves
the understanding of the SCRA-MX, contributes to the overall knowledge of the binational
TSCA, and provides information that could serve as a reference for developing a fully
binational water budget model.

This analysis, along with previous studies for the TSCA (e.g., [3,11]), reported a
substantial decline in regional precipitation since the early 21st century. For example,
summer and winter precipitation has declined by 10% and 33%, respectively, according
to comparisons of precipitation records from 1955–2000 to 2001–2020. These declines are
substantially larger when comparing the same periods of the observed streamflow records
out of the SCRA-MX basin (65% and 78% for summer and winter flow, respectively) [8].

Moreover, climate model projections for the mid-21st century for the SCRA-MX basin
point to changes in precipitation regime, although these changes are highly uncertain
e.g., [8]. These projections will pose additional challenges for water providers in meeting
the demands for border communities [3,7,9,11]. To date, most water resources studies in the
TSCA have focused on the Ambos Nogales region or the SCAMA (e.g., [3,7–9]). Excluding
the CONAGUA water availability reports, only a few studies have examined the impact of
groundwater extractions in the SCRA-MX (i.e., [18,19,38]). In our study, we used a water
balance model approach to estimate the amount of groundwater that could be withdrawn
from SCRA-MX, while maintaining a long-term balance between water flowing into and
out of the basin. Our study only assessed long-term water resources availability while
not examining other potential ecological, economic, water quality degradation, or other
harms that water resources management practices may cause. Although our analysis yields
deterministic estimates for sustainable annual groundwater withdrawal, based on the best
available data and information to derive the input for the WBM equation, it is important to
note the analysis’ main assumptions and the known sources of uncertainties that may have
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influenced the results. The main assumption that may require additional examination is
that multi-year cumulative surpluses can be indefinitely stored in the basin and used to
compensate for shortages in deficit years. It is likely that the aquifer’s storage of surpluses
is limited by the size of the aquifer and the dynamic of the groundwater interaction with
the stream and atmosphere.

Since natural groundwater recharge is highly variable in space and time, an accurate
measure of this dominant flux is impractical. However, additional hydrological and hydro-
geological measurements could advance understanding of the basin’s hydrological process
to potentially reduce the uncertainty in the natural recharge estimate. The uncertainty
source in the second category stems from a lack of groundwater withdrawal monitoring.
Following CONAGUA’s procedure we assumed that the groundwater withdrawal was
equal to the appropriated concessions and asignaciones, as reported by REPDA. Additional
information is needed to understand how well the appropriated concessions represent the
actual groundwater withdrawal in the basin.

An additional source of uncertainty, as discussed before, is the areal appraisal of
the cultivated and irrigated fields. The third category of fluxes, which were assigned
as constants following CONAGUA’s estimates, is also likely to vary in time. The main
reason for assigning them as constants is the lack of information and data to understand
their temporal variability. With the available information on the economic activities in the
Nogales and Santa Cruz municipalities, it is possible to identify a positive relationship
between increased industrial activities and water allocations from 2009 to 2020. While the
groundwater surplus has reduced since 1995, allocations for agricultural and industrial
activities have increased. Considering this trend, it would be desirable that the national
authority assess the potential negative impacts of groundwater over-allocation and its
availability to maintain a long-term balance between water flowing into and out of the basin.

It is generally possible to monitor groundwater extraction for asignaciones because
they are dedicated to public services, for which municipal and state government agencies
are responsible for reporting to CONAGUA. However, for groundwater concessions, the
monitoring is limited. Additionally, as mentioned above, concessions can be transferred to
other users, and although these changes must be reported to CONAGUA, they are often
not being promptly reported. Future TAAP efforts on transboundary aquifer assessment
include the evaluation of the uncertainty associated with the water balance model that
was developed for the TSCA and the identification of specific actions that can substantially
reduce uncertainty in WBM simulations. In addition, development of recommendations for
a model and data management framework for binational watersheds with similar setting
to the TSCA.

6. Conclusions

In this study, we assessed the amount of groundwater withdrawal that maintains
sustainable conditions in the SCRA-MX, which is part of the TSCA. In this part of the
aquifer, the regulatory allocated groundwater concessions had steadily increased from
approximately 18 MCM/year in 1995 to approximately 34 MCM/year in 2020. The increase
in groundwater withdrawal concessions was primarily attributed to new allocations for
agricultural and industrial usage. In this study, we used a water balance model (WBM) that
accounts for all the annual water fluxes into and out of the basin to determine the amount
of multi-year groundwater withdrawal that maintains sustainable conditions. In our study,
“sustainable conditions” is defined as the amount of annual groundwater withdrawal
that maintains a long-term difference of zero between the water fluxes into and out of
the basin. We developed a hydrologic model to estimate the year-to-year WBM fluxes of
natural recharge and streamflow into and out of the basin (i.e., Sacramento Soil Moisture
Accounting). This contribution adds information to current CONAGUA publications. The
SAC-SMA model, which was constructed for the region as three sub-basins, uses hourly
precipitation and evapotranspiration demand as model input to continuously simulate
streamflow, soil moisture, actual evaporation from the soil, and groundwater recharge. The
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hourly precipitation time series for the SAC-SMA model was developed for 1954–2020
using a gauge located near the border and interpolated using monthly gridded climatology.

The average annual groundwater withdrawal amount that maintained sustainable
conditions from 1954–2020 was 23.3 MCM/year. However, by implementing this constant
annual withdrawal, there was a period of accrued surplus (1965–1993) followed by an
accrued deficit (1994–2020). We also estimated the annual groundwater withdrawals that
maintain sustainable conditions in a moving average of 20-year intervals, as recommended
by ADWR for safe yield assessment in the SCAMA. For the analysis of the moving average
of 20-year intervals, the groundwater withdrawal that maintained sustainable conditions
peaked in 1993 at 36.4 MCM/year and had since declined to less than 8 MCM/year in 2020.
CONAGUA, in their latest groundwater availability report [23], estimated that groundwater
withdrawal of 26.4 MCM/year yields an additional 2.2. MCM/year of available water that
could be allocated.

This study demonstrates the sensitivity of water resources management in the Mexican
part of the Santa Cruz River basin and its high dependence on natural recharge, which
depends on precipitation variability. It points to the challenge of identifying a management
scheme that yields sustainable conditions. These challenges are exacerbated by the recent
dry period and the projected uncertain precipitation in the region [12]. These mounting
challenges call for careful adaptive management and planning of the aquifer to maintain
sustainable conditions and long-term reliable water supply into the future.
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Abstract: The Rio Grande/Río Bravo del Norte (hereinafter referred to as the “Rio Grande”) is the
primary source of recharge to the Mesilla Basin/Conejos-Médanos aquifer system in the Mesilla
Valley of New Mexico and Texas. The Mesilla Basin aquifer system is the U.S. part of the Mesilla
Basin/Conejos-Médanos aquifer system and is the primary source of water supply to several commu-
nities along the United States–Mexico border in and near the Mesilla Valley. Identifying the gaining
and losing reaches of the Rio Grande in the Mesilla Valley is therefore critical for managing the quality
and quantity of surface and groundwater resources available to stakeholders in the Mesilla Valley
and downstream. A gradient self-potential (SP) logging survey was completed in the Rio Grande
across the Mesilla Valley between 26 June and 2 July 2020, to identify reaches where surface-water
gains and losses were occurring by interpreting an estimate of the streaming-potential component of
the electrostatic field in the river, measured during bankfull flow. The survey, completed as part of
the Transboundary Aquifer Assessment Program, began at Leasburg Dam in New Mexico near the
northern terminus of the Mesilla Valley and ended ~72 kilometers (km) downstream at Canutillo,
Texas. Electric potential data indicated a net losing condition for ~32 km between the Leasburg Dam
and Mesilla Diversion Dam in New Mexico, with one ~200-m long reach showing an isolated saline-
groundwater gaining condition. Downstream from the Mesilla Diversion Dam, electric-potential
data indicated a neutral-to-mild gaining condition for 12 km that transitioned to a mild-to-moderate
gaining condition between 12 and ~22 km downstream from the dam, before transitioning back
to a losing condition along the remaining 18 km of the survey reach. The interpreted gaining and
losing reaches are substantiated by potentiometric surface mapping completed in hydrostratigraphic
units of the Mesilla Basin aquifer system between 2010 and 2011, and corroborated by surface-water
temperature and conductivity logging and relative median streamflow gains and losses, quantified
from streamflow measurements made annually at 16 seepage-measurement stations along the survey
reach between 1988 and 1998 and between 2004 and 2013. The gaining and losing reaches of the Rio
Grande in the Mesilla Valley, interpreted from electric potential data, compare well with relative
median streamflow gains and losses along the 72-km long survey reach.

Keywords: self-potential; temperature; conductivity; surface water; groundwater; groundwater and
surface water interactions; rivers; resistivity; streamflow

1. Introduction

In 2006, the United States (U.S.)–Mexico Transboundary Aquifer Assessment Act
(Public Law 109–448, herein referred to as the “Act”) authorized collaboration between the
U.S. and Mexico in conducting hydrogeologic characterization, mapping, and groundwater-
flow modeling for priority transboundary aquifers that are internationally shared [1,2].
The following criteria were used to identify priority transboundary aquifers along the U.S.–
Mexico border region: (1) the proximity of a transboundary aquifer to metropolitan areas
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with high population density, (2) the extent to which an aquifer would be utilized as a source
of water supply, and (3) the vulnerability of an aquifer to anthropogenic or environmental
contamination. Based on these criteria, the Mesilla Basin/Conejos-Médanos aquifer system
(Figure 1) was designated a priority transboundary aquifer. The Mesilla Basin aquifer
system is the U.S. part of the Mesilla Basin/Conejos-Médanos aquifer system (Figure 1).
The Mesilla Basin aquifer system (hereinafter referred to as the “Mesilla Basin aquifer”) is
hydraulically connected to the Conejos-Médanos aquifer system in Chihuahua, Mexico,
and there are no natural barriers to inhibit groundwater flow across the border [2]. Many
communities along the U.S.–Mexico border in and near the Mesilla Valley rely partially
or completely on groundwater in the Mesilla Basin aquifer for industry, agriculture, and
drinking water.
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There is active litigation and adjudication of water rights associated with transbound-
ary aquifers along the U.S.–Mexico border [1]. Adjudication is often complicated by
disparate policy frameworks for groundwater and surface-water resources, even though
they are often interdependent and function as a single resource [11]. Among the unique
policy and management-related challenges for these resources are the need to develop a
shared definition of aquifer boundaries and to develop methods to assess whether the
aquifers on both sides of the border are indeed hydraulically connected and internationally
shared. These challenges are exacerbated by uncertainty about the interdependence be-
tween transboundary aquifers and regional surface-water resources, which is also necessary
to understand how to adequately manage and sustain water resources in the border region.

Addressing the complex challenges associated with transboundary aquifers depends
upon a scientific approach to inform the management practices and policies that are en-
acted. The Act outlines specific scientific objectives for transboundary aquifers including:
(1) establishing relevant hydrogeological, geochemical, and geophysical field studies that
integrate ongoing monitoring and metering, (2) developing and enhancing geographic
information systems databases pertaining to priority transboundary aquifers, and (3) de-
veloping groundwater-flow models of priority transboundary aquifers [2,12].

This paper describes a contribution to scientific objectives (1) and (2), and is an ex-
tension of the scientific investigation of [2]. The self-potential (SP) method of geophysical
prospecting was applied in this investigation to study regional-scale groundwater and
surface-water exchanges between the Rio Grande and the Mesilla Basin aquifer. SP measure-
ments consist of naturally occurring electrical voltages at the land-surface, in surface-water
bodies, and in boreholes, that contain information about coupled thermodynamic flows
in near-surface aquifers [13–17] that are driven by hydraulic gradients (associated with
streaming potentials), temperature gradients (thermo-electric potentials), concentration
gradients (diffusion potentials), redox gradients (mineralization potentials), and certain
biogeochemical reactions [18–22].

The physics of streaming potentials is well understood [15,23–32]. Streaming po-
tentials are generated by streaming currents, flowing in the pore spaces of an aquifer
in opposition to the groundwater-flow direction. Streaming currents originate by the
advection of accumulated electrical charges in the electrical double layer (EDL) along
the solid–fluid interface [33]. As a condition of electroneutrality, the streaming current
is counterbalanced by a conduction current that flows through the heterogeneous elec-
trical conductivity structure of the aquifer and ensures that the physical divergence of
the total current in the aquifer (the sum of streaming currents and conduction currents)
is zero. In the case of an unconfined saturated aquifer, the streaming and conduction
currents are nearly balanced and the electric equipotentials tend to mimic the hydraulic
equipotentials [32]. The transport of accumulated ions in the EDL by advection in the
direction of groundwater flow (the direction of decreasing hydraulic gradient) results
in a dipolar electrical-potential field, with positive regions that correspond to locations
where groundwater exits the aquifer pore space (i.e., surface-water gains), and negative
regions that correspond to locations where surface water enters the aquifer pore space
(surface-water loss) and flows along preferential groundwater-flow paths [34,35].

Numerical simulations by [36,37] showed that fixed-reference land-based SP profiles,
measured perpendicular to a river reach, can likely identify whether the river reach is
losing, gaining, or flow-through, based on the polarity of the streaming-potential field in the
surface-water relative to the polarity of the field on either side of the floodplain. However,
fixed-reference SP surveys of surface-water gains and losses are generally impractical along
reaches longer than a few river-kilometers because the fixed reference SP electrode must be
continuously revisited and relocated, and because the SP electrodes must contact porous
earth at every measurement location to complete an electrical circuit.

Waterborne gradient SP logging is an alternative approach to fixed-reference land-
based SP mapping. The waterborne gradient SP logging approach differs from most
land-based SP surveys in that both SP electrodes are mobile (no fixed reference electrode)
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along a profile or grid in a river or lake, and the electrical circuit is completed at each mea-
surement location by the contact between the SP electrodes and the surface water instead
of the aquifer [37]. Immersion in surface water reduces contact resistance between the
electrodes and the surface water, which enhances the signal-to-noise ratio, and meaningful
anomalies of less than a few tens of microvolts have been measured and published [38–43].
Recently, waterborne gradient SP logging enabled the characterization of reach-scale het-
erogeneous hyporheic-driven groundwater and surface-water exchange between the lower
Guadalupe River and the Carrizo–Wilcox aquifer in central Texas [37] (in their Figure 1),
identified meter-scale groundwater discharge locations in the Quashnet River of Cape Cod,
Massachusetts [44], and identified gaining and losing reaches of the Colorado River where
it crosses the Bee Creek Fault, and is incised into the surficial exposures of the rocks that
comprise the lower and middle zones of the Trinity Aquifer in central Texas [43,45].

The waterborne gradient SP logging approach is extended herein to identify gaining
and losing reaches of the Rio Grande at the basin-scale in the Mesilla Valley. The water-
borne gradient SP logging data presented herein are processed into electric potential and
interpreted in the context of streaming potential by assuming that streaming potential
attributed to surface-water gain and loss through the riverbed and floodplain was the
predominant contribution to the electric-potential field in the river. Interpretations of
surface-water gain and loss are supported by surface-water temperature and conductivity
logging, and geophysical and hydraulic datasets presented by [2] that consist of: (1) profiles
of resistivity beneath the Rio Grande channel to depths of 50 m [2], (2) relative median gains
and losses in streamflow, quantified at 16 seepage-measurement stations along the survey
reach by annual streamflow measurements between 1988 and 1998 and between 2004
and 2013 [2,46], and (3) water-level differences and inferred vertical hydraulic gradients
beneath the Rio Grande, quantified by potentiometric surface mapping in wells completed
in the Rio Grande alluvium and upper part of the Santa Fe Group between November 2010
and April 2011 [2].

2. Description of the Study Area

The geographic, geologic, and hydrogeologic settings and geochemistry of the Mesilla
Basin are described comprehensively by [2] and in references cited therein and are summa-
rized here from those sources. The Mesilla Valley (Figures 1 and 2) is in the region of the
Mesilla Basin that is incised by the Rio Grande, between Selden Canyon at the northern
end and the El Paso Narrows at the southeastern end. The Mesilla Basin aquifer is heavily
relied upon in the Mesilla Valley and in the greater Mesilla Basin for irrigation water and
as a primary source of municipal and domestic water supply for numerous communities
along the United States–Mexico border including Las Cruces, New Mexico (N. Mex.), El
Paso, Texas (Tex.), and Ciudad Juárez, Mexico.

2.1. Hydrogeology of the Mesilla Basin

The Mesilla Basin aquifer is divided into four distinct hydrogeologic units, each
of which is recharged primarily by the Rio Grande. The hydrogeologic units are (from
youngest to oldest) the middle-to-late Quaternary (Holocene) channel and floodplain
deposits of the Rio Grande (referred to as the Rio Grande alluvium), and the poorly
consolidated middle-Miocene to late-Pleistocene basin-fill deposits of the Santa Fe Group,
which are divided into upper, middle, and lower lithofacies assemblages based on differing
granulometric, hydraulic, and geochemical properties. The base of the Mesilla Basin is
underlain primarily by lower-to-middle Tertiary volcanic and volcaniclastic bedrock that
is block-faulted and influences the groundwater-flow system at depth within the Mesilla
Basin aquifer [2].

The Rio Grande is the primary depositional feature in the Mesilla Basin. The river
has deposited the Rio Grande alluvium on the Mesilla Valley floor by continued channel
avulsion and overbank deposition [2,46–48]. The alluvium is a relatively thin surface layer
(generally about 24-m thick, with a maximum thickness of about 46 m) of fluvial sediments
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derived from outwash fan deposits, eolian sands, and re-worked basin-fill eroded from
nearby mountains [47,49]. Recharge to the Mesilla Basin aquifer occurs primarily by
vertical flow through the riverbed into the Rio Grande alluvium, and from associated
canals, laterals, and drains.
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frequency-domain electromagnetic surveys of the levee system (modified from Figure 13 in [2]). Resistivity profiles of the
channel are shown at or about the land surface (0 m below land surface) and at depths of 15.2 m and 30.5 m.

The Rio Grande alluvium is hydraulically connected to the thick unconsolidated to
semi-consolidated basin-fill deposits of the upper, middle, and lower parts of the Santa
Fe Group [2]. Santa Fe Group deposits are composed of alluvium from adjacent uplifts,
eolian sediments, and some fluvial sediments from the ancestral (pre-Pleistocene) Rio
Grande. In general, the Santa Fe Group consists of sand lenses interbedded with clays and
silty clays that exhibit internal discontinuities attributed to basin-and-range extensional
faulting [47,49]. The Santa Fe Group is relatively thin in the Mesilla Basin compared to
adjacent basins; the saturated thickness is between 610 m and 914 m [2,49,50]. The upper
part of the Santa Fe Group is the most productive zone of the Mesilla Basin aquifer but is
only partially saturated throughout most of the Mesilla Basin [2]. The upper part of the
Santa Fe Group is a thick sequence of fine- to coarse-grained fluvial deposits of gravel and
sand, interbedded with fine-grained basin fill (silt and clay over-bank muds) deposited
by the ancestral Rio Grande [2]. The middle part of the Santa Fe Group is the primary
water-bearing zone of the Mesilla Basin aquifer and is generally fully saturated [2]. The
fine-grained lacustrine-playa sediments of the middle part of the Santa Fe Group consist
of alternating beds of sand, silty sand, and silty clay, and represent a terminal depocenter
environment of the ancestral Rio Grande. The lower part of the Santa Fe Group constitutes
the least productive zone of the aquifer; sediments consist of fine-grained basin-floor playa
and fluvial-lacustrine facies deposits interbedded with layers of bentonitic claystone and
siltstone, with some discontinuous sand lenses [7].
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2.2. Electric Resistivity of the Mesilla Basin Aquifer

A three-dimensional resistivity model of the Mesilla Basin aquifer was published
by [2] (Figure 15, p. 25), showing horizontal resistivity depth-slices in the southern Mesilla
Basin between depths of 0 m and 530 m beneath the land surface. The resistivity model
was developed by kriging inverted resistivity from a compilation of historical resistivity
datasets, using a horizontal grid spacing of 100 m and a vertical grid spacing of 3 m. The
historical resistivity datasets were obtained from helicopter frequency-domain electromag-
netic (HFEM) induction surveying of the Rio Grande levee system [51], 12 ground-based
time-domain electromagnetic (TDEM) induction soundings [2], and 65 vertical electrical
soundings [52] completed within the Mesilla Basin. The locations of HFEM flight paths
and TDEM and vertical electrical soundings were mapped by [2] (Figure 9, p. 19).

The HFEM-derived resistivity data were incorporated into this work to assist in
the interpretation of the electric potential processed from waterborne gradient SP data,
described in Section 3. HFEM data were acquired along three flight paths over the levees
along the Rio Grande in the Mesilla Valley. The flight paths consisted of one path along
each levee and two additional paths offset 50 m on each side of the levees at the toe of each
levee (the flight paths are depicted in Figure 9 of [2]). The rate of data collection along each
flight path was 10 samples per second, such that the horizontal resolution of the HFEM
resistivity data was one sounding every 3 m along the flight paths. Technical information
pertinent to the HFEM survey and quality assurance, and ground-truthing results, are
provided by [51].

Figure 2 shows three subsurface profiles of HFEM resistivity data beneath the riverbed
of the Rio Grande at depths of 0, 15.2, and 30.5 m. Near the land surface (at or about 0 m
below the land surface), the HFEM resistivity profiles show that the resistivity beneath the
Rio Grande is generally greater than 20 ohm-m north of Anthony, N. Mex., and resistivity
values of less than 10 ohm-m begin to appear south of Anthony, N. Mex. Resistivity values
of less than 10 ohm-m are also increasingly prevalent with increasing depth beneath the
channel; about half of the resistivity values were less than 10 ohm-m at depths of 15.2 m and
30.5 m (Figure 2), and there were transitions from relatively high resistivity (greater than
20 ohm-m) to relatively low resistivity (less than 10 ohm-m) at depths of 15.2 and 30.5 m
near Vado, N. Mex. These low-resistivity areas were interpreted by [2] in combination
with water-quality data from 239 wells [2] (Figure 16, p. 30) as sand and gravel deposits
saturated with dense saline water upwelling through fractures within the deeper bedrock
of the Mesilla Basin.

2.3. Groundwater-Surface Water Connectivity in the Mesilla Valley

The hydraulics of groundwater and surface-water connectivity in the Mesilla Valley
are complex (Figure 3). Horizontal hydraulic gradient maps published by [2] (Figure 48,
p. 80) indicate that groundwater within the Mesilla Basin aquifer is generally unconfined
and flows southward, longitudinal to the Rio Grande, along an average gradient of 0.75–1.1
m per kilometer [2,7]. The Leasburg and Mesilla Diversion Dams in the Mesilla Valley both
steepen the local hydraulic gradient from upstream to downstream, and potentially alter
regional horizontal and vertical hydraulic gradients and groundwater-flow patterns. Gen-
eralized numerical modeling performed by [53–56] indicates that the dams may produce a
localized losing condition on the riverbed upstream, and a localized gaining condition on
the riverbed downstream, because of steep reductions of the hydraulic gradient across the
dams from upstream to downstream.
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level altitudes [2] (Table 15; p. 155) in the Rio Grande alluvium were higher than the water-
level altitudes in the upper part of the Santa Fe Group throughout most of the Mesilla 
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indicating that the vertical hydraulic gradient was oriented downward and surface-water 
losses were likely to occur in locations where the differences were greater than 0 (e.g., S08–

Figure 3. Water-level altitude differences between the Rio Grande alluvium and the Santa Fe Group,
with electric resistivity at a depth of 30.5 m beneath the Rio Grande. Water-level differences greater
than 0 m indicate that the hydraulic head in the Rio Grande alluvium is greater than the hydraulic
head in the upper part of the Santa Fe Group, whereas differences less than 0 m indicate the opposite.
Other hydrogeologic features are shown, such as fault zones that intersect the river channel, and the
locations of seepage-measurement stations and gradient self-potential survey segment endpoints.

Vertical hydraulic gradients beneath the Rio Grande vary substantially across the
Mesilla Valley from upstream to downstream (Figure 3). Figure 3 shows a comparison of
differences in 2010–2011 water-levels in the Rio Grande alluvium (measurement locations
shown by pink dots) and upper part of the Santa Fe Group (measurement locations shown
by yellow dots) with the sub-channel resistivity at a depth of 30.5 m below the land
surface. The locations of seepage-measurement stations (red dots, S01–S26) corresponding
to seepage investigations of the Rio Grande by [46] are also shown. The 2010–2011 water-
level altitudes [2] (Table 15; p. 155) in the Rio Grande alluvium were higher than the
water-level altitudes in the upper part of the Santa Fe Group throughout most of the
Mesilla Valley (Figure 3, blue sections corresponding to water-level differences greater
than 0 m), indicating that the vertical hydraulic gradient was oriented downward and
surface-water losses were likely to occur in locations where the differences were greater
than 0 (e.g., S08–S14 and downstream from S17). The reductions (white sections, e.g.,
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S14–S17) and reversals (red sections, e.g., S05–S08) of the vertical hydraulic gradient were
also mapped by [2]. In these locations, the vertical hydraulic gradient either decreased
substantially (Figure 3, white sections corresponding to water-level differences of about
0 m) or flattened across faults that intersected the channel, or reversed direction, indicating
a likelihood for surface-water gains (Figure 3, red sections corresponding to water-level
differences less than 0 m).

Seepage investigations were conducted in the Rio Grande by the U.S. Geological
Survey annually between 1988 and 1998, and between 2004 and 2013. During each an-
nual seepage investigation, streamflow was measured over a period of 1–2 days during
low-flow conditions in the non-irrigation season (February) at the seepage-measurement
stations shown in Figure 3. Net seepage gains or losses were quantified at each station
by subtracting the streamflow measured at each station from the streamflow measured
at the closest upstream station, and then subtracting inflows to the Rio Grande within
the survey segment bounded by the two stations. As indicated by [46], outflows from
the river did not occur during the seepage investigations, and inflows were gaged. The
annual net streamflow gain/loss data were published by [46] and [2] (App. 1, p. 176),
and processed into relative median streamflow gain/loss between seepage-measurement
stations in Figure 3 by [2]. These data are plotted in Section 4.

3. Materials and Methods

The waterborne gradient self-potential (SP) survey was completed between 26 June and
2 July 2020 during peak releases of surface water (54 to 65 cubic meters per second) from
the Elephant Butte and Caballo Dams upstream from the survey reach. The purpose of the
survey was to produce profiles of electric potential, surface-water temperature, and specific
conductance measurements in the Rio Grande that could be interpreted in the context of
surface-water gains and losses and compared with resistivity and water-level data shown in
Figures 2 and 3 and relative median gains and losses in streamflow, determined from seepage
investigations of [46] (Section 4). The survey was completed along the left (east) bank of the
Rio Grande during bankfull flow conditions (see photographs in Figures 3 and 4). The time
period corresponding to bankfull flow was chosen for surveying based on the assumption
that vertical hydraulic gradients, and therefore rates of loss in losing reaches, would be
optimized during bankfull flow conditions, better enabling their identification. The survey
was completed along the left bank instead of the center of the channel because of shallow
submerged gravel bars (a few centimeters deep) in the center that were hidden by high
suspended bed load during bankfull flow conditions. The average and maximum flow
depths during the survey were about 0.5 m and 1 m, respectively.

The survey began at Leasburg Dam, N. Mex. and ended near the Farm-to-Market
(FM) 259 bridge in Canutillo, Tex. approximately 72 km downstream (Figure 1). The
overall survey reach was subdivided into four 15- to 25-km long segments that were
surveyed individually and combined during data processing into two longer reaches for
interpretation; one reach between Leasburg Dam and Mesilla Diversion Dam, and a second
reach downstream from Mesilla Diversion Dam to Canutillo, Tex. The first survey segment
began at the Leasburg Dam and ended a few meters downstream from the Shalem Colony
Trail bridge in Las Cruces, N. Mex. (Figures 1 and 4a). The second began a few meters
downstream from the Shalem Colony Trail bridge and ended about 160 m upstream from
the Mesilla Diversion Dam, between Mesilla and Mesquite, N. Mex. (Figure 4b). The third
began a few meters downstream from the Mesilla Diversion Dam and ended a few meters
downstream from the New Mexico State Road 189 bridge in Vado, N. Mex., and the fourth
began a few meters downstream from the New Mexico State Road 189 bridge and ended a
few meters downstream from the FM 259 bridge in Canutillo, Tex.
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positioning sensors through the drain ports in the kayak hull. Two freshwater-
submersible, non-polarizing copper-sulfate electrodes were used to create a 0.5-m long 
electric dipole, which was oriented with the reference electrode upstream from the 
potential electrode. An Onset HOBO temperature and conductivity logger was placed into 
the Rio Grande surface water through a drain port adjacent to the reference SP electrode. 
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geospatial coordinates of the dipole midpoint were logged with a Trimble DSM232 
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Figure 4. Electrode-drift measurements performed in eddies along the banks of the Rio Grande.
(a) Photograph of the kayak equipped with GPS, power, and logging equipment used to make drift
measurements (red and blue, panel c) at Shalem Colony Trail bridge in Las Cruces, New Mexico (N.
Mex.) near the left bank (looking downstream toward the southwest). (b) Photograph of the kayak
equipped with GPS, power, and logging equipment used to make drift measurements (green, panel
c) at Mesilla Diversion Dam in Mesilla, N. Mex., near the right bank (looking upstream toward the
northeast). (c) Electrode drift data measured for each survey segment used to determine electrode-
drift corrections for gradient SP data. The start and end point of survey segments 1–4 are depicted in
Figures 1–3.

All measurements were made from a kayak at 0.15-m depth in the water, by posi-
tioning sensors through the drain ports in the kayak hull. Two freshwater-submersible,
non-polarizing copper-sulfate electrodes were used to create a 0.5-m long electric dipole,
which was oriented with the reference electrode upstream from the potential electrode.
An Onset HOBO temperature and conductivity logger was placed into the Rio Grande
surface water through a drain port adjacent to the reference SP electrode. GPS, power, and
logging equipment were transported on board the kayak, and the geospatial coordinates of
the dipole midpoint were logged with a Trimble DSM232 differential GPS with horizontal
accuracy between 5 cm and 10 cm. The geophysical datasets and processing codes are
available online by [57]. The resistivity, water-level altitude, relative median streamflow
gain, and loss data, and other related hydraulic, geophysical, and geochemical datasets are
provided [2,57,58].

3.1. Gradient Self-Potential Logging

The raw gradient SP data measured in the Rio Grande consisted of voltages between
the reference and potential electrodes of the dipole, which were logged at a period of 1 s
per measurement by an Agilent U1252B multimeter as the dipole floated downstream in
the river. The raw measurements were contaminated by transient electrode-drift voltages
(Figure 4c), which were removed from the data during processing. During the survey,
time-lapse electrode-drift measurements were logged in eddies along each survey segment
at either the beginning or end of the segments to estimate the drift characteristics of
the electrodes and enable electrode-drift corrections to the raw gradient SP data. Drift
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measurement locations were re-occupied for several drift measurements to evaluate the
repeatability of the electrode drifts during the course of the survey. For example, the
survey segment 1 drift measurement was performed at the Shalem Colony Trail bridge at
the end of the survey day after acquiring segment 1 data, and the survey segment 2 drift
measurement was made at the same location on a different survey date before acquiring
segment 2 data. Photographs of two electrode-drift measurements along the overall survey
reach are shown in Figure 4a,b (one taken on the downstream side of the Shalem Colony
Trail bridge (Figure 4a) and another taken downstream from the Mesilla Diversion Dam
(Figure 4b)). The electrode-drift measurements corresponding to each survey segment
are shown in Figure 4c. During all electrode-drift measurements, the electrode drifts
were approximately linear and characterized by relatively flat slopes and small voltages.
Electrode-drift measurements corresponding to survey segment 4 (Figure 4c, black),
which are attributed to turbulence in the channel at the location of the survey segment
4 electrode-drift measurement, show more noise and larger total electrode drift compared
to the other survey segments.

To correct the raw gradient SP data for transient electrode drift, ordinary least-squares
(OLS) regression lines were fitted to the electrode-drift data corresponding to each survey
segment and then subtracted from the gradient SP data corresponding to the survey
segment. The results of electrode-drift corrections are shown in Figure 5 for gradient
SP data measured along each individual survey segment. The slopes, intercepts, and
coefficients of determination of the fitted OLS regression lines that define the electrode
drift patterns are summarized in Table 1.
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Figure 5. Demonstration of electrode-drift correction applied to raw gradient SP data along individual survey segments.
The starting and ending points of survey segments 1–4 are depicted in Figures 1–3.

The drift corrections aligned individual survey segments (Figure 5) into two longer
continuous profiles (Figure 6); one upstream from the Mesilla Diversion Dam composed of
data from survey segments 1 and 2, and the second downstream from the Mesilla Diversion
Dam composed of data from survey segments 3 and 4. An exact alignment was achieved
between the endpoints of survey segments 3 and 4; however, a shift (DC offset, Figure 5b)
of +3.42 mV was required for gradient SP data along segment 2 after drift-correction to
properly align the beginning of survey segment 2 with the endpoint of survey segment
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1. The drift-corrected gradient SP data were then scrutinized to identify and manually
remove electrical noise in the form of relatively large-amplitude dipolar spikes caused
by approximately 10–15 low bridges (e.g., see Figure 4a) and several cast-iron pipelines
that spanned the river (geospatial coordinates of approximate noise locations are provided
by [57]). The maximum amplitude of manually removed electrical noise spikes in the data
exceeded 50 mV in some locations. This sequence of electrode-drift correction and manual
noise removal produced the drift-corrected, gradient SP profiles shown in Figure 6b (black).

Table 1. Summary of slopes, intercepts, and coefficients of determination from ordinary least
squares (OLS) regression lines fitted to the gradient SP data (electrode drift voltage), surface-water
temperature, and specific conductance.

Data Series Survey
Segment 1 Slope Intercept Coefficient of

Determination

Electrode Drift
Voltage

1 0.00035 −0.00472 0.9556
2 −0.00004 0.02242 0.0569
3 −0.00013 0.25666 0.0318
4 0.0002 −0.96317 0.0097

Surface-water
Temperature

1 0.00026 23.71262 0.9292
2 0.0002 22.60852 0.9717
3 0.00045 22.33067 0.9758
4 0.00035 22.71919 0.9939

Specific
Conductance

1 0.00304 623.7121 0.7115
2 0.00532 605.9887 0.7971
3 0.00614 611.4147 0.9433
4 0.00567 614.8888 0.9666

1 Survey segment 1: Leasburg Dam, New Mexico (N. Mex.) to Shalem Colony Trail bridge, Las Cruces, N. Mex.
Survey Segment 2: Shalem Colony Trail bridge to Mesilla Diversion Dam, Mesilla, N. Mex. Survey Segment 3:
Mesilla Diversion Dam to New Mexico State Road 189 bridge, Vado, N. Mex. Survey Segment 4: New Mexico
State Road 189 bridge to Farm-to-Market 259 bridge, Canutillo, Texas (Figures 1–3).

The drift-corrected gradient SP data (Figure 6b, black), denoted as ∆V (in units of mV),
were assumed to be a superposition of large and small-scale spatial components; a large-
scale (low-frequency spatial variation) “L” component, ∆VL (Figure 6b, red), a small-scale
(high-frequency spatial variation) “H” component ∆VH (not shown), and some unknown
level of noise, ∆VN, referred to herein as the “N” component (not shown). This assumption
was expressed as ∆V = ∆VL + (∆VH + ∆VN), where the combination of the H and N
components are considered the “HN” component and shown in Figure 6c (an intermediate
step in the decomposition). The drift-corrected gradient SP data were decomposed into
each of these components by signal processing, following the approach of [37].

The L component of the drift-corrected gradient SP data was estimated by convolution
of the drift-corrected data with the Gaussian filter in Equations (1) and (2). In the convolution
equation (Equation (1)), g[k] is the Gaussian-shaped impulse response function given in Equa-
tion (2), σ = 30 is the number of gradient SP measurements that define the half-width of g[k], n
is an index for the raw gradient SP data, and k is an index for the discrete sequence g[k].

∆VL[n] =
3σ

∑
k=−3σ

∆V[n − k]g[k] (1)

g[k] =
(

2πσ2
)−1/2

e−k2/2σ2
, k = −3σ, . . . , 3σ (2)

The HN component of the drift-corrected gradient SP data (Figure 6c) was produced
by subtracting the L component determined by Equation 1 from the drift-corrected gradient
SP data by ∆VHN = (∆VH + ∆VN) = ∆V − ∆VL. This component represents variability
in the gradient SP data that occurs over a much smaller spatial scale in the Rio Grande
compared to the L component data, which is smooth compared to the HN component.
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The H component (i.e., a signal of possible interest [37]) was partitioned from the HN
component by applying the windowed moving average filter formulated by [37] to the HN
component data in Figure 6c. The moving average filter is a technique that is commonly
used to partition gravity, magnetic, and SP data into residual and regional components [59].
This filter, when applied to the data in Figure 6c, produced an estimate of the N compo-
nent of the gradient SP data, which was subtracted from the HN component to produce
∆VH = ∆VHN − ∆VN.
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Figure 6. Photograph of data acquisition procedure, and drift-corrected gradient SP data measured in the Rio Grande
across the Mesilla Valley with decomposed large- and small-scale spatial components. (a) Photograph of data acquisition
procedure along the left (east) bank of the Rio Grande (looking downstream to the southeast). (b) Drift-corrected gradient
SP data (black) and low-frequency (L) component (red) of the data determined by convolution with a Gaussian filter.
(c) Combination of high-frequency (H) and noise (N) components of the drift-corrected gradient SP data, determined by
subtracting the L component from the drift-corrected gradient SP data. The starting and ending points of survey segments
1–4 are depicted in Figures 1–3.

The drift-corrected gradient SP data, and the L, H, and N components, were each
converted to electric field strength by Ej = −∆Vj/∆L (in mV per meter), where ∆Vj (mV)
is the gradient SP data of component j and ∆L = 0.5 m is the length of the electric dipole
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used during data acquisition. The Ej profiles were each numerically integrated into electric-
potential profiles, Vj (mV), by Equation (3), where Vj[n] is the integrated electric potential
corresponding to component j.

Vj[n] = Vj[n − 2] +
1
3

Ej[n] +
4
3

Ej[n − 1] +
1
3

Ej[n − 2] (3)

The electric-potential profiles corresponding to each component of the gradient SP
data are shown in Figure 7. Figure 7a shows the result of integrating the drift-corrected
gradient SP data (black curve, Figure 6b) prior to partitioning the data into the L and
HN components. Figure 7b,c show the results of integrating the L and H components of
gradient SP data, respectively.
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Figure 7. Electric potential profiles in the Rio Grande across the Mesilla Valley, determined by numerical integration of
drift-corrected gradient SP data and the corresponding L and H components using Equation (3). The starting and ending
points of survey segments 1–4 are depicted in Figures 1–3. (a) Integration of drift-corrected gradient SP data prior to
decomposition into L and HN components. (b) Integration of the L component. (c) Integration of the H component after
removing an estimate of the N component produced by filtering with a windowed moving average filter described by [37].
The spike observed along survey segment 2 is about 200-m wide and collocated with the drop in gradient SP data along
survey segment 2 (Figure 6b) and discrete spikes in measured surface-water temperature and specific conductance (Figure 8).
Note the differences in scale of the y-axes based on the integrated component.

3.2. Surface-Water Temperature and Conductivity Logging

Surface-water temperature and conductivity data were logged simultaneously with
gradient SP data at a period of 2 s per measurement. The surface-water conductivity data
were corrected to specific conductance using Equation (4) [60], where σs is the specific
conductance (conductivity relative to a temperature of 25 degrees Celsius, in microsiemens
per centimeter), T is the measured surface-water temperature (degrees Celsius), and σ is
the measured surface-water electric conductivity (microsiemens per centimeter).

σs =
σ

1 + 0.02(T − 25)
(4)

The temperature and specific conductance data are color-coded by survey segment
and plotted in Figure 8a,b relative to the initial measurements at the upstream ends of the
segments, to show the total change in temperature and specific conductance along each
segment in a comparable manner. Linear increases in temperature and specific conductance

143



Water 2021, 13, 1331

data occurred along each of the survey segments, from upstream to downstream, and the
temperature and specific conductance data were therefore corrected (before referencing the
initial measurements). Data corrections were made by fitting OLS regression lines to the
data from each survey segment and subtracting the OLS regression lines corresponding
to each survey segment from the corresponding temperature and specific conductance
data. Subtracting the OLS regression lines produced profiles that showed the deviations
of the respective variables around the linear increases in the data. The deviations are
aligned end-to-end by survey segment between the Leasburg Dam and the FM 259 bridge
in Canutillo, Tex. (Figure 8c,d). The slopes, intercepts, and coefficients of determination of
the fitted OLS regression lines are summarized in Table 1.
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Figure 8. Surface-water temperature and specific conductance data measured in the Rio Grande. (a) Raw temperature
data measured along individual survey segments, plotted relative to the initial measurements at the upstream ends of the
segments. (b) Raw specific conductance data measured along individual survey segments, plotted relative to the initial
measurements at the upstream ends of the segments. (c) Temperature deviations about the linear increases of the data in
panel a, versus survey distance. (d) Specific conductance deviations about the linear increases of the data in panel b, versus
survey distance. The starting and ending points of survey segments 1–4 are depicted in Figures 1–3.

4. Results and Discussion

The locations of surface-water gains and losses are interpreted in this section by a
combined analysis of electric-potential data (Figure 7), surface-water temperature and
specific conductance data (Figure 8), and relative median gains and losses in streamflow
along the survey reach (Figure 9a). Across the Mesilla Valley, hydraulic conditions beneath
the Mesilla Valley floor control the vertical hydraulic gradient between the river and the
Rio Grande alluvium via the vertical hydraulic gradient between the Rio Grande alluvium
and the upper part of the Santa Fe Group. Because the vertical hydraulic gradient varies
along the survey reach (Figure 3), streaming potentials appear to make a predominant
contribution to the electrostatic field in the surface water, and the electric potentials deter-
mined from the gradient SP data correspond notably well to the relative median gain/loss
curve determined by annual streamflow measurements.
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4.1. Comparison of Electric Potential to Streamflow 
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potential profile that contains both low- and high-frequency variations (Figure 7c). This 
effect was also observed by [37] (see their Figure 5) along 15 km of the lower Guadalupe 
River across the surficial exposure of the rocks that compose the Carrizo-Wilcox aquifer. 
The H-component electric potential of the lower Guadalupe River was related by [37] to 
a superposition of localized bedform-driven hydrodynamic hydraulic gradients and 
reach-scale hydraulic gradients driving hyporheic flow cells, which were collectively 
superimposed upon a broader quasi-static regional hydraulic gradient. Superposition of 
the hydraulic gradients at various spatial scales influenced the exchange processes 
between the lower Guadalupe River and the Carrizo–Wilcox aquifer at variable spatial 

Figure 9. (a) Comparison of integrated electric potential (black) integrated from the H component of drift-corrected gradient
SP data (see also Figure 2 for locations of seepage-measurement stations) with streamflow data (blue) published by [2,46,61].
Station S02 is relative to station S01 located near 0 km on the horizontal axis (Figure 3). Station S14 is relative to Station S13.
Color-shading represents the 2010–2011 water-level differences between the Rio Grande alluvium and the upper part of the
Santa Fe Group (Figure 3). Water-level differences greater than 0 m (blue shades) indicate that the hydraulic head in the Rio
Grande alluvium is greater than the hydraulic head in the upper part of the Santa Fe Group, whereas differences less than 0
m (red shades) indicate the opposite. (b) Comparison of resistivity profiles at average depths of 3.5 m (black) and 50 m (red)
beneath the Rio Grande, determined from helicopter frequency-domain electromagnetic surveys.

4.1. Comparison of Electric Potential to Streamflow

Integration of the H component of the gradient SP profile produced a streaming
potential profile that contains both low- and high-frequency variations (Figure 7c). This
effect was also observed by [37] (see their Figure 5) along 15 km of the lower Guadalupe
River across the surficial exposure of the rocks that compose the Carrizo-Wilcox aquifer.
The H-component electric potential of the lower Guadalupe River was related by [37]
to a superposition of localized bedform-driven hydrodynamic hydraulic gradients and
reach-scale hydraulic gradients driving hyporheic flow cells, which were collectively
superimposed upon a broader quasi-static regional hydraulic gradient. Superposition
of the hydraulic gradients at various spatial scales influenced the exchange processes

145



Water 2021, 13, 1331

between the lower Guadalupe River and the Carrizo–Wilcox aquifer at variable spatial
scales, from localized gains and losses attributed to channel bedforms, to the regional
net gains and losses across the surficial exposure of the rocks that compose the aquifer.
Through numerical modeling and waterborne electric resistivity tomography, the low-
frequency variation of the data presented by [37] was attributed to net gains and losses
influenced by the regional hydraulic gradient in the surficial exposure of the rocks that
compose the Carrizo–Wilcox aquifer. Through signal processing and numerical modeling,
the high-frequency variation was attributed to localized hydrodynamic gradients, created
by riffle and pool sequences along the riverbed that created negative and positive vertical
hydraulic gradients, associated with distinct patches of surface-water losses and surface
water gains, respectively. The H-component electric potential in the lower Guadalupe
River was shown by [37] to be a signal of interest because it reflected gaining and losing
conditions at the regional scale, the reach scale, and smaller spatial scales.

If the underlying assumption that the electric potential is predominantly of streaming
potential origin is valid, then the electric-potential profiles in Figure 7a–c, in theory, repre-
sent net gain or loss in the Rio Grande by changes in the polarity of the steaming-potential
component inherent within the data. A comparison of the electric potential integrated from
the H component of gradient SP data (Figure 7c) with relative median streamflow gain
and loss along the survey reach (Figure 9) indicates that streaming potential was likely
the predominant contribution to the electric-potential field in the surface water of the Rio
Grande at the time of the geophysical logging survey. Figure 9a depicts the relative median
gain or loss (blue curve) at seepage-measurement stations shown in Figure 2, relative to the
adjacent (upstream) measurement station along the survey reach of Rio Grande (S02–S04,
etc.), in comparison to 2010–2011 water-level differences (color-shading) between the Rio
Grande alluvium and upper part of the Santa Fe Group in Figure 3 and the H-component
electric-potential in Figure 7c. Profiles of electric resistivity at average depths of 3.5 m and
50 m beneath the Rio Grande are shown in Figure 9b. The relative median net streamflow
gain/loss curve reflects long-term conditions, whereas the electric potential is a relatively
instantaneous representation by comparison. The double vertical axes in Figure 9a are
aligned at 0 cubic meters per second (blue series, left vertical axis) and 0 millivolts (black
series, right vertical axis), such that everything above the red line represents a surface-water
gain, and everything below the red line represents a surface-water loss, for both data series
(assuming the black curve is an adequate representation of the streaming potential). Station
S02 is plotted relative to the initial station S01 near x = 0 km on the horizontal axis (see also
Figure 3), and station S14 is plotted relative to station S13. Reductions of relative median
gain or loss in streamflow between two adjacent stations represent net losses along the
survey segments and increases represent net gains, whereas negative electric potential
is interpreted as representative of a net losing condition and positive electric potential is
interpreted as representative of a net gaining condition [44].

The shape and sign of the relative median streamflow gain/loss curve in Figure 9
resemble quite closely the shape and polarity of the electric-potential profiles upstream
and downstream from the Mesilla Diversion Dam (proximal to station S13). The relative
median streamflow gain/loss curve indicates not only that the Rio Grande is generally
a losing river throughout much of the study area, but also that there are several reaches
where a relative gain in streamflow may occur between adjacent stations. Net losses occur
between stations S02 and S13 in spite of apparent net gains between S02 and S04, S05 and
S07, and S10 and S12. The electric-potential profile has the same general pattern of the
streamflow gain/loss curve upstream from the Mesilla Diversion Dam. Electric potential
is entirely negative upstream from the Mesilla Diversion Dam and decreases along the
entire reach between the Leasburg Dam and Mesilla Diversion Dam. There are several
clear slope breaks in the electric potential along this reach (just upstream from S05 and at
S10), although it is unclear if or how they may be related to the relative median streamflow
gain/loss curve. The intermittent gain between S10 and S12 appears to be a result of
the isolated ~200-m long gaining reach, demarcated by the discrete spike in the electric

146



Water 2021, 13, 1331

potential at S10. The spike at S10 is coincident with discrete increases in surface-water
temperature and specific conductance (Figure 8) and a discrete reduction in gradient SP
voltage measured in the river along segment 2 (Figure 6b).

The increase in electric potential at the Mesilla Diversion Dam between S12 and S13 is
a result of the discontinuous nature of the electric profile across the dam. Gradient SP data
could not be measured over the dam, and so the electric-potential profile downstream from
the Mesilla Diversion Dam represents conditions relative to the beginning of the reach at
the Mesilla Diversion Dam, which represents a point of zero reference potential. A neutral
condition (no apparent gain or loss) is indicated in the relative median streamflow gain/loss
curve between S13 and S16. This neutral condition, shown in the streamflow gain/loss
curve, corresponds to an approximately constant neutral to mild gaining condition, as
shown by the electric-potential profile between the Mesilla Diversion Dam and a point
about 6 km downstream from S16. This condition, marked by a positive electric potential
of less than 1 mV, begins at the Mesilla Diversion Dam and remains relatively constant
for approximately 12 km downstream along most of survey segment 3. The net losing
condition between stations S16 and S17 in the relative median streamflow gain/loss curve
is not clearly observed in the electric-potential profile and is a possible result of either a
true gaining condition at the time of the survey or a strong vertical concentration gradient
masking the losing condition in the relative median net streamflow gain/loss curve by
a positive diffusion potential. The resistivity profile data in Figure 9b support the latter,
where resistivity at an average depth of 50 m shows a notable decrease in resistivity at
this location that is not prevalent in the resistivity profile at an average depth of 3.5 m
beneath the channel. However, the net gain between S17 and S21 is clearly represented by
the electric-potential profile, which shows a steadily increasing potential from negative to
positive between 12 km and 22 km downstream from the Mesilla Diversion Dam at the
end of segment 3 and into approximately the first half of survey segment 4, before it peaks
near station S19 and begins to decrease. The net loss between S21 and S26 is clearly seen in
the electric potential profile in the second half of survey segment 4, which decreases over
an 18-km segment to the end of segment 4 and indicates a net surface-water loss.

The shaded areas in Figure 9 represent the 2010–2011 water-level differences between
the Rio Grande alluvium and the upper part of the Santa Fe Group that are mapped in
Figure 3. Water-level differences greater than 0 m (blue shade) indicate that the hydraulic
head in the Rio Grande alluvium is greater than the hydraulic head in the upper part of
the Santa Fe Group, whereas differences less than 0 m (red shade) indicate the opposite.
Under any flow conditions, a losing reach of the river occurs when the hydraulic head
in the Mesilla Basin aquifer is less than the hydraulic head supplied by the Rio Grande
with the vertical hydraulic gradient oriented downward, and a gaining reach of the river
occurs when the hydraulic head in the Mesilla Basin aquifer exceeds the hydraulic head
supplied by the river, with the vertical hydraulic gradient oriented upward. With this
in mind, it is worth noting that the relative median streamflow gain/loss and electric
potential data in Figure 9 represent different seasons (non-irrigation vs. irrigation seasons,
respectively) and therefore entirely different flow conditions in the river and vertical
hydraulic gradients. Streamflow was measured in February of each survey year (1988–1998,
2004–2013) during a low-flow condition in the non-irrigation season, whereas the electric
potential profile was measured in June and July 2020 during a bankfull flow condition
at the peak of the irrigation season. During the non-irrigation season, well pumps are
off and horizontal hydraulic gradients between the floodplain and the river are reduced
relative to the irrigation season, which minimizes surface-water loss into the floodplain in
the capture zones of irrigation wells. The river stage is at a minimum, which minimizes the
vertical hydraulic gradients and the potential for surface-water losses in losing reaches and
enhances the vertical hydraulic gradients in gaining reaches and maximizes the potential
for surface-water gains. In contrast, during the irrigation season, groundwater pumping
on the floodplain steepens horizontal hydraulic gradients between the floodplain and the
river and maximizes surface-water losses into the floodplain in the capture zones of the
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pumping wells. The river stage is at a maximum (bankfull flow), which maximizes the
vertical hydraulic gradients and the potential for surface-water losses in losing reaches
and reduces vertical hydraulic gradients in gaining reaches (possibly reversing them)
and minimizes the potential for surface-water gains. The implication of the differences
in flow conditions represented by the relative median streamflow gain/loss and electric
potential profile in Figure 9a is therefore that the relative median streamflow gain/loss
curve likely minimizes surface-water losses and enhances surface-water gains, whereas the
electric potential profile likely enhances surface-water losses and minimizes surface-water
gains. One possible example of this effect in Figure 9a is the noticeable gains in streamflow
between S02 and S04, and S05 and S07, which are not apparent in the electric potential
profile data.

4.2. Surface-Water Temperature and Specific Conductance Data

Surface-water temperature and specific conductance data show subtle, indirect indica-
tors of surface-water gains at several locations along the survey reach, but do not appear
to show clear anomalies attributed to losing reaches. The data (Figure 8a,b) show that
differences exist between the survey segments upstream and downstream from Mesilla
Diversion Dam. Data corresponding to survey segments upstream from Mesilla Diversion
Dam (survey segments 1 and 2) have roughly the same slope, as do those of survey seg-
ments downstream from the dam (survey segments 3 and 4); however, the slopes of profile
data downstream from the dam are comparatively greater than for those upstream. When
plotted against one another (Figure 10), the temperature and specific conductance devia-
tions indicate that survey segments 2 and 4 can be further subdivided into sub-segments on
the basis of different relations between surface-water temperature and specific conductance
deviations about the linear increases that were removed from the data (Figure 8a,b).
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The apparent main pattern in Figure 10 (approximated by the pink box) shows a
general linear increase to which the main point cloud of surface-water temperature and
specific conductance data appear to adhere. The general adherence to this pattern by data
from multiple survey segments shows that the surface-water temperature and specific
conductance relations are roughly similar throughout the majority of these segments.
However, two individual survey segments show that more than one unique temperature-
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specific conductance relation exists in the surface water along the survey segments. The
upward inflection from the pattern observed in survey segment 2 data (Figure 10, Pattern 2)
indicates that temperature and specific conductance vary differently in some parts of survey
segment 2 than in others, with specific conductance showing increases (positive deviations)
relative to the linear increase that was removed from the data. Data that comprise Pattern
2 coincide with temperature and specific conductance spikes observed along the survey
segment 2 (Figure 8c,d), the discrete decrease in gradient SP voltage observed on survey
segment 2 (Figures 5b and 6b), and the isolated ~200-m wide positive electric-potential
spike on survey segment 2 near seepage-measurement station S10 (Figure 9).

Two distinct surface-water temperature and specific conductance relations exist along
survey segment 4 (Figure 10, Patterns 3 and 4). Like survey segment 2, the different patterns
indicate that temperature and specific conductance vary differently in some parts of survey
segment 4 than in others, and also differently relative to the main apparent pattern and
Pattern 2. Both individual increases observed in the data from survey segment 4 have
approximately the same apparent slope, which also appears to be consistent with the slope of
the main apparent pattern of increases (pink box). Pattern 3 is characterized by larger specific
conductance deviations than Pattern 4 and shows both positive and negative temperature
deviations relative to the linear increase that was removed (Figure 8a,b). The Pattern 3
data coincide with the positive electric-potential observed between seepage-measurement
stations S17 and S21 (Figure 9), which is shown to be a gaining reach in both the electric
potential and the relative median streamflow gain/loss curve. This reach of the river is
characterized by decreased electrical resistivity (Figures 2, 3 and 9b) beneath the riverbed,
attributed to saline groundwater upwelling from the Santa Fe Group into the Rio Grande
alluvium and ultimately into the Rio Grande [2,62]. Pattern 4 is characterized generally
by smaller positive specific conductance deviations compared to those of Pattern 3, and
the temperature deviations that comprise the increase appear to be predominantly, if
not entirely, positive. The surface-water temperature and specific conductance data that
comprise Pattern 4 coincide with the reach between seepage-measurement stations S21
and S26, which is a losing reach defined by both the streamflow gain/loss curve and the
electric potential profile (Figure 9).

5. Conclusions

Gradient SP, surface-water temperature, and surface-water conductivity data were
continuously logged along the left bank of the Rio Grande between Leasburg Dam, New
Mexico, and Canutillo, Texas, during bankfull flow conditions between 26 June and 2 July
2020. Four survey segments, each 15 km to 25 km in length, were individually surveyed and
processed into two longer reaches (one reach upstream and one reach downstream from
the Mesilla Diversion Dam) for the interpretation of surface-water gain or loss. Gradient SP
profiles were corrected for transient electrode-drift, decomposed into scale-representative
components, and numerically integrated separately into electric-potential profiles that were
interpreted in the context of surface-water gains and losses by comparison with water-level
differences mapped in wells completed in the Rio Grande alluvium and the upper part of
the Santa Fe Group, and relative median streamflow gain/loss quantified by streamflow
measured at 16 stations along the survey reach.

The electric-potential profiles integrated from gradient SP data each displayed a similar
appearance along the survey reaches upstream and downstream from the Mesilla Diversion
Dam, but with larger amplitudes corresponding to the larger spatial scale. Integration of
the L component produced an electric potential amplitude of ~14 V along the 32-km reach
between the Leasburg Dam and Mesilla Diversion Dam, and an amplitude of about 8 V
downstream from the Mesilla Diversion Dam, whereas integration of the H component
produced an electric potential amplitude of ~40 mV and 25 mV, respectively, along the
same reaches. At the time of the survey, the 32-km long reach between the Leasburg Dam
and Mesilla Diversion Dam showed a strong propensity for net surface-water losses along
the entire reach, with only one location showing indicators of small-scale isolated gain of
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saline groundwater over a 200-m long reach that coincided with increased surface-water
specific conductance (positive deviations relative to the increase observed in the specific
conductance data). Downstream from the Mesilla Diversion Dam, electric-potential data
indicated a neutral to a mild propensity for surface-water gain for approximately 12 km,
that increased between 12 km and 22 km from the Mesilla Diversion Dam, where the gaining
condition peaked and began the final transition to a losing condition along the remaining
18 km of the survey reach. The electric potential in the Rio Grande compared notably
well with relative median streamflow gain/loss along the reach, and the combination
of geophysical and hydraulic data interpreted herein shows the value and usefulness of
gradient self-potential logging in rivers for identifying gaining and losing reaches at the
regional or basin scale.

The gradient self-potential survey and data processing described herein support the
fundamental science objectives of the Transboundary Aquifer Assessment Act (Public Law
109-448) by expanding the available geophysical tools and developing new datasets to
assess groundwater and surface-water connectivity between transboundary aquifers and
surface-water resources in the United States–Mexico border region. The approach used in
this work has great potential for enabling a better understanding of the extent to which
transboundary aquifers may be used as sources of water supply, and a means of quickly
assessing the vulnerability of transboundary aquifers to anthropogenic or environmental
contamination through surface-water connectivity. Gradient self-potential logging is appli-
cable to other transboundary aquifers and is easily adapted to time-lapse monitoring for
studying seasonal and annual changes in groundwater and surface-water connectivity in
the border region.
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Abstract: Freshwater scarcity has raised concerns about the long-term availability of the water
supplies within the transboundary Mesilla (United States)/Conejos-Médanos (Mexico) Basin in Texas,
New Mexico, and Chihuahua. Analysis of legacy temperature data and groundwater flux estimates
indicates that the region’s known geothermal systems may contribute more than 45,000 tons of
dissolved solids per year to the shallow aquifer system, with around 8500 tons of dissolved solids
being delivered from localized groundwater upflow zones within those geothermal systems. If this
salinity flux is steady and eventually flows into the Rio Grande, it could account for 22% of the
typical average annual cumulative Rio Grande salinity that leaves the basin each year—this salinity
proportion could be much greater in times of low streamflow. Regional water level mapping indicates
upwelling brackish waters flow towards the Rio Grande and the southern part of the Mesilla portion
of the basin with some water intercepted by wells in Las Cruces and northern Chihuahua. Upwelling
waters ascend from depths greater than 1 km with focused flow along fault zones, uplifted bedrock,
and/or fractured igneous intrusions. Overall, this work demonstrates the utility of using heat as a
groundwater tracer to identify salinity sources and further informs stakeholders on the presence of
several brackish upflow zones that could notably degrade the quality of international water supplies
in this developed drought-stricken region.

Keywords: salinization; transboundary aquifers; geothermal; international water supplies; water
quality; upflow; vertical groundwater flow; heat transport; thermal modeling

1. Introduction

Natural and anthropogenic salinization of water supplies challenges sustainable water
resource management, particularly in drought-stricken regions such as the southwestern
United States and northern Mexico [1]. The transboundary Mesilla (United States)/Conejos-
Médanos (Mexico) Basin (referred to herein as the Basin) of New Mexico and Texas (United
States) and Chihuahua (Mexico) is one populated region facing these challenges in light of
declining water levels, deteriorating water quality, and increased water use on both sides
of the international border (Figure 1) [2]. Both groundwater and the Rio Grande (United
States)/Rio Bravo (Mexico) are heavily relied upon to meet water demand. Hogan et al.
(2007) have shown that Rio Grande chloride concentration more than doubles from around
120 milligrams per liter (mg/L) to 280 mg/L between the inlet and outlet of the Mesilla
portion of the Basin (Mesilla) [3]. Driscoll and Sherson (2016) later demonstrated that
during periods of minimal upstream reservoir releases (i.e., non-release seasons) within
the 2009 to 2013 time period, Rio Grande salinity (as approximated by total dissolved
solids (TDS)) averaged about 1500 mg/L at the basin inlet (RG-LB, Figure 1) and increased
to approximately 2200 mg/L at the outlet (RG-EP, Figure 1) [4]. This salinity increase,
along with similar spatial trends in groundwater salinity, are likely affected by several
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factors, including (1) runoff and recharge from agricultural activity, (2) wastewater dis-
charge, (3) evapoconcentration, (4) topographically and/or buoyancy driven upwelling
(vertical flow/upflow) of geothermal and non-thermal groundwater, and (5) intra-basin
groundwater flow from surrounding basins [3,5–11].

Salinity contributions from geothermal waters, meaning salinity from waters of nat-
urally elevated temperature, have not been studied as extensively in this region as some
of the other salinity mechanisms and are the focus of this research. Three prominent
geothermal systems have been identified in the study area, where previous research has
largely focused on geothermal energy production and development rather than salinity
contributions [12–16]. Upwelling waters associated with these geothermal systems have
naturally elevated salinities ranging from about 1800 to 4800 mg/L and therefore have the
potential to degrade surrounding freshwater supplies [15–17]. This work combines previ-
ously published geothermal discharge estimates and historical (1972–2018) temperature
measurements to identify prominent geothermal groundwater upflow zones and estimate
their salinity contribution to the region’s primary aquifer system and to the Rio Grande.

Analyzed temperature data includes temperature measured as a function of depth
(temperature profile) collected within 379 wells dispersed throughout the Mesilla [18].
Temperature profiles typically portray a linear increase in temperature with depth when
groundwater flow rates (i.e., advection) are slow. Systematic curvature is evident in tem-
perature profiles when vertical and/or horizontal advection rates dominate over thermal
conduction; the degree of curvature increases with higher rates of advection [19]. This
systematic relation between profile curvature and flow rates enables the quantitative esti-
mation of discharge based on temperature data, thereby permitting heat to be used as a
groundwater tracer [19]. This research entails the following: (1) classifying temperature
profile curvature, (2) calculating 1D vertical flow rates for the temperature profiles that have
upflow curvature, (3) estimating corresponding spatial areas of upflow, and (4) coupling
estimated vertical flow rates, areas, and groundwater salinity data to estimate potential
volumetric salinity contributions to the primary aquifer system and the Rio Grande. This
approach identifies prevalent geothermal upflow zones that are localized within more
broadly defined and diffuse upwelling geothermal systems. Estimates of salinity flux
were also computed for the broad geothermal systems if previously published geothermal
discharge estimates were available.

Overall, this work confirms the notable salinity flux associated with geothermal waters
upwelling in the Mesilla. Identified localized upflow zones likely contribute upwards of
8500 tons of dissolved solids to the shallow aquifer system annually, or approximately 4%
of average annual cumulative Rio Grande dissolved solids leaving the basin from 2009
through 2013 [4]. Coupling previously published estimates of geothermal discharge for the
broad geothermal systems with corresponding geothermal groundwater salinity indicates
that the total geothermal salinity contributions may be much higher, exceeding 45,000 tons
of dissolved solids per year, or 22% of 2009–2013 average annual cumulative Rio Grande
mass flux at the basin outlet. Groundwater elevation mapping of water levels measured
in 2010 indicates that brackish groundwater from identified upflow zones likely flows
towards northern Chihuahua in Mexico, and Las Cruces, the southern Mesilla, and the Rio
Grande within the United States [20]. Generally, this work indicates geothermal waters
may appreciably affect the salinity budget for this region, both in the United States and
Mexico, identifies localized upflow zones that could inform future mitigation efforts, and
demonstrates the utility of using heat as a groundwater tracer to evaluate geothermal
salinity fluxes.
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Figure 1. Local (A) and regional (B) maps showing the location of the study area in the United
States (New Mexico and Texas) and Mexico (Chihuahua) [21,22]. All analyzed temperature data in
this work were collected in the United States, while interpreted groundwater elevation mapping
covers substantial portions of the aquifer system in both countries. Stream gage abbreviations are
as follows: RG-LB = USGS 08363510 Rio Grande below Leasburg Dam at Fort Selden, New Mexico;
RG-EP = USGS 08364000 Rio Grande at El Paso, Texas [23].

2. Background
2.1. Description of the Study Area

The study area is the Mesilla (United States)/Conejos-Médanos (Mexico) Basin and
the corresponding aquifer system, which covers a total area of about 7200 square kilome-
ters (km2), with around 2700 km2 (37%) in the United States (U.S.) and 4500 km2 (63%) in
Mexico (Figure 1) [21]. The Mesilla portion of the Basin (Mesilla) is further divided into the
West Mesa and the East Mesa, which are separated by the Mesilla Valley. This study area is
in the southern portion of the Rio Grande rift, a tectonically active extensional province that
stretches from southern Colorado into Mexico and is bound by numerous fault zones and
upland areas [24–27]. An extensive basalt field, including Kilbourne Hole and Hunt’s Hole
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(volcanic maars) and several igneous intrusions, is in the southwest Mesilla within and
near the West Potrillo Mountains and the East Potrillo Mountains [21,27,28]. The landscape
of the Conejos-Médanos portion of the Basin (Conejos-Médanos) is dominated by dune
fields [29].

Regional climate has been described as arid and dry with low humidity and precip-
itation, high evaporation, and a wide range of temperature and vegetation types [21,29];
these characteristics are often strongly elevation dependent. Most precipitation falls during
July through September as monsoonal rainfall [29,30].

The main surface water features in the area are the Rio Grande (U.S.)/Rio Bravo
(Mexico) and an intricate network of irrigation canals that are primarily fed by diverted
Rio Grande water [4,29,31]. The Rio Grande enters the Mesilla through Selden Canyon
north of Las Cruces near the RG-LB stream gage and the adjacent Leasburg Diversion Dam
(Figure 1). The river flows south-southeast through the Mesilla Valley before exiting the
Basin at the Paso del Norte near the RG-EP stream gage at El Paso, where it forms the
U.S./Mexico international border. Surface water flow is strongly dependent on releases
from upstream reservoirs, with the highest flows typically occurring during the summer
growing season [4]. Flows dramatically decline or cease when reservoir releases are halted,
typically during the winter months. The Rio Grande alternates between being a losing
and gaining stream and water quality generally degrades as the river traverses the Mesilla
Valley [4,6,11].

The Quaternary/late Tertiary Santa Fe Group sediments and Quaternary Rio Grande
Valley alluvium constitute the Basin’s aquifer system and are the primary regional
aquifers [4,21,27]. More than 120 million acre-feet of groundwater is estimated to be poten-
tially recoverable from this mixture of unconsolidated sand, gravel, silt, and clay [20,27].
Groundwater salinity varies widely from less than 500 mg/L to about 30,000 mg/L, with a
prominent zone of brackish to highly saline (5000 to 30,000 mg/L) groundwater located
near the Basin outlet (Figure 1) [3,6,11,21]. This groundwater zone is likely associated, in
part, with regional-scale non-thermal groundwater upwelling [3,5,11]. The base of the
aquifer system is defined by a variety of consolidated rocks including Precambrian crys-
talline rocks; Paleozoic and Mesozoic dolomite, limestone, and sandstone; intrusive rocks;
and Paleogene sedimentary and volcanic rocks—all of which are referred to as basement
rocks herein [27,29]. Exposures of these rocks are largely in upland areas and where horst
blocks crop out. Depths to these bedrock units also become shallower at the Basin margin,
notably near the Basin outlet at Paso del Norte.

Recharge to the aquifer system is mainly within the Mesilla Valley along losing reaches
of the Rio Grande and irrigation canals, with smaller amounts of mountain front recharge
near upland areas [6,11,17,21]. Groundwater salinity is often less than 250 mg/L in local
mountain front recharge areas, whereas surface water recharge commonly ranges from
around 400 to 2200 mg/L [4,11].

International groundwater elevation mapping indicates that groundwater generally
flows towards the Rio Grande and that some groundwater flows from the Conejos-Médanos
in Mexico into the Mesilla in the United States [20,29]. Groundwater generally flows east-
southeast in the West Mesa, south-southeast in the Mesilla Valley, and south-southwest
in the East Mesa. In contrast, groundwater flows north-northwest from the southern
Conejos-Médanos towards lowlands in the western part of the basin. From the lowlands,
groundwater slowly moves north-northeast towards the Mesilla and Rio Grande.

The area has largely been developed for agriculture since the 1900s, but also contains
relatively large population centers in Las Cruces, El Paso, and Ciudad Juárez (Figure 1) [29,31].
Groundwater is the primary drinking water supply and supplements surface water for
irrigation [29,31]. Some of the groundwater that flows towards the United States from
Mexico is intercepted by a municipal wellfield that supplements water supply to Ciudad
Juárez [20,29]. Generally, dependence on groundwater in the region results in notable water
level fluctuations, particularly in the Mesilla Valley where agricultural development is most
prominent [31].
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2.2. Known Geothermal Systems within the Study Area

There are at least three known geothermal systems in the study area, all of which
are in the Mesilla. The East Mesa geothermal system is thought to be one of the largest
low-temperature (less than 90 ◦C) systems in the United States, spanning from east of
Las Cruces southward to nearly the Texas Stateline (Figure 1) [13]. Geothermal upwelling
associated with this system is fault-controlled and focused along a largely buried horst
block. Estimated natural groundwater discharge from heat flow analyses for the broad
footprint of this system is upwards of 15,000 acre-feet per year [13]. A portion of this system
was developed east of Las Cruces near Tortugas Mountain for college campus heating,
greenhouse heating, and aquaculture [15]. Produced waters are typically around 64 ◦C
with an average TDS of about 1800 mg/L [15]. Groundwater volumes between 1225 and
1780 acre-feet per year may naturally discharge from this portion of the system alone [6,32].

The Radium Springs geothermal system, located near the basin inlet adjacent to the RG-
LB stream gage (Figure 1), is another developed geothermal system in the Mesilla [13,14,16].
This system serves one of the largest geothermal greenhouses in the United States at Masson
Farms of New Mexico [13,16]. The geothermal anomaly is thought to cover an area of about
78 km2 [13]. Geothermal upwelling is associated with Quaternary faulting and outflow
within a highly fractured rhyolitic intrusion [13,16]. No previously published estimates
of natural discharge are known to the authors, possibly due to data scarcity because the
system is largely developed on private land. Temperatures of produced waters are about
99 ◦C with TDS around 3650 mg/L [16].

Lastly, the low-temperature East Potrillo geothermal system is an undeveloped re-
source in the southern foothills of the East Potrillo Mountains (Figure 1) [12]. Geothermal
upwelling is controlled by the East Potrillo fault zone and corresponding highly fractured
East Potrillo Mountain horst block [12]. Heat flow analysis indicates a groundwater dis-
charge rate of approximately 970 acre-feet per year over an area of about 2.4 km2 [12].
Groundwater chemistry of produced water is unknown because this system is undevel-
oped; however, historical data collected nearby along the same fault zone indicates specific
conductance (SC) values of 7400 microsiemens per centimeter (µS/cm) [23]. Using the SC
to TDS conversion factor from Driscoll and Sherson (2016) of 0.6518 yields a TDS estimate
of 4823 mg/L for the East Potrillo geothermal waters [4].

Provided the elevated salinity of the geothermal waters in the study area (1800 to over
4800 mg/L) and notable corresponding discharge rates, these three systems alone have the
potential to adversely affect the groundwater chemistry of the shallow aquifer system and
of the Rio Grande in this region.

2.3. Using Heat as a Groundwater Tracer

Water carries heat with it as it flows, which enables temperature measurements to
be used to trace groundwater flow. When advection rates are high enough, the water
possesses a temperature signature that is characteristic of its flow history. For example, hot
water upwelling from deep within the earth may remain hot when it reaches the shallow
aquifer system or land surface (as hot springs), given appropriate advection, conduction,
and mixing conditions. Figure 2 illustrates how the advective transport of heat in vertical
(upflow and downflow) and horizontal (lateral) groundwater flow can perturb a typical
linear conductive geothermal gradient in measured temperature profiles. This concept
gives rise to the idea of using heat as a groundwater tracer. Anderson (2005) provides a
detailed review of the extensive work that has been done using heat as a tracer dating
back to the 1950s [19]. This technique has been successfully used in many ways, including
the estimation of recharge and discharge rates, hydraulic conductivities of streambeds,
basin-scale permeabilities, and hyporheic zone flow patterns [19]. Herein, heat is used
as a tracer to estimate vertical salinity fluxes at locations that have a temperature profile
curvature that is indicative of groundwater upflow.
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Figure 2. Schematic showing typical temperature profile deviations from the conductive case because
of horizontal or vertical groundwater flow. The surficial zone refers to depths in which temperatures
are influenced by relatively short-term (e.g., daily, seasonal) temperature variations.

3. Materials and Methods

The analyses presented herein include using legacy temperature data to estimate
the salinity flux associated with groundwater upflow zones within the study area. This
methodology included data preparation, temperature profile curvature classification to
identify upflow zones, and estimation of salinity fluxes from identified upflow zones and
their host geothermal systems.

3.1. Description of Data

Data used in this study were historical industry, academic, and researcher data that
were collected and/or compiled by the New Mexico Bureau of Geology and Mineral
Resources. The analyzed dataset included 379 temperature profiles made up of 11,161 in-
dividual temperature measurements. Corresponding lithology records, which included
thermal conductivity and porosity estimates in some cases, were identified for 199 (52.5%)
profiles. Much of these data (98%) were collected during a period of extensive geothermal
exploration within the study area in the late 1970s and early 1980s. Of all the profiles,
116 (31%) were measured in the 1970s, 253 (67%) were measured in the 1980s, and 8 (2%)
were measured in 2018. Two profiles had unknown collection dates but were most likely
measured in the late 1970s or early 1980s. Overall, measurement dates ranged from
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21 April 1972 to 23 February 2018, with a median measurement date of 27 March 1980.
Data preprocessing included correction of obvious typographical errors by consulting
original records; conversion of depth and temperature units to meters and degrees Celsius,
respectively; and removal of spaces, commas, periods, slashes, apostrophes, and personally
identifiable information from well names. Per standard practice in the geothermal industry,
the most recently measured profile was used to favor thermal equilibrium in instances
where multiple temperature profiles were available at the same location. The final dataset
of temperature profiles and corresponding well records was published as a U.S. Geological
Survey (USGS) data release in 2019 [18]; the profile ID numbers used in this research
correspond to those from the data release

In the final dataset, measured depths ranged from 1 to 910 m (median = 67 m), while
measured temperatures ranged from 10.5 to 86.4 ◦C (median = 24.8 ◦C). Measurement
intervals within the boreholes ranged from about 0.5 m to 20 m, with a median of about
3 m (10 feet). Reported measurement precision for temperatures were within 1 ◦C or better,
whereas reported measurement precision for depth measurements were 1 m or less. A table
with additional relevant details for the profiles is provided in Table S1.

3.2. Classification Analysis

Temperature profiles were classified based on their curvature (Figure 2) to facilitate
identification of upflow zones and regions of warm lateral flow, which would be proximal
to upflow zones. The analysis began by plotting the profiles for visual inspection (profile
plots are provided in Figure S1). Temperatures measured near the land surface are subject
to relatively short-term (e.g., daily, seasonal) temperature variations, and were considered
data noise for this study’s objectives [33–35]. Temperatures measured within the first
20 m of the subsurface (surficial zone) were therefore omitted to avoid this interference;
this is a conservative depth threshold that was chosen based on visual inspection of the
profiles. Because this research seeks salinity flux estimates of upwelling groundwater, it
was necessary to identify portions of profiles that were measured below the water table (i.e.,
saturated zone). Well records, smoothed profiles and their derivatives, and nearby USGS
water level data were conjunctively used to estimate water table depth where feasible and
thereby identify profiles warranting further analysis. Smoothing methods were used to
aid in the identification of dominant profile and derivative characteristics. These methods
included cubic smoothing splines and 2nd degree local regression (LOESS) fits. LOESS
fits were computed with a smoothing parameter that was (1) held constant for all profiles
(0.75), (2) determined by using a bias-corrected Akaike information criterion (AICC), and
(3) determined by using generalized cross-validation (GCV), whereas spline fits all used
leave-one-out cross-validation (LOOCV) to determine their degree of smoothness; the range
of smoothing approaches was implemented to give an ensemble of reasonable smoothed
profiles and derivatives. Smoothing fits were computed using the ‘stats’ (version 3.5.3)
and fANCOVA (version 0.5-1) packages of the open-source R programming language
(version 3.5.3) [36,37]; plots of the smoothed results overlain by the raw data for saturated
profiles are provided in Figure S2. Profiles with less than four measurements below the
estimated water table elevation at any given location were not further analyzed because
of the insufficient amount of data to confidently assess profile curvature. Final classifica-
tions of profile curvature were plotted spatially and included: upflow, warm lateral flow,
downflow/cool lateral flow, conductive, undetermined, and not analyzed.

3.3. Flux Estimation

Computing salinity flux estimates required coupling groundwater salinity data with
volumetric upflow rate estimates. The Bredehoeft and Papadopulos (1965) 1D vertical
heat transport analytical solution was applied to estimate a vertical specific discharge rate
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for each upflow profile [38]. This solution uses the thermal Peclet number (Pe), which is
defined as the ratio of thermal advection to conduction as follows:

Pe = ρfcfqzL/Ke (1)

where ρf is fluid density, cf is fluid specific heat capacity, qz is vertical specific discharge,
L is the saturated thickness over which the temperature data were analyzed, and Ke is
the effective thermal conductivity. Peclet numbers of larger magnitude correspond to
higher vertical flux rates and more extensive profile curvature. Negative Peclet num-
bers indicate groundwater upflow, whereas positive Peclet numbers are associated with
groundwater downflow. The practical minimum detectable Peclet number is typically
considered to be around +/− 0.2 given thermal conductivity variations and measurement
accuracy limitations [33]. Rearranging Equation (1) to solve for vertical flux yields the
following expression:

qz = KePe/ρfcfL (2)

Vertical flux can be estimated by specifying the thermal properties listed in Equation (2)
and iteratively solving for the Peclet number that best matches measured temperatures
when used in the Bredehoeft and Papadopulos (1965) analytical solution [38]. In this study,
best-fit Peclet numbers were determined by minimizing root-mean-squared error (RMSE)
between the analytical solution and the measured data. Fluid specific heat capacity was
specified to be 4180 joules per kilogram per degrees Celsius (J/kg ◦C) at all locations.
Fluid density was estimated by using the median analyzed profile temperature and the
temperature-dependent water density relation of Kell (1975), which has been shown to
be valid for water ranging in temperature from 0 to 150 ◦C [39]. Salinity effects on water
properties were neglected because detailed water chemistry was not known for all evaluated
waters. A sensitivity analysis performed in this study showed temperatures ranging from
25 to 100 ◦C affected fluid density by about 4%, whereas salinities ranging from 0 to
5000 TDS altered fluid density by 0.5% or less. Therefore, neglecting salinity effects on
fluid density is acceptable for the conditions considered in this study. Effective thermal
conductivities were estimated from well records and/or computed by using the geometric
mean of reported solid and fluid thermal conductivities, as follows:

Ke = ks
(1−n)kf

n (3)

where ks is the thermal conductivity of the solid phase (e.g., sediment grains), kf is the
thermal conductivity of the fluid phase (e.g., air or water), and n is porosity. This relation has
been shown to well approximate the effective thermal conductivity in previous studies [40].
Porosities were obtained from well records or previously published literature.

Associated spatial areas of upflow were then estimated by evaluating spatial tem-
perature patterns, thermal cross sections, and the spatial distribution of profile curvature
classifications. Thermal cross sections included temperature profiles that were projected
onto cross-section profile lines. These data were overlain onto the basement stratigraphy
and faults from Sweetkind (2017), along with topography from a USGS 1/3 arc-second
(about 10 m) digital elevation model (DEM) [27,41]. Estimated areas were combined with
the vertical flux estimates and salinities to determine the salinity flux associated with each
local upflow zone, as follows:

JTDS = qzACTDS = QzCTDS (4)

where JTDS is mass transfer rate (salinity flux in mass per time), qz is vertical specific
discharge from the application of Bredehoeft and Papadopulos (1965) [38], A is upflow
zone area, CTDS is the TDS concentration of upwelling groundwater, and Qz is volumetric
vertical groundwater flux (Qz = qzA).
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This approach for estimating salinity flux has limitations. For example, this approach
considers only salinity contributions from localized upflow zones within the broader
geothermal systems—salinity flux estimates are therefore conservative and flux from the
entire geothermal system is higher. In addition to the localized analyses, estimates of
salinity flux were therefore also computed for the broad geothermal systems if previously
published geothermal volumetric flux values were available (Equation (3)). Identification
of upflow zone locations was limited to portions of the study area where temperature
profiles had been measured. It is therefore likely that other unidentified upflow zones
contribute salinity to the area. Unaccounted-for fluxes could be evaluated in the future by
using more comprehensive 3D heat and solute transport modeling and with additional
data collection. Other key assumptions associated with this approach include steady-state
thermal equilibrium between the well bore and its subsurface surroundings, constant
groundwater and aquifer properties along the analyzed temperature profile interval, and
that vertical flow dominates over horizontal flow within the upflow zones. Despite these as-
sumptions, previously published uncertainty research that used synthetic temperature data
indicates that reliable flux estimates can be obtained from the Bredehoeft and Papadopulos
(1965) solution [38] in heterogenous media and when horizontal fluxes are 10 times greater
than vertical fluxes, provided the temperature at the upper boundary is steady through
time [35]. Overall, this methodology is thought to be a straightforward way of obtaining
reasonable salinity flux estimates associated with geothermal systems and their localized
upflow zones.

Previously published geothermal volumetric flux estimates were available for the
East Potrillo and East Mesa geothermal systems and were coupled with groundwater
salinities to make additional salinity flux estimates in this work. The previously reported
estimates were typically for the broad footprint of the geothermal systems, rather than
the localized upflow zones of those systems, thereby providing insight into the potential
salinity contributions from the host systems. These estimates were derived by using heat-
flow modeling techniques [6,12,13]. A typical workflow for obtaining these estimates
included estimating heat flow from temperature profiles, constructing contour maps of
heat flow from those results, integrating a total heat flux by using the newly constructed
map, and subtracting off an assumed background heat flux to compute an amount of excess
energy flux (energy flux less background) at the site of interest. That excess energy flux
was then assumed to be a result of advection and was used to estimate a corresponding
required volumetric groundwater flux to account for the estimated excess energy flux. A
detailed mathematical description of this type of modeling is provided in Snyder (1986) [12].
This approach has its limitations, namely that it is tied directly to contoured maps of heat
flow that may change appreciably based on contouring techniques and data coverage.
Additional uncertainty comes from the common assumption of a reservoir temperature
when converting excess energy flux to volumetric groundwater flux; this value is usually
conservatively selected as the maximum measured temperature in any given area, which
can lead to the underestimation of volumetric groundwater flux. Generally, heat flow
modeling techniques are based on fundamental energy balance relations and provide a
means to practically estimate geothermal groundwater flux over large areas.

4. Results
4.1. Classifications

Figure 3 shows the spatial distribution of profile classifications. Profiles with upflow
curvature (eight profiles) were identified in the eastern portion of the study area just south
of Las Cruces and along the East Potrillo Mountains in the southwestern part of the study
area. Upflow in the east is associated with the East Mesa geothermal system and the
upflow profiles are within the developed portion of this system near Tortugas Mountain.
Southwestern upflow is associated with the undeveloped East Potrillo geothermal system,
where two upflow zones were identified along the east side of the East Potrillo Mountains.
The northernmost of these two upflow zones, located about 12 km (km) north of the main
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East Potrillo upflow zone, has not been extensively studied by previous researchers because
of its relatively low heat flow [12]. Nevertheless, profile curvature in this area indicated
upwelling groundwater, albeit at lower temperatures relative to the southern portion of the
geothermal system.
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Figure 3. Spatial distribution of profile classifications [21,22].

Profiles with curvature indicating warm lateral flow (seven profiles) were found within
the East Potrillo and East Mesa geothermal systems. Interestingly, lateral flow profiles were
not identified near the northern East Potrillo upflow zone, thereby indicating relatively
slow horizontal groundwater flow rates within the aquifer system. An isolated warm
lateral flow profile was identified about 17 km south of the developed East Mesa upflow
zone. Measured saturated geothermal gradients (rate of temperature change with depth)
were very high (about 125 ◦C/km) above the horizontal flow horizon at this site relative
to typical conductive gradients in the study area (around 35 ◦C/km), thereby indicating a
proximity to warm upwelling groundwater [42]. The precise location of the upflow zone
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is unknown due to limited data coverage, but it is within the extensive footprint of the
East Mesa geothermal system and therefore likely has similar groundwater chemistry (TDS
around 1800 mg/L) [15]. Warm lateral flow profiles were also associated with the Radium
Springs geothermal system in the northern part of the study area near the RG-LB stream
gage (Figure 1). Although no upflow profiles were measured, these warm lateral flow
profiles are certainly in the vicinity of upwelling geothermal fluids with appreciable salinity
(likely around 3650 mg/L based on produced water TDS at Radium Springs).

Downflow/cool lateral flow profiles (nine profiles) were all within or near the Mesilla
Valley. This indicates surface water recharge and cool lateral groundwater flow within
the permeable Rio Grande alluvium in the valley. This finding also agrees with previous
work that indicated negligible recharge outside of the Mesilla Valley because of the depths
to groundwater, effective water consumption by desert vegetation, and the presence of
caliche [17,20,29].

The remaining profiles were either linear (conductive, 101 profiles) with little evidence
of advective disturbance, too difficult to confidently classify (undetermined, 13 profiles), or
simply not further analyzed because of insufficient data below the water table or surficial
zone or inadequate data to estimate the depth to the water table (not analyzed, 241 profiles).

Overall, these results indicate the presence of three primary upflow zones and at least
two more isolated upflow zones in the study area, all of which are associated with the
known geothermal systems in the region.

4.2. Flux Estimates

Several interrelated lines of data were used to estimate salinity fluxes from identified
upflow zones. Insets of the regions with upflow profiles are presented in Figure 4, with
corresponding thermal cross sections provided in Figure 5, and vertical heat transport
analytical solution fits shown in Figure 6. A summary of the flux estimates and input
parameters is provided in Table 1.

4.2.1. East Mesa Upflow

The main East Mesa upflow zone was indicated by three upflow profiles in proximity
to one another, while an additional localized upflow zone was denoted by an isolated
fourth upflow profile about 2 km to the southwest (Figure 4B). Thermal cross-section A-A’
clearly shows a zone of high temperatures that are associated with the upflow profiles
at a horizontal distance from A of around 2000 m (Figure 5A). Measured temperatures
were cooler to the west where profile classifications indicated lateral flow of upwelling
groundwater. The upflow profiles were measured in the Santa Fe Group sediments that
overlie the basement, which has been offset locally by the Mesilla Valley fault zone. This
fault zone, and the resulting enhanced permeability and irregular basement geometry, are
no doubt key hydrogeologic controls on the location of the main upflow zone. Elevated
temperatures on the east side of Tortugas Mountain indicated the presence of an additional
upflow zone or continuation of the main upflow zone beneath Tortugas Mountain, though
this remains uncertain due to the scarcity of deep temperature measurements near Tortugas
Mountain (Figure 5A). A similar ambiguity exists in the B-B’ thermal cross section where
only shallow temperature profiles separated the main upflow zone from the isolated upflow
profile (Figure 5B). The isolated upflow profile at the southern end of B-B’ was surrounded
by elevated temperatures, but they were not as high as those at the main upflow zone,
thereby making it unknown how far the main upflow zone extends. The main upflow zone
area was therefore conservatively estimated to be 53,900 square meters (m2). This estimate
ignored the isolated upflow zone because a continuous connection or corresponding area
could not be confidently estimated.
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Figure 4. Areal estimates of upflow and relation of faults and dikes to profile classifications for the
East Mesa (B), East Potrillo (north) (C) and East Portrillo (south) (D) upflow zones [21,22]. Extents of
the insets are given on the regional map inset (A). Faults and dikes are from Sweetkind (2017) [27].
Profile locations are labeled with their profile ID number from Pepin et al. (2019) [18].
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Figure 5. East–west and north–south thermal cross sections for the East Mesa (A,B), East Potrillo
(north) (C,D) and East Potrillo (south) (E,F) upflow zones. These plots include temperature observa-
tions overlain onto basement stratigraphy, dikes, and faults from Sweetkind (2017) [27]. Additionally,
topography from a USGS 1/3 arc-second (about 10 m) digital elevation model [41] is shown along
with water table elevations estimated from the well records, smoothed temperature profiles and their
derivatives, and nearby USGS water level data [23]. The temperature scale differs for the East Potrillo
(north) cross sections (C,D) relative to the other cross sections. Surface projections are used to plot
dikes and faults and their corresponding dips are not depicted.
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Figure 6. Normalized temperature profiles and their best-fit Bredehoeft and Papadopulos (1965)
analytical solution [38] for profiles associated with the East Mesa (A–D), East Potrillo (north) (E) and
East Potrillo (south) (F–H) upflow zones. Best-fit Peclet numbers, as determined from root-mean-
squared error (RMSE) minimization, along with the length over which temperatures were analyzed
(L) and estimated vertical specific discharge (qz) are displayed on each plot for reference. The Peclet
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number and L are inversely related in equation 2, meaning that high Peclet numbers across small
depth intervals will maximize vertical flux rates. Negative Peclet numbers and vertical specific
discharge values correspond to upflow curvature. Precision of displayed values is for research
reproducibility purposes and does not reflect value uncertainty. Profiles are labeled with their profile
ID number from Pepin et al. (2019) [18].

Table 1. Summary of flux estimates and input parameters used in modeling. Fluid specific heat
was specified to be 4180 joules per kilogram per degree Celsius at all locations in the modeling.
Modeled values for the thickness over which temperature data were analyzed (L) and best-fit Peclet
numbers (Pe) are provided in Figure 6. Salinities of 1800 mg/L and 4823 mg/L were used to
estimate salinity fluxes for the East Mesa and East Potrillo regions, respectively. Reported precision
of tabulated values is for research reproducibility purposes and does not reflect value uncertainty.
(Column headings and abbreviations: Region = region of upflow and associated geothermal system;
Subregion = localized area within the larger upflow region; ID = temperature profile identification
number from Pepin et al. (2019) [18]; Ke = effective thermal conductivity in watts per meter per
degree Celsius; n = porosity in dimensionless units; ρf = fluid density in kilograms per cubic meter;
A = upflow area in square meters; qz = vertical specific discharge in meters per year; Qz = volumetric
vertical specific discharge in acre-feet per year; JTDS is salinity flux in tons of dissolved solids per
year; N/A = not available.)

Region Subregion ID Ke n ρf A qz Qz JTDS

Ea
st

M
es

a

Main 65 2.083 0.125 983.31 53,900 −0.192 8.4 21
Main 211 2.084 0.125 981.86 53,900 −0.263 11.5 28
Main 216 2.084 0.125 982.59 53,900 −0.178 7.8 19

Isolated 350 2.076 0.125 991.05 N/A1 −0.105 N/A1 N/A1

Ea
st

Po
tr

il
lo

North 163 2.45 0.25 995.01 361,700 −1.132 332 2177
South 73 2.74 0.25 988.59 1,357,700 −0.080 88 575
South 82 2.74 0.20 983.98 1,357,700 −0.873 961 6302
South 97 2.33 0.20 984.24 1,357,700 −0.582 641 4203

1 Not enough proximal temperature data to confidently estimate value.

The data indicate the potential for a much larger area of upflow, so the areal estimate,
and the corresponding fluxes, are considered minimum values for the main upflow zone.
Application of the Bredehoeft and Papadopulos (1965) 1D vertical heat transport analytical
solution [38] to each profile yielded a range in vertical specific discharge rates at the main
upflow zone of −0.178 to −0.263 m per year (m/y), where the negative sign denotes
upflow (Figure 6A–C). Computed upflow rates for the isolated upflow profile were lower
at −0.105 m/y (Figure 6D), which may explain why associated temperatures were cooler at
this location, because slower upflow rates typically yield more conductive cooling during
groundwater ascent. Multiplying vertical flow rates from the main discharge zone by its
estimated area provided a volumetric flux range of 4.8 to 7.1 gallons per minute (gpm), or
7.8 to 11.5 acre-feet per year (afpy). Coupling this vertical flux with the typical groundwater
salinity of the East Mesa geothermal system (1800 mg/L) yielded an estimated salinity flux
of 19 to 28 tons of dissolved solids per year (t/y).

Previous researchers using heat flow modeling techniques have estimated that total
groundwater flux from the entire East Mesa geothermal system, rather than its localized
upflow zones estimated here, exceeds 15,000 afpy, with between 1225 and 1780 afpy
coming from the region surrounding Tortugas Mountain [6,13,32]. Coupling these previous
groundwater flux estimates with the typical salinity of the East Mesa waters (1800 mg/L)
yielded an estimated salinity flux of 36,713 t/y for the entire East Mesa geothermal system
and 3000 to 4362 t/y for the Tortugas Mountain region. Each of these salinity flux estimates
greatly exceed the estimated flux range for the main localized upflow zone. This indicates
that the diffuse and more spatially distributed salinity flux from this system is substantially
higher than that of its localized upflow zones. The large difference between the estimated
salinity flux from the localized upflow zone near Tortugas Mountain (19 to 28 t/y) and

169



Water 2022, 14, 33

the estimates for the more extensive Tortugas Mountain region (3000 to 4362 t/y) further
highlights this concept and indicates that additional deep temperature data could be useful
in identification of additional upflow profiles in the Tortugas Mountain area.

4.2.2. East Potrillo Upflow

The main East Potrillo upflow zone (East Potrillo (south)) was indicated by three
upflow profiles located near each other, whereas the more isolated East Potrillo upflow
zone (East Potrillo (north)) had just one upflow profile (Figure 4C,D). Thermal cross sections
of the northern upflow zone indicated upflow along the East Potrillo fault zone with likely
lateral flow to the east, as evidenced by the temperature distribution even though no lateral
flow profiles were identified (Figure 5C,D). The lack of lateral flow curvature to the east
indicates that groundwater flow rates may slow once the waters enter the shallow aquifer
system. Elevated temperatures to the north of the northern upflow zone, indicated around
2500 m of horizontal distance on Figure 5D (profile ID 148), suggested the probable presence
of an additional upflow zone, although no upflow profiles were observed. Thermal cross
sections of the southern East Potrillo upflow zone (Figure 5E,F) showed higher temperatures
than the northern upflow zone, with upflow along the East Potrillo fault zone (note that the
temperature scales differ between Figure 5C–F). Upflow profiles were spatially distributed
in a north–south trend with a lateral flow profile indicating eastward groundwater flow of
upwelling waters. In addition to the clear association of both upflow zones with the East
Potrillo fault zone, upflow profiles were also associated with bedrock highs (Figure 5C–F).
Like the main East Mesa upflow zone, faulting and resulting enhanced permeability and
bedrock geometry certainly play strong roles in the location of these upflow zones. The
northern East Potrillo upflow area was estimated to be 361,700 m2, whereas the southern
upflow zone was estimated at 1,357,700 m2. Estimated areas were conservatively estimated
to avoid overestimation of salinity flux.

Areas associated with both East Potrillo upflow zones were much greater than the area
of the main East Mesa upflow zone, which resulted in substantially larger associated fluxes.
The 1D vertical groundwater flux estimate for the northern upflow zone was −1.132 m/y
(Figure 6E), while estimates for profiles in the southern upflow zone ranged from −0.080 to
−0.873 m/y (Figure 6F–H). One profile (ID 97) showed appreciable warm lateral flow
effects within the shallowest quarter of the profile that were essentially ignored during flux
estimation (Figure 6H); well records showed drillers lost drilling fluid circulation in the
vicinity of the lateral flow effects, thereby indicating fracture-controlled lateral flow may be
important here. As a result of the lateral flow effects, this profile had greater uncertainty
in the flux estimation, but the computed value (−0.582 m/y) was still bracketed by the
overall flux range for the upflow zone. Multiplying the 1D flux estimated by the upflow
areas yielded volumetric flux estimates of 206 gpm for the northern zone and 54 to 596 gpm
for the southern zone. These estimates corresponded to 332 afpy for the northern zone
and 87 to 961 afpy for the southern zone. Coupling these groundwater fluxes with the
estimated groundwater salinity of the East Potrillo geothermal system (4823 mg/L) yielded
a salinity flux of 2177 t/y for the northern zone and 575 to 6302 t/y for the southern zone,
or a combined total of 2752 to 8479 t/y.

Snyder (1986) estimated total groundwater flux from the southern portion of the
geothermal system to be 970 afpy, which agrees well with the upper estimate from this
study of 961 afpy [12]. Snyder’s flux estimate corresponded to a salinity flux of 6347 t/y.
While this estimate ignored contributions from the northern upflow zone, it indicates that
most upwelling salinity at the East Potrillo geothermal system is likely associated with
somewhat localized upflow zones rather than broad diffuse upflow. This is in contrast to
the East Mesa salinity contributions, which are likely much more distributed throughout
the associated geothermal system.
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5. Discussion

Salinity fluxes from geothermal systems within the study area could account for a
notable amount of Rio Grande salinity if the geothermal waters eventually discharged
into the Rio Grande. From 2009 through 2013, the Rio Grande, on average, delivered
about 205,000 t/y to the Mesilla outlet near the El Paso stream gage (RG-EP; Figure 1) [4].
Assuming all geothermal salinity contributions are more or less constant through time and
eventually make their way to the Rio Grande, the 36,713 t/y from the East Mesa geothermal
system as a whole could account for around 18% of average annual Rio Grande salinity,
while the 8479 t/y from the East Potrillo geothermal system may contribute about 4% of
average annual Rio Grande salinity. Identified local upflow zones associated with these
geothermal systems expectedly could contribute less salinity, with the main identified
East Mesa upflow zone potentially accounting for only about 0.01%, the northern East
Potrillo zone contributing around 1%, and the southern East Potrillo zone adding 0.3 to
3% of Rio Grande salinity. The localized East Mesa upflow zone was located within the
more extensive Tortugas Mountain region that had an estimated salinity flux of 3000 to
4362 t/y, which would account for about 1.5 to 2% of Rio Grande salinity. The Basin is a
dynamic groundwater region, thereby making it uncertain whether these solids do indeed
eventually make their way to the Rio Grande; potential flowpaths are considered later in
this discussion section.

These proportions could be exacerbated in periods of low streamflow due to reduced
dilution. In these periods, geothermal inputs have the potential to account for a much
larger percentage of Rio Grande salinity. For instance, in 2013 the Rio Grande salinity
delivery to the RG-EP stream gage at the basin outlet lessened to around 55,000 tons of
dissolved solids because of reduced upstream reservoir releases [4]. Geothermal salinity
contributions in that particular year could have amounted to 67% from the East Mesa
geothermal system, with 5.5% to 8% from the Tortugas Mountain region, and about 15.5%
from the East Potrillo geothermal system. Additional salinity could be contributed to the
Rio Grande from the Radium Springs geothermal system within the study area. Previously
published groundwater flux estimates were unavailable at the time of this study and only
warm lateral flow profiles were identified near this geothermal system due to data coverage
limitations. This system is known to produce waters with salinities around 3650 mg/L and
could be an additional noteworthy natural salinity source that was not accounted for in this
work. Overall, this study shows the appreciable potential geothermal salinity contributions
to the Rio Grande, especially during periods of low streamflow.

Previously published water level mapping provides further insight into the regions
influenced by identified upwelling and laterally flowing geothermal waters. Figure 7
presents upflow and warm lateral flow profile locations with interpolated groundwater
elevations from measurements made in 2010 in the shallow aquifer system [20]. Warm
lateral flow associated with the Radium Springs geothermal system near the basin inlet is
predicted to flow south towards the Rio Grande. Similarly, warm groundwater associated
with an isolated lateral flow profile near Mesquite within the footprint of the East Mesa
geothermal system is projected to flow to the southwest towards the Rio Grande. Ground-
water upwelling near Tortugas Mountain is thought to follow a west-southwest trajectory
towards the Rio Grande, with evidence of some upwelling groundwater laterally flowing
to the northwest where it is intercepted by wells near Las Cruces. Upflow along the East
Potrillo Mountains is predicted to gradually flow eastward toward the Rio Grande and
southern Mesilla with a portion of the flow crossing the United States/Mexico international
border before being intercepted by municipal wells in the Conejos-Médanos; water quality
data was not available for that particular portion of the municipal wellfield that would have
allowed further evaluation. Generally, water level mapping underscores the likelihood that
upwelling geothermal groundwater affects the Rio Grande and indicates that groundwater
supplies in Las Cruces, the southern Mesilla, and municipal production in the northern
Conejos-Médanos could be adversely affected by these geothermal systems.
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Where does this upwelling brackish groundwater originate? Most geothermal systems
in New Mexico, with exception of the active Valles Caldera volcanic system in northern
New Mexico, are thought to result from amagmatic (non-magmatic) heating of infiltrating
recharge [13,43]. A common multi-step conceptual model is as follows:

1. Upland precipitation infiltrates;
2. Infiltrated groundwater is heated by the Earth’s natural geothermal gradient as it

flows deeper within the Earth’s crust;
3. Salinity of heated waters increases as the groundwater interacts with sediments and

rocks along its flowpath;
4. Resulting brackish waters discharge at regional topographic lows, through zones

of enhanced permeability (commonly caused by faults), and/or through gaps in
overlying lower-permeability stratigraphic layers.

Previous researchers have linked the East Mesa and Radium Springs geothermal
systems with geothermal upwelling within fault zones along uplifted bedrock and fractured
igneous intrusions, respectively [13–16]. This agrees well with the strong correlation of
identified upflow zones with fault zones and uplifted bedrock and further supports the
conceptual model presented above. Produced water temperatures from the East Mesa
geothermal system are typically around 64 ◦C, whereas Radium Springs geothermal system
temperatures are commonly higher, at approximately 99 ◦C [15,16]. By assuming an
average annual surface temperature of 17 ◦C and background geothermal gradient of
35 ◦C/km, measured groundwater temperatures indicate that these upwelling waters
ascend from depths of at least 1.3 and 2.3 km, respectively [42]. These are minimum
circulation depths because conductive cooling and mixing with shallower cool waters
during ascent are likely to occur but are not considered in this study. Maximum measured
temperatures in the East Potrillo geothermal system were around 60 ◦C at depths of less
than 215 m, indicating a minimum circulation depth of about 1 km. Geothermal recharge
sources are currently unknown but could be evaluated in future work. More specifically,
efforts using advanced modeling techniques and geochemical and isotopic tracers could
further interrogate geothermal flowpaths, recharge locations, and geothermal groundwater
residence times to provide a more complete conceptual model for these systems. Overall,
it can confidently be stated that these geothermal waters upwell from depths exceeding 1
km, and in some cases 2 km, along preferential flowpaths caused by fault zones that affect
subsurface stratigraphy and permeability.
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Figure 7. Anticipated flow patterns of upwelling and warm lateral flowing groundwater, as informed
by groundwater-elevation mapping from Robertson et al. (2021) [20–22]. Estimated flowpath arrows
are oriented perpendicularly to groundwater elevation contours with flow directed down hydraulic
gradient. Groundwater elevations depict groundwater flow towards the Rio Grande and southern
Mesilla, along with flow intercepted by groundwater wells in Las Cruces and northern Chihuahua.
Estimated groundwater elevations vary through time, thereby affecting the estimated flowpaths of
upwelling waters through time as well. Generally, upflow zones that are nearest the Mesilla Valley are
the most likely to be affected by changing groundwater conditions and their associated flux estimates
and flowpaths are therefore more uncertain.

Geothermal characterization and exploration researchers have long established the
importance of fault zones, especially fault intersections, on controlling the locations of
upwelling geothermal fluids [43,44]. These flow dynamics are common in extensional
physiographic provinces, such as the Rio Grande rift and Basin and Range of the western
United States [43–45]. Geothermal developers rely on these upwelling fluids being hot,
but upflow zones with slightly elevated or background temperatures can still contribute
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substantial salinity to the shallow aquifer system—similar to the northern East Potrillo
upflow zone identified in this study. Relying on this concept and others borrowed from
the geothermal research field could prove to be an effective means of locating additional
upflow zones within the study area. For example, fault and subsurface stratigraphy could
be used to locate areas of potential upflow, particularly in areas with limited thermal
data coverage, which could then be further evaluated with targeted data collection and
modeling. Identification of upflow zones in this manner could be a cost-effective way to
further inform stakeholders on salinity sources and possible mitigation strategies.

This study demonstrates the utility of using heat as a groundwater tracer to further
understand sources of salinity and their associated fluxes, along with regional and local
groundwater movement. Legacy thermal datasets exist in many areas of the world because
of energy exploration and development and new data collection is rather straightforward.
These data and the strong and well-understood relation between fluid flow and heat argues
for the more common inclusion of heat transport and thermal data calibration techniques
in groundwater modeling efforts to improve model accuracy. Researchers could consider
evaluating thermal data when assessing groundwater flow patterns and salinity sources on
regional and local scales.

Additional future research to further evaluate geothermal salinity contributions and
their effects might include mass balance streamgaging; multi-dimensional solute, heat, and
mass transport modeling; and additional thermal data collection. Mass balance stream-
gaging techniques could most readily be used to estimate flux contributions to the Rio
Grande from the Radium Springs geothermal system. This would entail measuring salinity
loads in conjunction with streamflow upstream and downstream from the Radium Springs
geothermal system. Discharge and corresponding salinity contributions from the geother-
mal system, assuming the system is the dominant salinity source through that river section,
could then be back calculated by coupling the values with Radium Springs geothermal
groundwater salinity. Multi-dimensional modeling that incorporates temperature and
salinity could be used to predict upwelling flux rates and flow patterns more accurately.
Lastly, the collection of more thermal data below the surficial zone and water table, particu-
larly within the footprint of the East Mesa geothermal system, could significantly reduce
the uncertainty associated with estimated geothermal salinity fluxes. This list of possible
study directions is not comprehensive but provides practical avenues that could build upon
this study.

Limitations

The approaches used herein have limitations. The most likely complicating factors are
related to the following:

1. Sparse data availability affecting the ability to comprehensively identify upflow zones
and more accurately estimate upflow areas;

2. Misidentification of profile curvature. For example, upflow profile curvature can look
very similar to the upper half of profiles showing warm lateral flow (see Figure 2);

3. Coupling computed 1D vertical fluxes to entire areas of upflow when estimating
volumetric fluxes;

4. Potential lateral flow effects in profiles with dominant upflow curvature;
5. Non-steady state conditions of groundwater flow and temperature in the subsurface

over the period of investigation (1972–2018).

This study is not intended to be comprehensive but is instructive about the locations
of upwelling geothermal waters and their associated salinity fluxes within the study area.
The above limitations highlight opportunities to improve upon this research in the future,
particularly with additional data collection and more advanced modeling tools that can
better represent transience and heterogeneity.

Addressing potential non-steady state conditions of groundwater flow and temper-
ature over the period of investigation (1972–2018) is one of the biggest opportunities for
improvement in this work; this includes evaluating the assumption that identified upflow
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zones have been active for a long enough duration to affect Rio Grande salinity. While
geothermal discharge rates are commonly consistent for long periods of time in absence
of geothermal development, the Mesilla is a developed and dynamic groundwater re-
gion. All but one of the upflow profiles were measured over a timespan of just 14 months
(11 March 1979 through 10 May 1980), which favors consistent conditions during measure-
ment; one upflow profile had an unknown collection date but was most likely measured
in the late 1970s or early 1980s. It is important to keep in mind that the groundwater
elevations shown in Figure 7 vary through time, thereby affecting the estimated flowpaths
of upwelling waters through time as well. Generally, upflow zones that are nearest to
the Mesilla Valley are the most likely to be affected by changing groundwater conditions,
and their associated flux estimates and flowpaths are therefore more uncertain. Regions
with small hydraulic gradients (i.e., slowly moving groundwater; Figure 7), such as the
Mesilla interior, are less likely to have had time to transport salinity to the Rio Grande
on short timescales. Additional thermal, geochemical, and groundwater elevation data
could be collected to assess the consistency of the estimated fluxes and their corresponding
flow history.

6. Conclusions

Evaluation of previously published flux estimates and 379 temperature profiles mea-
sured between 1972 and 2018 show the appreciable potential salinity contributions from
upwelling geothermal waters to the shallow aquifer system and the Rio Grande within the
Mesilla (United States)/Conejos-Médanos (Mexico) Basin. Upflow and/or warm lateral
flow profiles were identified within the region’s three known geothermal systems (Radium
Springs, East Mesa, and East Potrillo).

Salinity flux analyses indicate that the East Mesa geothermal system may contribute
about 36,700 tons of dissolved solids per year (t/y) to the shallow aquifer system, whereas
the East Potrillo geothermal system may add around an additional 8500 t/y. Assuming
these fluxes are steady through time and eventually enter the Rio Grande, these systems
could account for a combined 22% (East Mesa = 18%, East Potrillo = 4%) of typical average
annual Rio Grande salinity. These salinity proportions can be much greater in times of
low streamflow and additional salinity contributions likely come from the Radium Springs
geothermal system. Radium Springs flux estimates were not feasible in this study due to
data coverage limitations but could be pursued in the future.

Regional water levels mapped in 2010 indicate upwelling brackish waters flow towards
the Rio Grande and southern part of the Mesilla portion of the Basin, with some water
intercepted by wells in Las Cruces and northern Chihuahua. These waters upwell from
depths greater than 1 km with upflow being focused along fault zones, uplifted bedrock,
and/or fractured igneous intrusions. This understanding may be used to guide future data
collection efforts aimed at identifying additional upflow zones, particularly in areas that
have limited thermal data coverage but adequate knowledge of faults and stratigraphy.

This work demonstrates the utility of using heat to identify regional and local sources
of salinity and their associated fluxes and highlights the benefits of using thermal data
in hydrologic studies. This effort could be improved upon by future research focused
on improving data coverage and reducing uncertainties associated with transience and
heterogeneity in the aquifer system. Overall, the results presented herein further inform
stakeholders on the presence of several brackish upflow zones that could notably degrade
the quality of international water supplies in this developed drought-stricken region.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/w14010033/s1, Figure S1: Plots of all 379 temperature profiles; Figure S2: Plots of smoothed
profiles and derivatives for analyzed measurements made below estimated water table elevations;
Table S1: Profile analysis details including water table depth estimates, curvature classifications, and
analysis remarks.
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Abstract: An important tool to identify the origin of a groundwater resource is the use of isotopic
signatures. Isotopic signatures give us the age of water and provide information as to the water’s
origin, potential transit at geologic structures, source of salinization, and possible recharge points.
The purpose of this study was to collect and analyze well samples to evaluate isotopic tracers (δ18O
and tritium) in the transboundary Conejos-Médanos/Mesilla aquifer located between the US and
Mexico. This new analyzed information was compared with the isotopic information available in the
US Mesilla and US-MX Hueco basins generated by previous works, which described the common
origin of the Hueco Bolson and Mesilla Basins aquifers. This study used isotopic analysis to validate
the theory of the original formation and interconnectivity of both transboundary basins. This research
presents new data of δ18O and tritium, and a comparison with previous published data from other
workers, versus the known global meteoric water line (GMWL) and the Rio Grande evaporation line
(RGEL). Results show that the groundwater at the transboundary aquifer features an evaporated
isotopic signal, which is consistent with referenced published data that discusses the geologic history
of aquifer formations at the studied area. This study is important because isotopic studies from
the area were nonexistent and because isotopic data can explain recharge scenarios that relate to
groundwater quality.

Keywords: isotopes; transboundary aquifers assessment; Hueco Bolson; Mesilla Basin;
Conejos-Médanos/Mesilla aquifer; groundwater

1. Introduction

In the Paso del Norte (PdN) transboundary aquifers region, located between the
United States and Mexico, where New Mexico, Texas, and Chihuahua meet, the climate is
semiarid. Water is increasingly scarce due to surface supply reductions caused by drought
and climate change, increased demands from growing regional populations, and municipal
and industrial (M&I) expansion affecting availability for environmental demands. Based
on these reductions, there is an urgent need for better understanding and management
of the quantity and quality of the region’s scarce water resources. In this binational
region, groundwater is the main source for agriculture and M&I water demands; therefore,
understanding the origin of groundwater recharge is critical for better management and
long-term sustainability of the basin’s groundwater [1,2]. Estimation of groundwater
recharge can be made via different methods, such as the general water balance approach,
field measurement, or isotopic studies. The evaluation is more accurate when isotope
and geochemistry methods are combined [3,4]. Isotope and geochemistry methods are
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complementary tools that distinguish different water sources and provide information on
the origin of groundwater, age of water, residence time, and recharge points [4–7].

1.1. Isotope Study

Isotopes in water molecules work as natural tracers. The isotopic composition of conti-
nental precipitation depends on the water’s origin and pathway, which begins the moment
it leaves the sea in the form of evaporation and ends when the sample is collected [8].
Additionally, isotopes exist in stable or unstable forms [5,6]. Stable isotopes for oxygen
are 16O, 17O, 18O, and for hydrogen are protium (1H) and deuterium (2H, D). When these
isotopes are combined to form a water molecule, they also provide an isotopic composition
that translates into a powerful hydrology tracer. A pair of isotopes commonly used in
hydrology is the δ18O combination, which is compared using the global meteoric water
line (GMWL) to show the percentage of isotope present in the sample.

Another isotope used in hydrology is tritium, an unstable isotope of hydrogen (3H
or T). In the same manner as 14C, tritium originates from neutrons (n) present in cosmic
rays due to nuclear reactions with nitrogen present in the atmosphere; the following
chemical reaction indicates this formation 14N+n→ 12C +3H [9,10]. After this reaction, the
tritium joins the hydrological cycle in the atmospheric part [9,10]. In hydrology, tritium has
been used to distinguish new waters from old waters, because of its short half-life of 12.3
years [5,7], and its predictable timing of origin during nuclear explosions in contact with
the atmosphere.

In this research, we focus on the transboundary area formed by the Hueco Bolson
and Conejos-Médanos/Mesilla Basin aquifers of the middle Rio Grande watershed. Our
investigation includes isotopic and geochemical data collected from the Mexican portion of
the Mesilla Basin aquifer referred to as the “Conejos-Médanos Aquifer” in Mexico. These
data were obtained via a comprehensive field and laboratory analysis. The analysis was
compared with a similar study on the US side of the Mesilla Basin [11]. In order to cover
the entire transboundary area, we also included data from the Hueco Bolson Aquifer [12].
In the conclusion section of this work, we compare our results with the study reported by
Hawley and Kottlowski (1969) [13], which indicates that the waters present in the Hueco
Bolson and Conejos-Médanos/Mesilla Basin aquifer were part of a single aquifer before
the formation of the Sierra de Juárez (Juarez Mountain Range).

1.2. Rio Grande

One of the most important rivers in the US is the Rio Grande, or the Rio Bravo as it
is called in Mexico (Figure 1). The Rio Grande watershed has an area of approximately
924,300 miles2 (2,394,000 km2) and includes regions in both the US and Mexico [14]. With a
length of about 1900 miles (3060 Km), it is the 20th longest river in the world, the 5th longest
river in North America, and is the 2nd longest American river after the Mississippi [15].
The Rio Grande begins in the San Juan Mountains of southern Colorado, which are part
of the Rocky Mountains, and flows through New Mexico and Texas. In the south, the Rio
Grande marks the borderline between the US and Mexico [16]. In Mexico, the river runs
through Chihuahua, Coahuila, Nuevo Leon, and Tamaulipas, finally ending in the Gulf
of Mexico. The Rio Grande has two international dams, Falcon and La Amistad, that are
managed by the International Boundary and Water Commission/Comisión Internacional
de Limites y Agua (IBWC/CILA) [14]. Figure 1 shows the entire watershed of the Rio
Grande from Colorado to the Gulf of Mexico.
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Figure 1. Map of Rio Grande watershed and river mainstem through the seven states in the US
and Mexico.

1.3. Previous Studies

Starting in 1970, geomorphology, geophysics, hydrological prospecting, water quality,
and isotopic studies have been carried out for various basins in the states of Texas and New
Mexico (US) and Chihuahua (Mexico). These studies were conducted in Mexico by the Mu-
nicipal Water and Sanitation Board (Junta Municipal de Agua y Saneamiento, JMAS) [17],
the National Water Commission (Comisión Nacional del Agua, CONAGUA) [18], the
Mexican Geological Service (Servicio Geológico Mexicano, SGM) [19], the Autonomous
University of Juarez City (Universidad Autónoma de Ciudad Juárez, UACJ) [20,21], the Au-
tonomous University of Chihuahua (Universidad Autónoma de Chihuahua, UACH) [20],
the Comisión Internacional de Límites y Aguas-Mexican section (CILA) and International
Border and Water Commission, US section (IBWC) [14,19,22]. On the US side, studies were
conducted by El Paso Water Utilities [23], the New Mexico Water Resources Research Insti-
tute (NMWRRI) [24,25], New Mexico State University (NMSU) [26,27], Texas A&M AgriLife
Research Center [28] and the Transboundary Aquifer Assessment Program (TAAP) [29].

From the above-mentioned studies, the ones using environmental tracers such as
δ18O and tritium as well as and basic physicochemical parameters were selected for our
analysis. These studies also provided the spatial distribution that enabled us to cover the
area between the Hueco Bolson and Conejos-Médanos/Mesilla aquifers.

1.4. Study Area

Of the various aquifers along the Rio Grande, this study focuses on one of the most
important transboundary regions between the United States and Mexico: the cross-border
area of Juárez, Chihuahua in Mexico and Las Cruces, NM and El Paso, TX in the US. In this
Paso del Norte or PdN transboundary region, groundwater uses are mainly supported by
two transboundary aquifers: the Hueco Bolson and the Conejos Médanos/Mesilla Basin
aquifers (Figure 1). Several communities along the US-Mexico border in New Mexico,
Texas and Chihuahua depend on these aquifers for domestic, agricultural, and industrial
water use [30]. In this study, special attention was given to the Mexican side of the Conejos-
Médanos Basin aquifer where isotopic studies that could explain recharge scenarios in the
area and their relationship with groundwater quality were nonexistent.
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Cliett (1969) [31] mentioned that the geology of the Conejos-Médanos Basin aquifer is
comparable to the Hueco Bolson aquifer, both having similar depositional environments
on the geological time scale of the aquifers. Despite these similarities, they differ in their
lithology and groundwater qualities, with differing sediments from contemporary basin fill
within the surface area of the aquifer. Additionally, Cliett (1969) [31] defined that the two
sediment units are hydraulically connected, meeting the aquifer at an estimated average
depth of 152.4 m (500 ft). Regarding water levels, in the case of the shallow Hueco Bolson
aquifer, along the agricultural zone of the Valle de Juárez, static levels were on average
12.19 m (40 ft) and superficially at 3 m (10 ft).

Hawley et al. (2009) [32] developed a hydrogeological model based on reports and
peer-reviewed research to promote the exchange of information to provide a better un-
derstanding of water problems and possible alternative solutions to address them. His
group’s hydrogeological model includes the area of the Mesilla aquifer, a section of the Rio
Grande in north-central Chihuahua, Mexico, and parts adjacent to the south of the Jornada
del Muerto Basin, where the contact between the strata is shown as well as the basin’s
sedimentary fill. The basement that represents the bedrock and the tectonic characteristics
of the area are reflected not only in the composition of the sedimentary fill, but also in
the groundwater flow and chemistry according to its time of residence. The source of
sediment fill in this aquifer was the surrounding mountains, consisting largely of Paleozoic
sedimentary rocks inclined on a base of Precambrian rocks; these mountains also contain
Tertiary volcanic rocks [31].

Appendix A (see Figure A1) shows the sedimentary Santa Fe Group with the evolution
and tectonic faults of the basins in the southern region of the Rio Grande. In the past 25
million years, this region has had a profound effect on the distribution of the groupings in
the lithofacies (strata) of the Santa Fe Group [33]. Hawley and Lozinsky (1992) [34] subdi-
vided the Santa Fe Group into three stratigraphic units: lower, middle, and upper. These
units are defined based on the general lithological character, the depositional environments
of the fill, and the characteristics related to the post-depositional history.

Hawley and Swanson (2022 in revision) [35], show that the hydrogeological framework
controls on groundwater flow and chemistry in the transboundary—aquifers system west
of the lower Mesilla Valley (MeV) and PdN transboundary aquifers systems in this area—
are comprised of: 1) thick Santa Fe Group (SFG) rift-basin fill (as much as 600 m), and 2) the
thin (≤20 m) alluvial aquifers of the inner-river valley. They also recognized that at least
the upper part of the SFG aquifer system was present in Chihuahua, located as far south as
the Federal Highway 2 corridor west of the Juarez and Sapello mountain ranges in Mexico.
In regard to groundwater quality in the transboundary Mesilla/Conejos-Médanos Basin
aquifer, Hawley and Swanson (2022 in revision) [35] address that the ongoing research
has demonstrated that very large quantities of fresh to slightly saline water are stored in
the basin-fill aquifer system, where most groundwater in storage is at least 11ka and was
recharged during the last glacial/pluvial stage of the Late Pleistocene Epoch (~29 to 11 ka).

2. Materials and Methods

The Conejos-Médanos Basin data were collected from the JMAS wells on the Mexican
side of the Mesilla Basin aquifer. We collected sixteen samples (Figure 2a,b) on 9 and 10 June
2016. Sampling was conducted in collaboration with the JMAS team, Grupo CARSO, and
the UACJ Environmental Engineering laboratory. The sixteen samples were analyzed for
physicochemical and metallic parameters by Garcia-Vasquez in the UACJ Environmental
Laboratory. A total of nine of these samples were analyzed for δ18O and tritium isotopes in
the Isotopic Hydrologic Laboratory at the Mexican Institute of Water Technology (IMTA)
(Figure 3).
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Cavity Ringdown Spectrometer L2110-i Isotopic H2O Picarro with high precision vaporizer A0211).

This study offers a significant contribution as it completes the characterization of the
Conejos-Médanos/Mesilla Basin aquifer isotopic system by providing results from the
Mexican side of the aquifer to the already existing data from the US side. To complete the
system analysis in this region, we compared our results with similar previous research
on the US side of the Mesilla Basin aquifer [11] and a study of the Hueco Bolson aquifer
between the US and Mexican sides [12].

2.1. Mesilla Basin Aquifer Data

In 2010, Teeple (2017) [11] gathered 44 isotopic samples (Table 1) from four hydro-
logic units in the Mesilla Basin aquifer on the US side. He used the subdivision of the
groundwater flow system outlined by Hawley and Lozinsky (1992) [34] to divide the study
area. Subdivisions made by them were four hydrological units (Table 1) including the Rio
Grande Alluvium, which is from a quaternary system and is part of the Santa Fe Group.
The Santa Fe Group is a Tertiary system divided into three hydrogeologic units, the Upper,
Middle, and Lower Santa Fe Group. The southern boundary in the study area of Teeple
(2017) [11] was the border between the US and Mexico.
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The aquifer was divided into four hydrogeological units based on the terrain stratigra-
phy and groundwater flow of the Mesilla aquifer as shown in Table 1.

Table 1. Samples in the Mesilla Basin aquifer by Teeple (2017) [11].

Area Samples

Rio Grande alluvium (RGA) 3
Lower part of the Santa Fe Group (LSF) 4

Middle part of the Santa Fe Group (MSF) 24
Upper part of the Santa Fe Group (USF) 13

Total Samples 44

Teeple (2017) [11] gathered 44 samples from wells and sampled the same location at
different depths from five sets of wells in different hydrologic units. For the first set of wells,
TQ18, TQ19, TQ20, and TQ21, had depths of 55, 275, 280, and 200 ft, and hydrologic units
of RGA, USF, MSF and LSF, respectively. For the second set of wells, TQ26, TQ27, TQ28,
and TQ29, the depths were 47, 275, 275, and 280 ft, and the hydrologic units were RGA,
USF, MSF and LSF, respectively. For the third set of wells, TQ31 and TQ32, the depths were
150 and 275 ft, and the hydrologic units were MSF and LSF, respectively. For the fourth
set of wells, TQ34, TQ35, and TQ36, the depths were 135, 270 ft and one more unspecified,
and the hydrologic units were USF, MSF and LSF, respectively. For the last set of wells,
TQ40 and TQ41, the depths were 47 and 132, and the hydrologic units were USF and MSF,
respectively. The coordinates for each set of wells are in Appendix B.

Tritium results shown by Teeple (2017) [11] were analyzed at the Menlo Park Tritium
Laboratory in Menlo Park, CA under the procedures of Östlund and Werner (1962) [36]
and Thatcher et al. (1977) [37].

The analyses for stable isotope ratios of δD and δ18O in Teeple (2017) [11] were
conducted at the USGS Stable Isotope Laboratory in Reston, Va. Under the described
methods in Révész and Coplen (2008b) [38].

This study was carried out on the US side of the Mesilla aquifer in cooperation with
the USGS, IBWC, NM WRRI, NMSU, Texas AgriLife Research, TWRI, and Texas A&M.
The results from the 44 samples in the Teeple (2017) [11] study were predominantly Na-
HCO3 or a Na-SO4-HCO3 geochemistry water groups. For tritium, the results indicate
negative values, which means there was no tritium content because of the decay. Teeple
(2017) [11] mentioned that results show groundwater flows are generally from the north to
south-southeast and that there is a pattern of groundwater discharging in the PdN.

2.2. Hueco Bolson Aquifer Data

Previous studies of the Hueco Bolson aquifer on the Mexican side indicate an in-
creasing trend of calcium and sulfate ions with total dissolved solids (TDS) of more than
750 mg/L. This shows a deterioration in water quality during the 1965–1999 period [39].

Eastoe et al. (2007) [12] conducted an analysis of the isotopic concentration in the
Hueco Bolson. They made a subdivision of hydrologic units (Table 2). This subdivision
encompasses the Hueco Bolson Aquifer in both the US and Mexico.

Table 2. Samples in Hueco Bolson Aquifer by Eastoe et al. (2007) [12].

Area Samples

Hueco Bolson Aquifer, El Paso County, Texas 35
Hueco Bolson Aquifer, Chihuahua 31

Hueco Bolson Aquifer, Doña Ana and Otero
Countries, New Mexico 5

Hueco Bolson Aquifer, Hudspeth County and
east El Paso County, Texas 4

Total Samples 75
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Eastoe et al. (2007) [12] gathered 75 samples of groundwater and precipitation. Ground-
water was sampled from public and private wells; precipitation samples were from the
Juarez region. Stable oxygen and hydrogen isotopes were measured with a gas source iso-
tope radio-frequency mass spectrometer (Finnigan). The delta value was standardized with
the Vienna Standard Mean Ocean Water (VSMOW). Liquid scintillation spectrophotometry
was used for tritium analysis. The stable and unstable isotope analysis was carried out in
the laboratory at the University of Arizona.

Results from stable isotope data showed four types of groundwater recharge. The
authors identified two sources of recharge from the Rio Grande and another two sources of
recharge from local precipitation.

Previous studies used to perform this assessment were selected as they have published
the same type of analysis and data samples in different locations. Table 3 shows the data
from the sources referred to in this study by the author.

Table 3. Data collected from different authors used in this investigation.

Source Year δ18O Tritium Coordinates Aquifer

Eastoe et al. 2007 Hueco (US/MX.)

Teeple 2010 Mesilla (US)

This study 2015 Conejos Médanos
(MX.)

Appendix B (see Table A1) contains a record of all the data used to perform the analysis.
“ID” means the identification of the sample in this study; “Source” is the name of the well
sampled; “Date” refers to the year when the sample was taken; “Latitude and longitude”
mean the sample coordinates; “δ18O and T” refer to the isotopic values obtained for oxygen,
hydrogen, and tritium, respectively; and “Group,” to the group previously named by the
authors. Additionally, from Eastoe et al. (2007) [12], A = Rio Grande, B = Rio Grande near
the Sierra de Juárez, C = Upper Hueco Bolson, D = South of the Hueco Bolson, and E =
Middle Hueco Bolson. The other acronyms used are Upper Santa Fe (USF), Middle Santa
Fe (MSF), Lower Santa Fe (LSF), and Rio Grande Alluvion (RGA) from Teeple (2017) [11].
In this study, the Conejos Médanos Basin is labeled (CM).

3. Results

Hydrogeochemical results show groundwater ions are predominantly Cl+SO4 and
HCO3, throughout the area. There is a mixture of waters that have the main components
Na+, Cl− and SO4

− ions. Due to the type of sediment fill deposit around the Conejos
Médanos aquifer, the presence of these ions throughout the aquifer was expected. Geo-
chemically, this reflects the rock interaction that predominates in this area and reveals
current rock deterioration through the mineralization of the waters throughout the region
of the Conejos Médanos aquifer.

Figure 4 shows the Mesilla and Hueco aquifers and geographical locations of the
samples collected by this study, Teeple (2017) [11], and Eastoe et al. (2007) [12].
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3.1. Tritium

The tritium results obtained in this study (Figure 4, green points) in the Conejos
Médanos Basin varied from −0.70 to 0.58 Tritium Units (TU), which is a non-significant
tritium content because the absence of tritium or values below <0.5 TU indicate that the
age of waters is not greater than 50 years. This is an important finding because it indicates
that the water present in this zone is not of recent origin, which demonstrates that there is
no recharge in this zone. Furthermore, this study does not report any significant tritium
concentrations in the Conejos Médanos Aquifer.

The Mesilla Basin aquifer results obtained by Teeple (2017) [11] indicate the presence
of pre-boom waters, which refers to water recharged prior to 1950. Teeple (2017) [11]
found high concentrations of tritium in two samples collected from wells in the Rio Grande
Alluvium; the values were 4.6 TU (T Q18) and 7.5 TU (T Q26). In the Hueco Bolson, the
highest concentrations followed the same path as the Mesilla Basin aquifer [12].

Figure 5 shows values over 2 TU for the samples taken by Eastoe et al. (2007) [12] near
the Rio Grande Alluvium. These tritium concentration values range from 2.6 to 14.2 TU,
which points to recharge points within the study’s area. The area with recharge points and
possible recharge near these points is in the alluvium of the Rio Grande, which is consistent
with what other authors mentioned in their studies.

Recharge points in the Rio Grande, in the Conejos-Médanos/Mesilla Basin, and Hueco
Bolson aquifers are present on the surface and exist mostly at the piedmont slopes of the
mountains adjacent to the Rio Grande Alluvium. This indicates that in the Mexican portion
of the Mesilla Basin, the water is old and does not have significant recharge areas. Thus, in
the rest of the points with values <2 TU, there is no recharge, at least in the sampled points.

Data collection by the different authors occurred in 2006, 2010, and 2015. Although the
collection of samples occurred at different times, for this analysis the variation in residence
time from one sample to another is not significant because they are valid in time and space.
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values more than 2 TU from Eastoe et al. (2007) [12]. The yellow points with black borders show
the values with more than 2 TU from Teeple (2017) [11]. The orange points indicate values lower
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Basin aquifer is featured in blue, and the Hueco Bolson in light blue. The line in dark blue shows the
Rio Grande mainstream.

3.2. Oxygen 18 (δ18O)

Figure 6 shows a compilation of the sample points. The samples are grouped into
numbers and letters. The letters are given by the author and apply only to the samples taken
by Eastoe et al. (2007) [12]. The data gathered from Eastoe et al. (2007) [12] are featured in
orange squares (Group A), circles (Group B), and diamonds (Group C); each shape represents
a different group given by the author. The data from this study are shown by green circles;
and the data by Teeple (2017) [11] in yellow circles. The values of all points were compared
with the GMWL and the RGEL to determine the changes in the water’s isotopic composition,
produced by different processes. A total of three groups were obtained.

Group 1 is in the GMWL and is made up of samples from group C. Some of these were
taken by Eastoe et al. (2007) [12] from the Hueco Bolson (orange diamonds), while five samples
came from the Teeple (2017) [11] study (yellow circles). Group C comes from the Franklin and
Organ Mountains. Eastoe et al. (2007) [12] mentioned that similar water could be originating
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in the Juarez Mountains (Sierra de Juárez). On the other hand, the five samples from Teeple
(2017) [11] (yellow points) are TQ12, TQ14, TQ16, TQ30, and TQ32 (See Appendix B). These
samples were taken in the Mesilla Basin near the Rio Grande Alluvium, which means that
water from the river is present in these locations. In Group 1, waters are located in or near the
GMWL because no current depletion can be seen in the isotopes.

Group 2 results feature 14 samples close to the line while the rest are slightly above
the line. Of those first fourteen samples, three (orange squares) are E1, E2, and E3 (See
Appendix B); they are part of Group A and were taken by Eastoe et al. (2007) [12] in
the Hueco Bolson aquifer in Chihuahua, near the Rio Grande. These three samples have
an isotopic composition of δ18O, which varies slightly between −8.6 and −9.4. Another
nine samples (yellow points) were TQ00, TQ03, TQ09, TQ13, TQ18, TQ23, TQ24, TQ25,
and TQ36 (See Appendix B); they were taken by Teeple (2017) [11] and show an isotopic
composition of δ18O with a variation of −7.74 to −8.97. The last of the fourteen samples
found in RGEL were taken by this study in the Conejos-Médanos set of wells of the JMAS;
these featured an isotopic composition of δ18O and a variation of −8.83. The rest of the
Group 2 samples that are slightly above the RGEL were taken by this study and Teeple
(2017) [11] in the Mesilla/Conejos-Médanos Basin.

The results of stable δ18O isotopes in this study are not near the GMWL, but they are
near the RGEL. According to Teeple (2017) [11], and Witcher et al. (2004) [24], these results
could indicate that groundwater has a Rio Grande isotopic signature from the ancestral Rio
Grande and this could be a sign of evaporated waters. In addition, they show that recharge
sources include precipitation, bedrock fissure water, and irrigation return water. Finally,
they also point to water evaporation.

Group 3 is made of three samples which are in or near the RGEL. This group is formed
by three samples from Group A taken by Eastoe et al. (2007) [12] in the Hueco Bolson
aquifer in Chihuahua near the Rio Grande. The group is made up of Group B (orange
circles), taken by Eastoe et al. (2007) [12] and consisting of samples collected beneath the
urban area of Juárez City and the Rio Grande floodplain in El Paso. The geographical area
in which the samples were collected is a semi-arid area where evaporation processes occur;
this phenomenon could have affected the process. This dataset falls below the GMWL,
indicating that water has evaporated. Group 3 is also formed by samples taken by Teeple
(2017) [11].

The study by Teeple (2017) [11] reports that values of less than −80.0 and
−10.5 δ18O/δD (‰) have an apparent age of less than 10,000 carbon-14 years before
present (1950). Samples from this age are found near the Rio Grande Alluvion. Values
greater than −80.0 and −10.5 δ18O/δD (‰) have an age greater than 10,000 carbon-14
years before present (1950). Samples of this age are found in the southeast of the Mesilla
Basin aquifer, near the Hueco Bolson and the Juarez Mountains. Such a group of results is
consistent with results from this study in the Conejos-Médanos region and with those of
Group C, from Eastoe et al. (2007) [12], which are marked as Group 3 in Figure 6.
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Figure 6. Plot of δ18O/δD (‰) in groundwater from this study, Eastoe et al. (2007) [12] and Teeple
(2017) [11] was compared to the global meteoric water line (GMWL) and Rio Grande evaporation
line (RGEL). The graph was divided into three groups, these groups considered all the samples in
Appendix B. Group 1) is formed by water samples from the Mesilla and Hueco basins taken by Teeple
(2017) [11] and Eastoe et al. (2007) [12]. Group 2) consists of samples from the Hueco Bolson and the
Mesilla/Conejos-Médanos Basin aquifers, and they are samples taken by this study, Teeple (2017) [11]
and Eastoe et al. (2007) [12]. Group 3) contains samples from the Mesilla Basin aquifer and the Bolson
del Hueco; the samples were taken by Teeple (2017) [11] and Eastoe et al. (2007) [12].

4. Conclusions

According to the age determined by the results of the isotopic concentration and the
δ18O/δD of the water, Group 2 is formed by old water. Occasionally an addition of 18O is
caused by dissolution processes, and this can increase with geothermal activity; having
this geothermal change could have caused a movement to the right of the GMWL. This, in
Figure 6, indicates that the “X” axis, which is 18O, moved to the right, achieving a greater
concentration of 18O. On the contrary, the “Y” axis, which represents a 16O concentration,
decreased. This change to a concentration greater than 18O and lower than 16O results in
an isotopically heavier δ18O signature but without any change in the δ2H signature [2,24].
Most of the groundwater samples that are plotted along the displaced GMWL represent
isotopically lighter water, with δD values of less than −80.00 per thousand and δ18O values
of less than −10.50 per thousand [40]. This isotopic signature indicates that the samples
in Group 2 probably underwent water recharge during the relatively humid and cool
Pleistocene climate [40].

According to Witcher et al. (2004) [24] and Bumgarner (2012) [40], the GMWL in
the studied area has been displaced and represents ancient groundwater and geother-
mal groundwater, from which 18O of the rocks have been obtained. This was due to an
exchange processes that typically occurs with the water-rock interaction and probable
hydrothermal alteration. Such an alteration occurs when the oxygen present in the ground-
water is exchanged due to the composition of the rock, temperature, texture, and length of
contact [24].

The compilation of isotopic data provided by this article is important as it allows for
the comparison of water samples from different locations in the US-Mexico borderland
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area of the Hueco Bolson and Mesilla Basin aquifers. The locations of the samples collected
contribute to understanding the water origin of the studied area.

Hawley and Kottlowski (1969) [13] established that the Rio Grande flowed across
the western area of the Juarez Mountains and that water from the Rio Grande drained
into the Cabeza de Baca Ancient Lake, going through the sedimentary deposits which are
presently part of the Mesilla Basin aquifer [3]. However, with the formation of the Juarez
Mountains in the Quaternary period, the Rio Grande changed its course, carving its way
through the El Paso Canyon over the course of recent geological times, flowing between the
Franklin Mountains and the Juarez Mountains through the canyon that formed between
the neighboring mountains [13].

As different authors mention, a primary source of recharge into the Mesilla Basin
aquifer system is the Rio Grande Alluvium in the Mesilla Valley because of the seepage
losses from the riverbed. From previous and new data evaluated, we conclude that the
Conejos-Médanos Basin aquifer has the same source of water as the Hueco Bolson does
from Group A of Eastoe et al. (2007) [12]. The Group A samples were taken near the Rio
Grande at the foot mountain in the Juarez Mountains. Moreover, as was expected, the
Group 1 samples collected by Teeple (2017) [11] at the south of the Mesilla Valley to the
Conejos Médanos Basin aquifer signal the presence of the same type of water in this area.

In conclusion, the samples collected and analyzed by this study complete the de-
scription of the Hueco Bolson and the Mesilla/Conejos-Médanos Basin at the US-Mexico
transboundary area. According to previous study results shown for Group 2, a stable
isotope δ18O concentration falls below the GMWL in the evaporated zone, which indicates
that these are old waters that have undergone evaporation, horizontal infiltration, or dis-
solution processes. Moreover, groundwater values indicate that groundwater recharge
sources include precipitation, bedrock fissure water, or both. Furthermore, results are con-
sistent with findings by Eastoe et al. (2007) [12], Teeple (2017) [11], Hawley and Kottlowski
(1969) [13], Witcher et al. (2004) [24], and Bumgarner (2017) [40], whose findings indicate
that the groundwater is not recent and that it was recharged thousands of years ago when
the climate was more humid, which could be the cause for the same isotopic content in the
Hueco Bolson and Conejos-Médanos/Mesilla Basin aquifers near the Juarez Mountains.
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Appendix B

Details of data used for this study are in Table A1.

Table A1. Data used for this study.

ID SOURCE DATE LATITUDE LONGITUDE δ18O D T GROUP

E 1 JMAS well 3Z 2006 31.686 −106.339 −9.4 −77 7.3 A
E 2 JMAS well 9R 2006 31.745 −106.493 −8.6 −72 A
E 3 JMAS well 19R 2006 31.647 −106.415 −10.2 −83 A
E 4 JMAS well 53R 2006 31.606 −106.494 −9 −73 5.5 A
E 5 JMAS well 62 2006 31.745 −106.489 −10.2 −82 A
E 6 JMAS well 141 2006 31.701 −106.434 −10.1 −82 A
E 7 EPWU well 9 2006 31.772 −106.454 −11.5 −85 −0.5 B
E 8 EPWU well 14 2006 31.769 −106.463 −11.2 −85 1.2 B
E 9 EPWU well 408 2006 31.755 −106.421 −10.9 −82 1.6 B
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Table A1. Cont.

ID SOURCE DATE LATITUDE LONGITUDE δ18O D T GROUP

E 10 EPWU well 414 2006 31.704 −106.356 −11.2 −82 −0.5 B
E 11 EPWU well 420 2006 31.735 −106.383 −10.6 −74 −0.6 B
E 12 JMAS well 1R 2006 31.725 −106.481 −10.8 −84 B
E 13 JMAS well 5 2006 31.61 −106.456 −10.9 −86 1.2 B
E 14 JMAS well 13RR 2006 31.625 −106.487 −10.9 −83 −0.5 B
E 15 JMAS well 17R 2006 31.731 −106.47 −10.9 −87 B
E 16 JMAS well 42R 2006 31.63 −106.426 −10.8 −85 1.4 B
E 17 JMAS well 47 2006 31.667 −106.374 −11.3 −88 B
E 18 JMAS well 50R 2006 31.66 −106.437 −11.7 −89 −0.4 B
E 19 JMAS well 56R 2006 31.662 −106.369 −11.6 −88 B
E 20 JMAS well 76 2006 32.357 −106.409 −11 −85 3 B
E 21 JMAS well 82R 2006 31.667 −106.467 −11.7 −89 −0.6 B
E 22 JMAS well 84 2006 31.651 −106.466 −11.9 −92 B
E 23 JMAS well 99R 2006 31.69 −106.443 −11.8 −91 B
E 24 JMAS well 115 2006 31.672 −106.394 −11.4 −88 B
E 25 JMAS well 120 2006 31.651 −106.4 −11.7 −90 B
E 26 JMAS well 130 2006 31.662 −106.381 −11.2 −87 B
E 27 JMAS well 134 2006 31.621 −106.466 −11 −82 B
E 28 JMAS well 142 2006 31.689 −106.468 −11.3 −85 −0.5 B
E 29 JMAS well 161 2006 31.735 −106.456 −11.1 −86 B
E 30 JMAS well 151 2006 31.706 −106.371 −11.8 −90 −0.7 B
E 31 JMAS well 165 2006 31.675 −106.402 −11.9 −92 −0.4 B
E 32 JMAS well 180 2006 31.731 −106.343 −11.7 −90 −0.9 B
E 33 JMAS well 183 2006 31.72 −106.424 −11.8 −91 B
E 34 JMAS well 186 2006 31.852 −106.41 −11.8 −90 B
E 35 JMAS well 193 2006 31.891 −106.378 −11.3 −88 B

E 36 West Windmill
Bowen 2006 31.983 −106.473 −9.2 −63 1.2 C

E 37 LF4 2006 32 −106.377 −9.5 −63 −0.8 C
E 38 Vista Hills Blue well 2006 31.762 −106.317 −10.8 −75 −0.5 C
E 39 Well 2 Vista Hills 2006 31.761 −106.315 −10.8 −73 −0.6 C
E 40 Wheeler well #3B 2006 31.687 −106.265 −10.7 −77 −0.5 C
E 41 EPWU well 18 2006 31.769 −106.437 −10.9 −76 −0.8 C
E 42 EPWU well 20A 2006 31.841 −106.427 −9.3 −65 −0.6 C
E 43 EPWU well 25 2006 31.899 −106.423 −10 −69 −0.5 C
E 44 EPWU well 33 2006 31.957 −106.392 −9.3 −64 −0.5 C
E 45 EPWU well 42 2006 31.972 −106.409 −9.9 −68 −0.6 C
E 46 EPWU well 45 2006 31.798 −106.368 −10.3 −70 −0.9 C
E 47 EPWU well 52 2006 31.928 −106.442 −9.2 −62 −0.5 C
E 48 EPWU well 55 2006 31.862 −106.422 −9.9 −69 −0.6 C
E 49 EPWU well 63 2006 31.798 −106.361 −10.4 −71 0.5 C
E 50 EPWU well 69 2006 31.759 −106.347 −10.7 −73 −0.4 C
E 51 EPWU well 83 2006 31.715 −106.366 −10.2 −76 4.5 C
E 52 EPWU well 93 2006 31.819 −106.352 −10.7 −73 −0.7 C
E 53 EPWU well 519 2006 31.907 −106.392 −9.9 −68 −0.9 C
E 54 EPWU well 404 2006 31.722 −106.32 −10.7 −74 1.1 C
E 55 EPWU well 416 2006 31.709 −106.36 −10 −73 1.7 C
E 56 Well 2B Ft. Bliss 2006 31.829 −106.406 −10.1 −70 −0.5 C
E 57 Well 5A Ft. Bliss 2006 31.808 −106.432 −9 −64 −0.5 C
E 58 Well 6A Ft. Bliss 2006 31.808 −106.426 −8.8 −63 0.5 C
E 59 Well 7 Ft. Bliss 2006 31.808 −106.422 −9.8 −70 −0.4 C
E 60 Well 10 Ft. Bliss 2006 31.859 −106.403 −9.7 −70 0.5 C
E 61 Well 11 Ft. Bliss 2006 31.87 −106.403 −9.7 −69 −0.4 C
E 62 Well 12 Ft. Bliss 2006 31.885 −106.388 −9.8 −69 −0.5 C

E 63 Intl. Garment Proc.
No.4 2006 31.82 −106.261 −10.4 −76 1.1 C

E 64 Intl. Garment Proc.
No.1 2006 31.812 −106.267 −10.6 −76 1.5 C
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Table A1. Cont.

ID SOURCE DATE LATITUDE LONGITUDE δ18O D T GROUP

E 65 Chaparral Edna 2006 32.036 −106.426 −9.9 −68 −0.5 C
E 66 Chaparral Sylvia 2006 32.028 −106.426 −9.1 −63 −0.8 C

E 67 Chaparral
Rosencrans 2006 32.025 −106.41 −9.4 −65 C

E 68 Rinchem well 2006 32.004 −106.446 −10.7 −74 −0.7 C
E 69 Rhino pump well 2006 32.012 −106.325 −10.5 −70 −0.5 C
E 70 JMAS well 221 2006 31.73 −106.464 −10.5 −78 14.2 C
E 71 LF1 2006 31.983 −106.337 −8.5 −60 1 D
E 72 Esperanza PO 2006 31.16 −105.71 −6.3 −46 2.9 D
E 73 Indian Cliffs Ranch 2006 31.563 −106.066 −8.5 −67 2.6 E
E 74 Velarde 2006 31.587 −105.907 −6.8 −59 3 E
E 75 El Paso Lakes 2006 31.701 −106.038 −9.3 −69 E

T Q00 322320106551801 2010 32.48600 −106.9220 −8.53 −72.38 3.6 USF
T Q01 322233106590901 2010 32.37592 −106.98634 −11.26 −86.92 0 MSF
T Q02 322219106485001 2010 32.37200 −106.81400 −11.34 −87.71 0.3 MSF
T Q03 322054106475201 2010 32.34843 −106.79834 −8.71 −73.53 8.1 USF
T Q04 322024106463901 2010 32.34000 −106.77900 −11.25 −86.98 1.3 USF
T Q05 321934106482601 2010 32.32648 −106.80778 −11.79 −90.30 0.1 MSF
T Q06 321641106515401 2010 32.27800 −106.86500 −11.74 −90.06 −0.1 MSF
T Q07 321628106451501 2010 32.27426 −106.75417 −11.6 −89.46 0.3 MSF
T Q08 321501106443801 2010 32.25037 −106.74445 −11.49 −88.84 0.1 USF
T Q09 320939106441701 2010 32.16093 −106.73861 −8.95 −74.58 8.8 USF
T Q10 320654106504201 2010 32.11500 −106.84500 −11.71 −87.54 0 MSF
T Q11 320643106440401 2010 32.11181 −106.73448 −11.79 −90.41 0 MSF
T Q12 320604107051201 2010 32.10121 −107.08723 −8.75 −66.42 0 MSF
T Q13 320445106421001 2010 32.07927 −106.70333 −8.89 −74.40 6.2 USF
T Q14 320253106364001 2010 32.04800 −106.61100 −10.1 −75.16 0.1 USF
T Q15 320054106533901 2010 32.01510 −106.89473 −11.36 −85.8 0 USF
T Q16 320040107054601 2010 32.01121 −107.09668 −9.2 −66.71 −0.1 MSF
T Q17 315955106362201 2010 31.99649 −106.60694 −11.43 −85.18 MSF
T Q18 315940106372301 2010 31.99444 −106.62306 −8.04 −69.74 4.6 RGA
T Q19 315940106372302 2010 31.99444 −106.62306 −11.05 −83.41 0.2 USF
T Q20 315940106372303 2010 31.99444 −106.62306 −11.29 −84.76 0 MSF
T Q21 315940106372304 2010 31.99444 −106.62306 −11.39 −85.33 0 LSF
T Q22 315723106415201 2010 31.95677 −106.69833 −11.39 −85.6 0 MSF
T Q23 315712106361802 2010 31.95371 −106.60583 −7.97 −68.02 4.2 USF
T Q24 315712106361803 2010 31.95371 −106.60583 −8.96 −74.01 10.3 MSF
T Q25 315712106361804 2010 31.95371 −106.60583 −11.49 −86.65 0.9 LSF
T Q26 315646106374401 2010 31.94611 −106.62889 −8.57 −71.17 7.5 RGA
T Q27 315646106374402 2010 31.94611 −106.62889 −12.61 −93.96 −0.1 USF
T Q28 315646106374403 2010 31.94611 −106.62889 −12.85 −94.73 −0.1 MSF
T Q29 315646106374404 2010 31.94611 −106.62889 −11.84 −89.75 0 LSF
T Q30 315519106593101 2010 31.92200 −106.99200 −8.29 −59.36 0 MSF
T Q31 315245106380601 2010 31.87927 −106.63555 −12.0 −89.32 0 MSF
T Q32 315245106380602 2010 31.87927 −106.63555 −9.46 −72.09 LSF
T Q33 315114106414901 2010 31.85400 −106.69700 −10.93 −84.06 0 MSF
T Q34 315013106362601 2010 31.83705 −106.60777 −7.2 −61.57 −0.1 USF
T Q35 315013106362602 2010 31.83705 −106.60777 −7.51 −63.39 MSF
T Q36 315013106395301 2010 31.83705 −106.66527 −7.74 −67.08 MSF
T Q37 315006106354601 2010 31.83500 −106.59600 −7.67 −65.04 RGA
T Q38 314932106493401 2010 31.82594 −106.82527 −10.94 −82.65 0 MSF
T Q39 314908106371201 2010 31.81900 −106.62000 −7.89 −63.03 0.1 MSF
T Q40 314817106325801 2010 31.80483 −106.54999 −7.99 −65.41 1.3 USF
T Q41 314817106325802 2010 31.80483 −106.54999 −8.14 −68.74 0.1 MSF
T Q42 314746106353601 2010 31.79622 −106.59388 −8.38 −67.42 0.1 MSF
T Q43 314717106404401 2010 31.78800 −106.67900 −8.08 −63.5 0 MSF
TS 01 P1-CM-21 2015 31.65043 −106.8657 −7.39 −63.7 0.35 CM
TS 02 P3-CM-06 2015 31.68897 −106.8363 −7.69 −62.8 −0.16 CM
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Table A1. Cont.

ID SOURCE DATE LATITUDE LONGITUDE δ18O D T GROUP

TS 03 P5-CM-24 2015 31.74661 −106.8465 −8.83 −72.3 −0.23 CM
TS 04 P7-CM-12 2015 31.7307 −106.820 −7.36 −61.2 −0.3 CM
TS 05 P9-CM-15 2015 31.7307 −106.820 −7.7 −62.6 −0.7 CM
TS 06 P11-CM-23 2015 31.65181 −106.7786 −7.68 −61.9 0.17 CM
TS 07 P12-CM-18 2015 31.69394 −106.7852 −7.54 −60.9 0.36 CM
TS 08 P16-CM-01 2015 31.7494 −106.7622 −8.15 −64.1 −0.23 CM
TS 09 P17-CM-14 2015 31.72955 −106.7593 −7.82 −62.3 0.44 CM

ID: Identification of samples, E by Eastoe et al. (2007) [12], T by Teeple (2017) [11], TS by This study.
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Abstract: Synthesizing binational data to characterize shared water resources is critical to informing
binational management. This work uses binational hydrogeology and water resource data in the
Mesilla/Conejos-Médanos Basin (Basin) to describe the hydrologic conceptual model and identify
potential research that could help inform sustainable management. The Basin aquifer is primarily
composed of continuous basin-fill Santa Fe Group sediments, allowing for transboundary through-
flow. Groundwater flow, however, may be partially or fully restricted by intrabasin uplifts and limited
recharge. The shallow groundwater in the Rio Grande alluvium receives recharge from the Rio Grande
and responds to changes in water supply and demand. About 11% of Rio Grande alluvial ground-
water volume is recharged annually, an amount that is less than recent withdrawals. Potentially
recoverable fresh to slightly brackish groundwater was estimated at 82,600 cubic hectometers in the
U.S. portion of the Basin and 69,100 cubic hectometers in the Mexican portion. Alluvial groundwater
geochemistry is governed by the evaporative concentration of the Rio Grande and agricultural diver-
sions, whereas deeper groundwater geochemistry is governed by mixing and geochemical processes.
Continued refinements to storage estimates, the water budget, and deep groundwater extent and
geochemistry can improve estimates of sustainable use and inform alternative water sources.

Keywords: transboundary; water resources; Rio Grande; conceptual model; hydrogeology; geochemistry

1. Introduction

As in many arid regions, increasing water demand due to increasing population
and agricultural uses within the Mesilla/Conejos-Médanos Basin (Basin), combined with
multi-year drought conditions [1], has resulted in diminished surface-water supplies and
increased reliance on groundwater withdrawals. The Basin, which is largely defined by the
presence of basin-fill sediments and bounding uplifts, is home to a regionally important
transboundary aquifer underlying portions of Texas and New Mexico (U.S.), as well as
Chihuahua (Mexico) (Figure 1). The Rio Grande, which flows through the northeastern
portion of the Basin (Figure 1), along with groundwater, provides water for the residents
and industries of Las Cruces, New Mexico; El Paso, Texas; and Ciudad Juárez, Chihuahua,
along with numerous smaller communities. The Basin is also home to one of the largest
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agricultural producing regions in the state of New Mexico [2]. The high demands on the
water resources, coupled with decades of reduced streamflow, are resulting in reduced
groundwater supplies. The New Mexico Universities Working Group on Water Supply
Vulnerabilities (2015) reports that the groundwater resources in the Basin “ . . . may no
longer have the capacity to provide a reliable, supplemental supply during extended
drought conditions and with the current levels of intensive use of groundwater.” [3].
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American Datum of 1983.

The transboundary and interstate nature of the Basin aquifer adds to the complexity
of resolving competing demands. The research needs for a scarce conjunctive-use resource
that is managed by multiple governments benefits from not only understanding of the
physical characteristics and limits of the resource but cooperation and common objectives
of stakeholders. Surface water of the Rio Grande (known as the Rio Bravo in Mexico)
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is allocated according to a series of legal agreements, including the tri-state (Colorado,
New Mexico, and Texas) Rio Grande Compact, the federal Rio Grande Project, and the
1906 U.S.-Mexico treaty. In contrast to the complex legal structures apportioning surface
water, there are no state compacts or binational treaties to govern the apportionment of
groundwater. Pending (2022) lawsuits (State of Texas v. State of New Mexico and State of
Colorado [No. 141, Orig.] and the Rio Grande adjudication, New Mexico v. Elephant Butte
Irrigation District, et al. [No. CV 96-888]) add uncertainty to the existing legal framework
and future allocation of the limited resources, putting increased emphasis and importance
on the Basin and resource characterization to support sound management decisions.

The objective of this work is to summarize the state of the hydrologic science in the
Basin, describe the working hydrologic conceptual model and water budget, and identify
potential research that would add key information to assist sustainable binational man-
agement. The U.S. portion of the Basin is often referred to as the Mesilla Basin and will
be referred to as the Mesilla portion of the Basin in this report. The Mexican portion of
the Basin is often referred to as the Conejos-Médanos aquifer and will be referred to as
the Conejos-Médanos portion of the Basin in this report. Much of the work in the Basin
has focused on either the U.S. or Mexican portion, and interpretative study areas generally
do not extend across the international border. Most of the published work available and
cited in this article is from the U.S. side of the Basin and primarily focuses on the Mesilla
Valley (Figure 1). This work seeks to synthesize that research and describe it in the context
of the international resource. Specifically, Basin characteristics, surface water, groundwater,
and water-chemistry information are used to (1) determine the extent of the regional aquifer
and estimate the amount of groundwater exchange between Mesilla and Conejos-Médanos
portions of the aquifer; (2) evaluate prior estimates of groundwater storage in the regional
aquifer and develop a revised estimate using updated information, (3) determine the extent
and amount of present-day recharge, and (4) summarize the source and mechanisms of
salinity near Paso del Norte, where the Rio Grande and groundwater flow out of the Basin.

To bridge the disparate research and gain a more complete understanding of the
regional aquifer system, new estimates of storage and water-budget components are intro-
duced, as well as a binational water-level map. This work introduces new storage estimates
for the Mesilla portion of the Basin using a newly constructed digital hydrogeologic frame-
work [7], as well as for the Conejos-Médanos portion of the Basin, for which storage has
not been previously estimated. An international water-level map that combines groundwa-
ter elevation data from both sides of the international border was developed in order to
visualize potential groundwater flow through the Basin. Finally, a water-budget approach
is presented that includes a new estimate of groundwater flow across the international
border. Three versions of the water budget are developed under different assumptions by
using data for the period of record, a dry period, and a wet period to compare differences
resulting from surface-water availability.

This paper is organized into conventional water resource assessment sections, and the
following narrative provides a roadmap for how each these sections address the objective
and research objectives listed above. To quantify the amount of water available in the Basin,
Section 3 summarizes the hydrogeology of the Basin sediments that make up the aquifer
and bounding features, along with descriptions of faults and sub-basins that may affect
groundwater flow. Streamflow characteristics and variability are described in Section 4.1.
Estimates of the aquifer dimensions and hydrologic properties are then combined with
groundwater levels in Section 4.2 to estimate the amount of groundwater in storage in the
Basin. Using the supporting evidence of groundwater fluctuations in Section 4.2 and water
chemistry in Section 5, the extent and fraction of present-day recharge from surface water
is estimated in the water budgets presented in Section 6. Potential contributors to salinity
and their extent are introduced in Section 4 and further developed in Section 5. Uncertainty
and gaps in data and understanding are noted throughout the paper and are summarized
in Section 7.
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2. Materials and Methods

The information and research summarized in this paper were gathered from published
data and interpretations. Several previous and current federal, state, and local programs are
responsible for the large body of work contributing to our understanding of the Basin. Key
works used in this paper to estimate groundwater storage and to delineate groundwater
flow direction include previous descriptions of geologic structure, basin-fill sediments,
and bounding features by Hawley and Kennedy (2004) [8] and Sweetkind (2017) [7] for the
Mesilla portion of the Basin, as well as Jimenez and Keller (2000) [9] and Servicio Geológico
Mexicano (SGM) (2011) [10] for the Conejos-Médanos portion of the Basin. Previous stor-
age estimates are limited to the Mesilla portion of the Basin and have been reported by
Hawley and Kennedy (2004) [8], Wilson and colleagues (1981) [11], and Balleau (1999) [12].
Water-chemistry data reported by numerous authors, but primarily Witcher and colleagues
(2004) [13] and Teeple (2017) [5], were used to describe the extent of recharge and ground-
water flow, as well as salinity increases at the terminus of the Basin, near Paso del Norte
(Figure 1). To understand the extent and quantity of present-day recharge as a contribution
to the water budget, data were compiled from Wilson et al. (1981) [11], the numerical
modeling efforts of Frenzel and Kaehler (1992) [14] and S.S. Papadopulos and Associates,
Inc. (SSPA; 2007) [15], from Hanson and colleagues (2020) [16], and the associated data re-
lease by Ritchie et al. (2018) [17]. Interpretation of the present groundwater/surface-water
interactions was supported with long-term data-collection records available from the U.S.
Geological Survey (USGS; 2021) [18].

The total volume of groundwater stored in the aquifer system of the Mesilla portion
of the Basin and a small part of the Conejos-Médanos portion was estimated using the
method documented by the Texas Water Development Board (TWDB), which differentiates
between groundwater storage in unconfined and confined aquifers [19,20]. Groundwater
storage for unconfined aquifers (Su) is equal to the volume of water that would be released
by dewatering the entire saturated thickness of the aquifer and is calculated as follows:

Su = A (bs) Sy (1)

where A is the area of the saturated aquifer, bs is the saturated thickness (equal to the
groundwater elevation minus the elevation of the bottom of aquifer), and Sy is the specific
yield. Specific yield is the ratio of the volume of water that drains from a saturated rock by
gravity to the total volume of the saturated aquifer.

Groundwater storage in confined aquifers (Sc) consists of the volume of water that
would be released by dewatering the entire aquifer and the elastic properties of the aquifer
(expansion of water and deformation of aquifer solids), calculated as:

Sc =
[
A (bs) Sy] + [A (h) Ss (ba)

]
(2)

where ba is the aquifer thickness (equal to the elevation of the top of the aquifer minus
the elevation of the bottom of aquifer), h is the hydraulic head (equal to the groundwater
elevation minus the elevation of the top of the aquifer), and Ss is the specific storage. Specific
storage is the amount of water released from or taken into storage per unit volume of a porous
medium per unit change in hydraulic head. Other terms are as defined for Equation (1).

The elevations of the top and bottom of the aquifer units were estimated by using the
three-dimensional hydrogeologic framework model developed by Sweetkind (2017) [7].
Sweetkind (2017) assigned a thickness of about 1.5 meters (m)to a hydrogeologic framework
model unit where it was absent within the stratigraphic sequence [7]; these areas were
excluded from the total volume estimates. The groundwater elevation was estimated
from the groundwater-elevation surface presented in Section 4. Equation (1) was used to
calculate the Su where the groundwater elevation was equal to or below the top of the
aquifer unit, and Equation (2) was used to calculate the Sc where the groundwater elevation
was above the top of the aquifer unit. An Sy of 0.1 and an Ss of 0.00001 per foot were
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assumed for all aquifer units. These values were chosen to be consistent with reported
values and previous storage estimates [8].

The three-dimensional hydrogeologic framework model used to estimate the vol-
ume of the Mesilla portion of the Basin represents about 45% of the total area of the
Mesilla/Conejos-Médanos Basin, as depicted in Teeple (2017) [5] (Figure 1). Thus, only a
small portion the northern part of the Conejos-Médanos portion of the Basin, roughly cor-
responding to the southernmost active extent of the Rio Grande Transboundary Integrated
Hydrologic Model [16], was included in the volume estimates for the Mesilla portion of
the Basin. In addition, areas with a high standard error from kriging the groundwater
elevations were excluded from the total volume estimates.

Different spatial resolutions were used for the three-dimensional hydrogeologic frame-
work model, a 200-m grid-cell size, and for the groundwater-elevation surface, a 23-m
grid-cell size. To combine the different spatial resolutions, the ArcGIS Zonal Statistics
tool [21] was used to calculate the mean groundwater elevation within each hydrogeologic
framework model grid.

A binational water-level map was constructed by interpolating median groundwater-
elevation data from measurements made in 2010 within the basin-fill sediments [10,18].
Measurements made in Mexico and reported in the National Geodetic American Vertical
Datum of 1929 were converted to reference the North American Vertical Datum of 1988
(NAVD88) by using the correction factors from Carrera-Hernández (2020) [22] so that
measurements within both countries were relative to a common datum. Data that were not
measured within the basin-fill sediments or that were noted as being affected by nearby
pumping, surface water, or other factors were omitted from the analysis. The final dataset
included a total of 217 measurement locations, with 108 in Mexico and 109 in the United
States [23]. Median values from these locations were contoured by using universal kriging
interpolation techniques in R (version 3.5.3), an open-source programming language [24,25].
The kriging configuration used a 2nd-order trend with an interaction term, a spherical vari-
ogram model (range = 61,134 m; sill = 592 square meters (m2); nugget = 0 m2), and a 23-m
grid-cell size. Portions of the map that were associated with relatively high interpolation
uncertainty, as determined by the kriging standard error and largely due to sparce data
coverage, were omitted from the final map [23]. Elevations referenced throughout this
paper are reported relative to the NAVD88.

3. Geologic Setting and Hydrogeology

The semiarid Mesilla/Conejos-Médanos Basin (Basin) covers 8290 square kilometers
(km2), of which about 5960 km2 are in Chihuahua, Mexico [8,10]. Physiographically, the
Mesilla portion of the Basin can be divided into the West Mesa, the incised Mesilla Valley
that contains the Rio Grande and associated sediments, and the East Bench (Figure 1).
The Conejos-Médanos portion of the Basin is divided into the lowlands and dunes of
Laguna El Barreal to the southwest and the mesa features that may be considered as the
southern extension of the West Mesa in New Mexico (Figure 1). Basin elevations range
from about 1100 m near the Paso del Norte to greater than 2700 m in the Organ Mountains
east of Las Cruces (Figure 1) [16]. Average annual precipitation in Las Cruces, New Mexico
is about 21.3 centimeters (cm) per year [26], and average annual precipitation from four
climate stations in and near the Conejos-Médanos portion of the Basin is about 16.8 cm
per year [27]. The average annual estimated reference evapotranspiration ranges from
about 187 cm/year along the Rio Grande Valley to about 79 cm/year in the surrounding
mountains [16]. The Rio Grande is an important surface-water feature flowing through the
northern Mesilla portion of the Basin, whereas ephemeral surface waters in the Conejos-
Médanos portion of the Basin are considered to be in closed basins and not connected to
the Rio Grande.
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3.1. Geologic Setting

The Basin is located in the southern part of the Rio Grande rift, a tectonic feature
that is characterized by a series of generally north-south-trending structural extensional
basins. The still-active Rio Grande rift has been evolving for more than 25 million years
through episodic crustal extension and basin subsidence [8]. The Basin is bound by volcanic
highlands and fault-block (horst) ranges that expose tilted Paleozoic and Early Cretaceous
carbonate and siliciclastic rocks and include some Tertiary igneous intrusions [8,28–30].
The eastern margin of the Mesilla portion of the Basin is bound by the Organ and Franklin
Mountains, and the western margin by fault blocks and volcanic uplands of the East Potrillo
Mountains and West Potrillo Mountains. The Robledo and Doña Ana Mountains define the
northern end of the Basin, except in the northeast, where it transitions to the Jornada del
Muerto Basin (Figure 1) and where interbasin groundwater flow is reported to occur [5,8].
The Conejos-Médanos portion of the Basin is bound to the east by low-elevation (<1490 m)
mountains and hills, including Sierra de Juárez, Cerro El Picacho, and Sierra de Samalayuca;
to the south by the Cenozoic outcrops around Sierra La Candelaria; and to the southwest
by the hills and mountains west of Laguna El Barreal, such as Sierra El Malpais and Sierra
La Nariz [31].

Tectonic deformation and faulting within the Basin formed a series of structural sub-
basins and uplifts (Figure 2) [7,8,30,32]. These interbasin and intrabasin structures play a
major role in groundwater flow. The Mesilla portion of the Basin is divided into sub-basins
by a normal-fault bounded horst block, the Mid-Basin Uplift. The Mid-Basin Uplift does
not extend through the entire saturated thickness but may result in the division of deeper
groundwater flow [8]. To the north, the entire saturated thickness of the southern portion of
the Jornada Del Muerto Basin (Figure 2) is separated from the Basin by sub-crops resulting
from a complex series of faults [7,8]. In the Conejos-Médanos portion of the Basin, a series of
northwest—southeast trending sub-basins, Los Muertos, El Parabien, and Southcentral (or
Conejos-Médanos), are defined by mostly buried uplifts [9,33]. Previous groundwater-level
maps indicate the potential for groundwater throughout the Conejos-Médanos portion
of the Basin to flow north [10,27]; however, these buried uplifts may restrict northerly
groundwater flow to only a small portion near the international border.
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Figure 2. Major faults and structural features of the Mesilla/Conejos-Médanos Basin. Also included
are the locations of nested wells, where vertical gradients have been determined, and select deep and
shallow wells with long-term groundwater-level records. Base terrain and geographic references
are from [5,6,34]. Coordinates are the geographic coordinate system relative to the North American
Datum of 1983.

3.2. Hydrogeology

Aquifers in the Rio Grande rift, like the Basin, are made up of saturated recent valley -fill
deposits and older thick intermontane sedimentary basin-fill deposits. While climate regimes
influenced the geomorphology of the fluvial deposits in the Basin, tectonics were—and
are—the primary controls for the aggradation from the Rio Grande [35,36]. The Basin
aquifer system is made up of as much as 900 m of partially consolidated eolian, alluvial,
lacustrine, and fluvial (ancestral Rio Grande) deposits that comprise the Pliocene to Pleis-
tocene Santa Fe Group [7,8,10]. A thin layer (<25 m) of unconsolidated Quaternary alluvial
and fluvial deposits, known as the Rio Grande alluvium, overlies the Santa Fe Group [8].
The Santa Fe Group unconformably overlies a succession of older consolidated base-
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ment rocks that include, in descending order: lower-to-middle Tertiary and volcaniclastic
rocks [7]; up to 760 m of Upper Cretaceous marine and non-marine sandstone and shale;
900 m to over 1500 m of Paleozoic dolomite, limestone, and sandstone with interbedded
shale and gypsum beds [8,10]; and a complex of Proterozoic granite and metamorphic rocks.

The Santa Fe Group is often divided into three hydrostratigraphic units that roughly
correspond to the stages of basin filling: the upper Santa Fe, the middle Santa Fe, and the
lower Santa Fe hydrostratigraphic units (Figure 3), which are correlative with the Camp
Rice and Palomas, the Rincon Valley, and the Hayner Ranch formations, respectively [7,8].
Deposition of the lower Santa Fe unit occurred between 10 and 25 million years ago (Ma)
in a broad, shallow basin that predated the uplifts of the flanking mountain blocks [8].
The lower Santa Fe unit is primarily fine-grained and partly consolidated with some
calcium-sulfate and sodium-sulfate evaporites and cementation, which was deposited in a
closed basin. The middle Santa Fe unit is composed of eolian dune sequences up to 610 m
thick that intertongue with alluvial deposits near the bounding mountains and fluvial and
playa-lake deposits in the inner Basin [8]. The middle Santa Fe unit was deposited about
4 to 10 Ma, when rift tectonics were most active. Rapid aggradation in the Basin during
this time, caused by subsidence of the central basin blocks relative to the surrounding
uplifts [8], resulted in deposition of coarse clastic alluvial deposits derived from the uplift
of the ranges bounding both sides of the basin [8]. The upper Santa Fe unit is about 3 to
4 Ma and consists of fluvial deposits from a large, braided river of the ancestral Rio Grande,
with channel sands and gravels from as far north as the mountains in southern Colorado
and alluvial fan deposits derived from basin-bounding highlands (Figure 1) [8]. The fluvial
system discharged into the playa-lake plains of the eastern Hueco Bolson and the southern
Conejos-Médanos portion of the Basin.
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The Quaternary Rio Grande alluvium and upper Santa Fe unit were deposited by
the through-flowing Rio Grande [16]. The alluvial sequence was produced by multiple
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episodes of valley entrenchment during glacial stages and aggradation during interglacial
(interpluvial) stages. The Rio Grande alluvium is composed of river-channel and overbank
depositional facies ranging in texture from sand and gravel to silt and clay that are generally
15 to 38 m thick, respectively [11]. A basal-channel gravel and sand layer, up to 9 to 12 m
thick, was deposited during the interval of maximum valley incision near the end of the
late Pleistocene ice age [37].

Deposition of basin-fill sediments as a result of both tectonics and varying climate
regimes has produced the sediment fill structure that has affected groundwater conditions
through time. Prior to incision by the Rio Grande, starting about 700,000 years ago, the Basin
was a broad plain with water tables in the West Mesa portion of the Basin up to 110 m
above present-day (2022) groundwater levels [8]. The lacustrine deposits of the ancestral
Lake Palomas in the Conejos-Médanos portion of the Basin indicate lake levels were about
60 m above present-day (2022) groundwater levels [8]. Geologic evidence indicates that the
Rio Grande once flowed through what is now the Jornada del Muerto Basin and discharged
to the Hueco Bolson through Filmore Pass [35], indicating the potential for past and present
interbasin groundwater flow. The present course of the Rio Grande probably did not
become established until the middle Pliocene [35], allowing lacustrine deposits to form in
the southern portions of the Basin [8].

Groundwater in the Santa Fe Group generally occurs under leaky-confined condi-
tions as a result of interbedded clays. These clay layers result in horizontal conductivity
exceeding vertical conductivity [11]. Hydraulic conductivities generally decrease with
depth and with increasing distance from the source of sediments [8]. The fluvial sediments
of the Rio Grande alluvium and Santa Fe Group generally represent a fining-upward
sequence of sediments [16]. A broad range of aquifer-specific capacity, transmissivity,
and hydraulic-conductivity values have been estimated for this aquifer system, as sup-
ported by the observed and inferred lithofacies [8]. Specific capacities of 2 to 45 liters
per second per meter (L/s/m) are reported for the coarse-grained deposits in the upper
Santa Fe unit and Rio Grande alluvium, but specific capacity estimates of the middle Santa
Fe are usually less than 8 L/s/m and between 0.2 to 2 L/s/m for the lower Santa Fe [8].
Based on aquifer tests of about 50 wells and test holes completed in the Santa Fe Group,
the average well yield is about 95 L/s [11]. Transmissivities of the upper 300 m of the
aquifer in the West Mesa average around 0.01 square meters per second (m2/s) and range
from 0.01 to 0.04 m2/s in the Mesilla Valley [8,11] Transmissivities in the Conejos-Médanos
portion of the Basin range from about 0.002 to 0.004 m2/s [10]. Vertical hydraulic con-
ductivity measured in West Mesa wells ranged from about 10−6 to 10−5 m per second
(m/s) for the entire thickness of confining layers [14]. The storage coefficients from aquifer
tests range from 0.001 to 0.00003 [11,38]. The horizontal-to-vertical hydraulic conductiv-
ity anisotropy ratio of basin-fill aquifer systems in the Rio Grande rift may range from
200:1 to 1000:1 [8]. Horizontal hydraulic conductivities of the Rio Grande alluvium range
from about 4 × 10−4 to 1.2 × 10−3 m/s, and the average estimated specific yield is 0.2 [37],
with reported estimates ranging from 0.1 to 0.3 [39–41].

Faults throughout the Basin may allow upward leakage of saline water from older
Mesozoic units into the Santa Fe Group and downward or lateral leakage of fresher water
from the Rio Grande valley fill into the Santa Fe Group [34,42]. Cross faults, not mapped
in the Texas portion of the Basin, have been interpreted from geophysical investigations
and may produce sharp divides between deep and shallow basin structures in addition
to the upflow zones [43]. Differences in thickness and lithology of the Basin sediments
are observed across certain faults. For example, the Santa Fe Group on the horst near the
Robledo Mountains (Figure 2) is reported to be mainly composed of clay facies, in contrast
to alternating layers of sands, gravels, and clays in the graben to the south. The high
groundwater gradient, lithologic data, and water-yield data associated with the horst are
indicative of low transmissivity values relative to other portions of the Basin [44]. The Santa
Fe Group in this area is also thinner, with Permian bedrock units found at depths as shallow
as 350 m, whereas thickness of the Santa Fe Group to the south has been observed at over
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730 m [11]. The West Mesa (Figure 1) also contains numerous volcanic features, including a
line of cinder cones, lava flows, and a series of maars. Igneous dikes associated with these
centers are often aligned with groups of faults [7]. Several wells have encountered basaltic
rock at depth [8], with reports of varying degrees of groundwater productivity.

4. Water Availability

Water resources in the Mesilla/Conejos-Médanos Basin (Basin) occur both as surface
water and groundwater in the U.S. portion of the Basin, whereas the Mexican portion of
the Basin relies entirely on groundwater. Both comprise a substantial source of water for
the semiarid region, but drought and increasing demands are reducing water availability.

4.1. Surface Water

The Rio Grande enters the Basin through Selden Canyon (about 1210 m elevation) and
leaves through a gap known as Paso del Norte (about 1130 m elevation) that separates
the Franklin Mountains from Sierra de Juárez to the south near El Paso, Texas (Figure 1).
The Upper Rio Grande Impact Assessment [45] reports that supplies from all native water
sources to the Rio Grande are projected to decrease, on average, by one third overall by the
end of the of the 21st century. Other projections indicate increased variability in monthly
and annual flows, and climate change modeling for the region indicates earlier snowmelt
runoff and warmer average temperatures, leading to increased variability in the magnitude,
timing, and spatial distribution of streamflow [45].

4.1.1. Streamflow

Except for a few perennial seeps and springs that flow for short distances in the
surrounding mountains, the Rio Grande is the only perennial surface-water body in the
Basin. The Rio Grande’s drainage basin above Caballo Dam is about 71,700 km2 (Figure 1),
and about 60 to 75% of Rio Grande streamflow is derived from seasonal snowpack in the
high-elevation headwaters [46,47]. While surface-water availability in the Rio Grande is
largely driven by regional climate and landscape patterns and upstream water use, the local
climate can affect both supply and demand in the Basin [16].

Streamflow in the Rio Grande through the Basin is controlled by Rio Grande Project
(Project) demands. Surface water in the Rio Grande is apportioned by the 1906 international
treaty, which apportions 74.0 cubic hectometers per year (hm3/year) to Mexico, as well
as the 1938 Rio Grande Compact that divides streamflow among the states of Colorado,
New Mexico, and Texas based on measured streamflow. The Project releases water from
the upstream Elephant Butte and Caballo Reservoirs (Figure 1) during the growing season
(irrigation season) to provide water to the Elephant Butte Irrigation District (EBID) in New
Mexico, the El Paso County Water Improvement District No. 1 (EP No. 1) in Texas, and the
Juárez Valley Irrigation District 009 in Mexico. During the winter season, when no dam
releases occur (non-irrigation season), the riverbed is often dry for long stretches within
the Basin [6]. However, this is not only a recent phenomenon. Conover (1954) [39] reported
that even prior to construction of Elephant Butte Dam, the river would sometimes dry for
months at a time. Recent (2022) surface-water conditions in the Basin represent a reduced
supply that has persisted since about 2000 [16]. Average annual streamflow for 1940 to
2018 from releases out of Caballo Reservoir was approximately 791 hm3/year (standard
deviation 316 hm3/year) or about 25 m3/s (Figure 4) [16]. In contrast, the average annual
streamflow during the period of persistent drought from 2000 to 2018 was only about
663 hm3/year (standard deviation 221 hm3/year) or 21 m3/s [47]. At El Paso (the outlet of
the Basin), the average annual streamflow between 1940 and 2018 was 487 hm3/year [17].

Based on precipitation and geologic records, Rio Grande streamflow in the Pleistocene
would have been far greater than present (2022) [8,35]. Flood flows during that time likely
covered the floodplain for weeks at a time [11]. In the decades since agricultural develop-
ment in the Mesilla Valley, upstream reservoirs have greatly reduced flood flows. Following
the construction of Elephant Butte Dam in 1915 and the controlled releases beginning in
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1916, there was a substantial drop in peak streamflow [5]. For example, annual peak flows
of 280 m3/s, including several annual peak flows of more than 430 m3/s, were recorded
before 1915, but since 1915, the annual peak flow has not exceeded 260 m3/s [5]. Where the
Rio Grande leaves the Basin, a flow of 680 m3/s was measured at El Paso during a flood in
1905, but no flow over 230 m3/s has been measured since [8].
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As a primary source of recharge to the groundwater, the Rio Grande, through much
of its 100-km length in the Basin, loses water by seepage to the aquifer [49–53]. When the
river has water in it, seepage to the aquifer can maintain groundwater levels. However,
when the river is dry, the water table may drop below the riverbed. When streamflow
commences, the initial seepage rate is believed to be equal to the infiltration rate of the
riverbed. After several weeks of streamflow, the groundwater levels rebound, and the Rio
Grande hydraulically reconnects to the water table; seepage rates are then proportional
to the hydraulic conductivity of the aquifer and the hydraulic gradient between the river
(surface-water elevation) and the water table [38].

4.1.2. Irrigated Agriculture

Elephant Butte Dam was completed in 1916, and Caballo Dam was completed in 1938
in order to provide a more predictable supply of irrigation water to downstream users [16].
Elephant Butte Reservoir is the primary means of storage for the Project, and Caballo
Reservoir, located immediately downstream from Elephant Butte on the Rio Grande, serves
to regulate Project seasonal releases and electricity generation. There is about 370 km2

of farmland in the Mesilla Valley, but currently (2022) only about 300 km2 is in active
cultivation in New Mexico and about 50 km2 in Texas (out of about 450 km2 of total
valley area) [48,54]. A full annual allotment of water for EBID irrigators is about 338 hm3,
or about 0.9 hm3/km2, and was delivered each year, on a pro rata basis, between 1979 and
2002 [55]. However, drought conditions starting in the late 1990s have reduced surface-
water availability in the Rio Grande and therefore reduced irrigation deliveries in the first
two decades of the 21st century. As a conjunctively managed system, irrigators in the Basin
offset surface-water deficits with groundwater pumping, resulting in increased pumping
when surface-water supplies are limited. Starting in the early 1950s, because of drought and
reduced surface-water availability, irrigators in the Mesilla Valley began rapidly developing
the groundwater resources [11]. This was limited primarily to the shallow alluvium during
early development but has since expanded to include many wells completed in the deeper
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Santa Fe Group. Municipal, industrial, and domestic dependence on groundwater also
expanded during this time, but irrigation remains the dominant use of groundwater [56].

Water released from Project reservoirs first flows thorough the Palomas Basin, where
some water is diverted to irrigate fields. Water for irrigation in the Mesilla Valley is
diverted from the Rio Grande at Leasburg Dam near the mouth of Selden Canyon and at
the Mesilla Dam south of Las Cruces (Figure 1). The diverted water then enters a network
of irrigation canals and laterals that convey and deliver surface water to farm headgates
for irrigation use. Historically, the canals and laterals were unlined earthen structures,
but an increasing number have been lined or converted to pipe to reduce conveyance and
evaporative losses [16].

Agriculture is both the primary user of surface water and a substantial contributor to
groundwater recharge. Groundwater recharge from irrigated agriculture occurs as deep
percolation (water that infiltrates below the root zone) because of the infiltration of applied
water on crop lands and infiltration through the conveyance structures [14,15]. Historically,
about 40 to 50% of the headgate diversions made it to the fields [11], but that percentage has
increased with efficiencies in operations and canal improvements. Operational and mea-
surement errors, noted in the past, have been minimized in part because drought conditions
have sensitized the farming community to the value of water and because operational and
maintenance programs and engineering design improvements have evolved substantially.
The losses in the system can include unintended discharge back to the river following
diversion into the canal system, ditch breaks, and evaporation and transpiration. Losses
also occur as channel seepage into the groundwater [57]. In order to reduce water-table
elevations from channel seepage and deep percolation following an increase in irrigation,
drains were constructed in the 1910s and 1920s. Approximately 320 km of drains were con-
structed to maintain optimal growing conditions by preventing waterlogged soils [16,39].
The drains remove excess irrigation water from the groundwater and return it to the Rio
Grande at various locations. During surface-water shortfalls, groundwater levels may fall
below the drain elevation and reduce or eliminate flows [14]. Based on average annual
discharges in selected drains in the Mesilla Valley, Wilson and others (1981) estimated the
discharge from these drains to the Rio Grande at just under 123 hm3/year [11]. Presently
(2022), however, the average water-table elevation throughout most of the Mesilla Valley
has fallen below the design grade of the drains, rendering most of the drains dry.

4.1.3. Salinity

Water-quality impairment can lead to reduced water availability. A major source of
water-quality impairment is salinity, often expressed as the concentration of dissolved
solids (DS) [58]. Salinization of aquifers and surface water in arid regions is a growing
concern because of increasing water use resulting from population growth and increasing
agricultural demands [59]. The Rio Grande has been shown to have experienced substantial
increases in salinity as it flows from north to south, in particular at the terminuses of the
rift basins [60–66]. In the Basin, salinity increases in the Rio Grande have been documented
by numerous researchers, and the source of the salinity has been the subject of multiple
works [5,6,13,42,59,63,64,67]. Major salinity sources have been attributed to irrigation [68],
evaporite mineral dissolution [67], and shallow evaporite brines [65,66]. Some have also
suggested that topographically driven groundwater flow, a concept originally described
by Toth [69], is responsible for the higher-salinity groundwater located near the Paso del
Norte [8,13,63,64,70]. Topographically driven groundwater flow has also been shown in
other Rio Grande rift basins where terminal bedrock constrictions force deep groundwater
upward toward the surface and into the Rio Grande [64,70].

The two major sources of salinity increases in the Rio Grande are likely the leaching of
salts from soils by irrigation and a deep, higher-salinity groundwater source discharging
to the river [5]. Increased irrigation in the late 1910s resulted in more irrigation water
recharging the shallow groundwater system, causing the water table to rise and salts to
accumulate in the soils [14]. As these salts were leached from the soils by the application
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of irrigation water that seeped past the root zone, the salinity in the shallow groundwater
system increased [71]. Wilson and others (1981) and Phillips and others (2003) indicated
that increasing DS concentrations from Caballo Dam to El Paso are primarily due to evap-
otranspiration of irrigation water that percolated to the water table and is removed as
drain flow [11,70]. As added evidence, they also reported that during irrigation season,
the salinity of drain flow can be two to three times greater than salinity in the river [11,70].
Szynkiewicz and colleagues (2011) used sulfur isotopes to conclude that sulfate concen-
trations in the Rio Grande were consistent with fertilizers and not a geologic evaporite
source [59]. However, the sulfate ratios in the groundwater in the Mesilla Valley indicate
multiple sources of sulfate. Bedrock dissolution was a more likely source of sulfate in
deeper portions of the aquifer and in groundwater near Paso del Norte. In later work,
Szynkiewicz and others (2015) attributed up to 60% of the non-irrigation sulfate concentra-
tions in the Rio Grande near Paso de Norte to evaporative brines, which was reduced to
about 20% of the sulfate concentrations during the irrigation season [65,66].

Other investigations have focused on natural processes of salinity increases, such as
groundwater recharge associated with Paleozoic sedimentary rocks, the upwelling of deep
basinal waters, and geothermal outflows [13,62–64,70,71]. Based on the mass-balance mod-
eling of Mills (2003) [61] and an isotopic mixing model by Hogan and colleagues (2007) [63],
groundwater near Paso del Norte has been estimated to contribute approximately 6500
to 9750 tons of chloride per year to the Rio Grande, or between 10 to 15% of the annual
chloride load in the Rio Grande at El Paso. Helicopter frequency-domain electromagnetic
data showed a marked decrease in relative resistivity in the middle of the Mesilla Valley,
near Fillmore Pass (Figure 2) [5]. This resistivity change, along with DS concentrations from
groundwater wells, indicates a sharp increase in the spatial distribution of DS concentra-
tions in the groundwater and a potential source of salinity for the Rio Grande [5]. Hawley
and Kennedy (2004) suggested the possibility of preferential pathways for deeply circu-
lating fluids in the Paleozoic and Cretaceous carbonates that are exposed and shallowly
buried near Paso del Norte [8]. This suggestion is supported by the presence of extensive
fractures associated with fault zones and observed dissolution features in outcrops. Higher
salinity in shallow groundwater and the Rio Grande near Paso del Norte is also reported
to be caused by structurally forced upwelling of brackish and saline water from deep
groundwater and by the upflow of geothermal water from shallow bedrock structures and
bedrock boundaries [13,42]. Teeple (2017) reported lower resistivity at depth, indicating
saline water upwelling though fractures in the bedrock [5].

4.2. Groundwater

The Mesilla portion of the Mesilla/Conejos-Médanos Basin (Basin) has been reported
to host up to an estimated 80,200 hm3 of recoverable fresh and moderately brackish water
(<3000 milligrams per liter of dissolved solids) [8]. However, most of that groundwater
was recharged tens of thousands of years ago during the cooler and wetter parts of the
Pleistocene [8]. In this section, groundwater flow patterns, revised storage estimates,
and long-term groundwater levels are described to identify potential recharge sources and
to estimate the amount of groundwater potentially available.

4.2.1. Groundwater Flow

The distribution of the groundwater resources in the Basin is controlled by the location
of recharge and discharge, aquifer properties, and hydraulic gradient and may be inter-
rupted by local gradient changes and hydraulic barriers, such as faulting and subcropping
bedrock highs. Groundwater levels in the Rio Grande alluvium are shallow and uncon-
fined and generally decrease from north to south at an average gradient of about 0.8 to
1.1 m/km [38], closely following the topographic gradient. Groundwater flow directions are
influenced locally by hydraulic stresses, such as leakage to or from the Rio Grande, drains
and canals, groundwater pumping, and infiltration from heavily irrigated fields [5,37].
Groundwater elevations within the Santa Fe Group decrease from the Basin margins to the

209



Water 2022, 14, 134

Basin outlet at the Paso del Norte (Figures 2 and 5). The hydraulic gradient in the Santa Fe
Group ranges from about 19 m/km in the northwestern part of the Basin (near the Robledo
Mountains) to less than 0.4 m/km near Paso del Norte [38]. Overall groundwater flow
in the Mesilla portion of the Basin is southeasterly, toward the Paso del Norte (Figure 5),
and may be partially restricted by the Mid-Basin Uplift [5]. The general groundwater flow
direction in the Conejos-Médanos portion of the Basin is north and northeast (Figure 5) [10].
Groundwater pumping locally alters groundwater flow by creating cones of depression in
the central parts of the Mesilla Basin near Las Cruces, New Mexico and Cañutillo, Texas,
as well as at the Juárez well field (which supplies water to Ciudad Juárez, Chihuahua)
near the international border [5,10] (Figure 5). Groundwater flow may also be affected
by faults in the area, but 2010 (Figure 5) and previous groundwater-elevation maps have
not indicated substantial gradient changes across mapped faults except where they are
associated with large topographic uplifts. Water-level elevations also indicate hydraulic
connection between the saturated sediments underlying the West Mesa and those in the
Mesilla Valley [8,11]. Water-level contours interpreted by SGM in 2007 [10] and those
presented here (Figure 5) indicate largely uninterrupted groundwater flow over the entire
Conejos-Médanos portion of the Basin. However, the presence of intrabasin uplifts between
structural sub-basins [9] and the lack of substantial recent recharge [8] could interrupt
groundwater flow in the Santa Fe Group between the Conejos-Médanos sub-basins.

Despite reports of groundwater mixing [5,13,72] and lack of a single direction of flow
(Figure 5), the groundwater system along the Mesilla Valley appears to be adequately
characterized by an active shallow system, up to about 30 m deep, primarily in the Rio
Grande alluvium, as well as long flow paths in the deeper Santa Fe Group. The shallow
groundwater flows occur as relatively fast flow paths (<5 years), as evidenced by sea-
sonal and annual groundwater-level fluctuations and age-dating tracers [5,14,38]. Deep
groundwater elevations do not notably change in response to seasonal or annual climate
or surface-water changes (except near production wells) [14]. Outside the Mesilla Valley,
the Basin structure and groundwater elevations indicate a groundwater system in which
recharge occurs primarily as mountain-front recharge and flows are at depth, with mixing
occurring only with other deep groundwater flow paths and geothermal upwelling. Most
groundwater naturally discharges through hydraulic upwelling to the river and shallow
groundwater system and is lost to evaporation and transpiration near Paso del Norte at the
southern end of the Mesilla Valley, where a thin alluvial veneer overlies a bedrock high [11].

Groundwater Recharge

Groundwater flow can occur when recharge at a location increases groundwater
elevations, creating a hydraulic gradient. Previous studies have identified multiple sources
of recharge; however, all conclude that the predominant source of recharge is water from
the Rio Grande. Investigations into recharge include evaluations of groundwater gradients,
seepage measurements, water-budget estimates, water chemistry (in particular the stable
isotopes of water), and seasonal groundwater fluctuations.

Many studies conclude that the Basin groundwater in the Mesilla Valley is recharged from sur-
face water associated with Rio Grande streamflow and irrigated agriculture [5,8,11,13,14,16,38,53].
Infiltration of the Rio Grande to the aquifer can exceed evapotranspiration. As a result,
recharge for the Basin primarily occurs as vertical flow from the surface-water system
(the Rio Grande, canals, laterals, drains, and irrigated cropland [11]. Previous seepage
investigations conducted during steady, low-flow conditions indicate that the Rio Grande
is often a losing stream along most of the 100-km reach in the Mesilla Valley but with
gains documented at the mouth of Selden Canyon and near the Paso del Norte [38,53].
Surface-water seepage measurements from the Rio Grande have typically been collected
in the winter and range from about 0.2 to 1.4 m3/s between Selden Canyon and Paso del
Norte [11,15,39,49–52]. Increases in streamflow in the Rio Grande are rapidly followed by
increases in groundwater elevations in the shallow subsurface near the Rio Grande, and re-
cent groundwater declines throughout the shallow aquifer are closely related to reductions
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in surface-water availability [11]. In addition to channel seepage, much of the streamflow
through the Basin is diverted for use in irrigated agriculture, and recharge results from
both the direct application of water to fields and seepage from the valley-wide irrigation
conveyance system (laterals and canals). Stable isotopes of water measured along the Rio
Grande and irrigation structures were observed to become increasingly enriched in the
heavier hydrogen and oxygen isotopes in the direction of flow, indicating the cumulative
effects of evaporation [70]. Subsequent research has shown that shallow groundwater in
much of the Rio Grande alluvium has isotopic signatures that are similar to surface water
in the Rio Grande, enriched by evaporation, indicating a large component of recent Rio
Grande recharge [5,13,42]. In contrast, the stable isotope compositions of water measured
in deeper wells in the Basin are more depleted than in the shallower wells, indicating a
large component of recharge from the Rio Grande that occurred during the cooler periods
of the Pleistocene [5,13,42].
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Despite the large surface area underlain by the Basin aquifer system, evaporation
and transpiration by desert vegetation creates large negative soil pressures that prevent
the deep percolation of precipitation beneath the root zone over most of the Basin [14].
Near-surface caliche deposits also limit the potential recharge from precipitation [10,38].
For these reasons, recharge in arid lands is often the result of focused recharge from
ephemeral streams or ponded water [73]. Estimates of recharge from precipitation on the
West Mesa range from 0 to 0.34 hm3/year [14,15] and up to 3.0 hm3/year for the Conejos-
Médanos portion of the Basin [10,14]. Although recharge from precipitation over much of
the Basin may be considered negligible [38], several models have simulated the effective
precipitation for agriculture and concluded that amount of deep percolation to be between
5 and 64 hm3/year (about 6 to 10% of the total amount of water applied) [14,15].

Higher groundwater elevations at the boundaries of the Basin indicate that mountain-
front recharge is a source of groundwater inflow (Figure 5) [11]. Based on a geochemical
analysis, Teeple (2017) identified groundwater at the margins of the Basin as having a
substantial amount of mountain-front recharge because the water-chemistry characteristics
were distinct from other groundwater types [5]. The age-dating tracers associated with
those samples indicate, however, that mountain-front recharge flows slowly along deeper
flow paths in the aquifer. Most estimates of mountain-front recharge assume that 2%
of the annual precipitation infiltrates to the aquifer over the area of the uplands [8,13].
Frenzel and Kaehler (1992) estimated that mountain-front recharge accounts for about
12 hm3/year to the Mesilla portion of the Basin [14], whereas Hanson and colleagues
(2020) estimate about half that amount using the basin characterization model [16,74].
A majority of the mountain-front recharge in the Mesilla portion of the Basin is thought
to originate from the Organ and Franklin Mountains, while a smaller portion is thought
to originate from the East and West Potrillo Mountains [14,15]. Groundwater elevations
in the Conejos-Médanos portion of the Basin also indicate recharge is occurring in the
surrounding highlands (Figure 5). The Comisión Nacional del Agua (CONAGUA) (2020)
estimates this mountain-front recharge to be about 5.2 hm3/year [27]. Stable isotopes of
water measured in Organ Mountain springs [75], high-elevation bedrock wells in the San
Andres Mountains [76], and wells in the Jornada del Muerto (Jornada) Basin [77] represent
mountain-front recharge and plot close to the Global Meteoric Water Line [78], indicating
minimal evaporation. Mountain-front recharge is also reported as the primary recharge
source of the adjacent Jornada Basin [77,79], and in work in the neighboring Hueco Bolson,
Eastoe and colleagues (2008) reported similar stable isotope compositions in a group they
characterized as the “Organ and Franklin Mountain group” [80]. With a few exceptions
near the boundaries of the Basin, however, these isotopic compositions are not evident in
groundwater samples within the Basin.

The extent of interbasin flow is unknown, but groundwater discharge into or out
of the Basin is limited by the surrounding uplifts. Interbasin flow has been estimated,
or speculated, between the Basin and the Palomas Basin to the north, the Jornada Basin
to the north and northeast, and the Hueco Bolson at Fillmore Pass and Paso Del Norte
(Figure 1). The thin alluvial sediments in Selden Canyon limit the groundwater inflow
from the Palomas Basin to the Mesilla [38]. Recharge to the Basin is also reported to occur
from the southern Jornada Basin, where remnants of the ancestral Rio Grande fluvial
plain exist [5,8]. The previously hypothesized flow paths in the Santa Fe Group sediments
overlying the bedrock high are possible [5,8], but work by Langman and Ellis (2013) [77]
and Witcher and colleagues (2004) [13] indicates that most, if not all, of the Jornada Basin
groundwater entering the Mesilla portion of the Basin travels through deeper and more
tortuous flow paths within the buried Tertiary intrusions that divide the two basins. These
deeper flow paths are present likely because of the prevalent faults in the area. In these
deeper flow paths, the composition of Jornada Basin groundwater is altered because of
the local geothermal effect [77]. Interbasin flow has also been speculated between the
Mesilla portion of the Basin and Hueco Bolson through Fillmore Pass (Figure 2). Fillmore
Pass once hosted an ancestral Rio Grande channel and has been reported to still be a
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potential route for interbasin flow. In a numerical model of the Hueco Bolson, Orr and
Risser (1992) assigned a constant flux of about 0.32 hm3/year into the Hueco Bolson from
the Basin [81]. However, hydraulic gradients between the Mesilla Basin and Hueco Bolson
provide little evidence of interbasin fluxes [8,11,14,18]. CONAGUA (2020) and SGM (2011)
report interbasin flow to the Conejos-Médanos portion of the Basin primarily from the
Laguna de Santa Maria aquifer in the south (Figure 1) and estimate inflow to be about
11 hm3/year [10,27].

Historical and modern water levels indicate that groundwater moves from the Conejos-
Médanos portion of the Basin into the Mesilla portion of the Basin as throughflow. Based
on mapped lacustrine-sediment elevations and paleo-groundwater elevations, there was
reportedly a substantial (but unquantified) amount of “paleo-groundwater flux” originat-
ing from the pluvial Lake Palomas in the Conejos-Médanos portion of the Basin, moving
north to the Mesilla portion of the Basin [8]. Present groundwater elevations (Figure 5)
provide evidence that groundwater continues this throughflow. Based on area estimates
from cross sections developed by Hawley and Kennedy (2004) [8], hydraulic conductivity
estimates by Frenzel and Kaehler (1992) [14], and groundwater hydraulic gradients devel-
oped herein (Figure 5), the median estimate of throughflow from the Conejos-Médanos
portion of the Basin to the Mesilla portion of the Basin is about 22.8 hm3/year, with a
minimum discharge estimated to be about 4.7 hm3/year and a maximum discharge of
about 82.5 hm3/year (Table 1). These estimates represent about 30%, 140%, and 520%
of the estimated total annual recharge (15.8 hm3/year) to the Conejos-Médanos portion
of the Basin, respectively [27]. This northerly groundwater flow is supported by stable
isotope compositions of water measured in groundwater samples collected from the Juárez
well field, which indicates a distinct isotopic signature from Rio Grande, mountain-front,
or geothermal waters [82] that is also present in some groundwater samples collected near
the U.S./Mexico border.

Table 1. Values used in groundwater throughflow estimates between the Conejos-Médanos portion
of the Mesilla/Conejos Médanos Basin (Basin), moving north to the Mesilla portion of the Basin.
Area estimates are determined from cross-section K-K’ by Hawley and Kennedy (2004) [8], hydraulic
conductivities are reported values from Frenzel and Kaehler (1992) [14], and hydraulic gradients
are estimated from Figure 5. [m2, square meters; m/day, meters per day; m/m, meters per meter;
m3/day, cubic meters per day; hm3/yr, cubic hectometers per year; USF, upper Santa Fe unit; MSF,
middle Santa Fe unit; LSF, lower Santa Fe unit].

Formation Area Estimates Hydraulic Conductivities (m/Day) Hydraulic Gradients (m/m)

(m2) Minimum Maximum Median Minimum Maximum Median

USF 3,252,000 13 34 21 1.89 × 10−4 9.47 × 10−4 4.73 × 10−4

MSF 7,860,000 2.7 13 6.7 1.89 × 10−4 9.47 × 10−4 4.73 × 10−4

LSF 6,190,000 0.61 4.3 1.5 1.89 × 10−4 9.47 × 10−4 4.73 × 10−4

Formation
Discharge (m3/Day) Discharge (hm3/Year)

Minimum Maximum Median Minimum Maximum Median

USF 8100 103,000 32,900 2.96 37.60 12.01

MSF 4100 98,000 25,000 1.50 35.77 9.13

LSF 700 25,000 4500 0.26 9.13 1.64

Sum 12,900 226,000 62,400 4.71 82.49 22.78

Geothermal waters that are associated with the region’s known geothermal systems
upwell from depths of greater than 1 km to recharge shallower groundwater supplies.
The brackish (1800 to more than 4800 milligrams per liter (mg/L) DS concentrations)
waters are evidence of deep groundwater circulation and ascend in the northernmost
portion of the Basin at Radium Springs, in the west near the East Potrillo Mountains,
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and along the East Bench along the eastern border zone of the Mesilla Valley [83,84].
Discharge estimates for the East Bench range from 0.01 to 19 hm3/year and between
0.5 and 1.6 hm3/year for the East Potrillo Mountains [83–85]. No estimates are available
for the Radium Springs system [83]. These inflows represent localized upflow within the
geothermal systems and tend to be focused along faults, uplifted bedrock horst blocks,
and fractured igneous intrusions [83].

Vertical Groundwater Flow

Groundwater in the Rio Grande alluvium generally occurs under unconfined condi-
tions, while groundwater in the Santa Fe Group is typically semi-confined [38]. Due to the
presence of interbedded gravels, sands, and clays in the alluvium, horizontal permeability
usually exceeds vertical permeability by several orders of magnitude [38]. The verti-
cal gradient potential is generally downward in shallower wells (<150 m) but becomes
smaller and, at some locations, reverses with depth, potentially allowing for mixing of
deep waters where clay layers may be discontinuous [11,17]. This condition is evident
in several nested wells in the Mesilla Valley and in two paired deep wells on the West
Mesa (Figure 2). Locations where upward vertical gradients are persistent and throughout
the water column [5,17] are near the U.S./Mexico border, where groundwater gradients
(Figure 5) indicate a confluence of horizontal flow directions where several faults occur
(Figure 2) [60,84]. The location of the upward gradients may also result from the thinning
aquifer (Figure 3), in contrast to farther south, where vertical gradients are neutral and the
aquifer thickness remains relatively uniform (Figure 3) [17,72]. Large production well fields,
like the one near Cañutillo, Texas (Figure 2), can also induce large changes in the vertical
gradient by locally lowering groundwater elevations in vertically adjacent aquifer units.

Groundwater Age

Age-dating tracers (tritium and carbon-14) in samples collected from groundwater
wells in the Basin generally indicate increasing age of residence with depth, from modern
waters near the surface to older waters with increasing depth. Indications of age from
carbon-14 analysis in samples from the Basin groundwater tend to be grouped into mod-
ern (near 100 percent modern carbon; pmc), moderately old (between 50 and 100 pmc),
and old (<17 pmc) [5]. Age-dating tracers also indicate that recent recharge in quantities
large enough to dilute older groundwater is occurring primarily in the Rio Grande allu-
vium [5,13]; however, Teeple (2017) identified a few locations where modern recharge may
be mixing with older waters in the Santa Fe Group [5]. Two of those locations are near
production wells that have been documented to create cones of depression, and the third
is near the terminus of the Basin, where the aquifer thins. These findings support the
conceptual model of groundwater flow in which there are locally nested flow systems in
the Mesilla Valley that overlie more extensive and deep flow paths throughout the Basin.

Groundwater Discharge

Most of the discharge from the Rio Grande alluvium occurs through pumping for
irrigation and seepage of shallow groundwater to the surface-water drain system [16,37].
Discharge from the deeper Santa Fe hydrostratigraphic units is primarily through ground-
water pumping for municipal and industrial use, a small amount of upward leakage [37],
and a small amount of groundwater discharge to the neighboring Hueco Bolson through
the Paso del Norte, as indicated by groundwater elevations (Figure 5).

Groundwater is withdrawn for agricultural, municipal, industrial, and domestic uses.
Except for the Juárez well field, located just south of the U.S./Mexico border, the majority
of irrigation and municipal pumping occurs in the Mesilla Valley. Before 1951, the number
of agricultural withdrawals from groundwater was small due to adequate surface-water
supplies [41]. However, in 1964, when there was a record low surface-water allotment
of only 0.10 hm3/km2, Richardson and others (1972) estimated that irrigation pumpage
exceeded 255 hm3/year [57]. During the wet years of the 1980s, groundwater withdrawals
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for irrigation in Doña Ana County decreased to about 70 hm3/year [16]. Drought conditions
returned during the late 1990s and early 2000s, and agricultural pumping in Doña Ana
County increased to about 120 hm3/year [16]. In recent years (2016–2019), agricultural
pumping in the Mesilla Valley has ranged from about 150 to 210 hm3/year [86–88].

The largest municipal users of groundwater in the Basin are the cities of Las Cruces,
New Mexico; El Paso, Texas; Ciudad Juárez, Chihuahua; and the Camino Real Regional
Utility Authority (CRRUA), which supplies Santa Teresa and Sunland Park, New Mexico
(Figure 2) [15]. The population of these communities has grown rapidly in the last 60 years.
For example, the population of the city of Las Cruces has grown from 12,300 in 1950 to about
104,100 in 2021, and the Ciudad Juárez/El Paso urban center has grown from a population
of about 255,000 to over 2.2 million over that same time [89]. Las Cruces Utilities began
supplying water to Las Cruces through a series of groundwater wells in the 1920s [15,90].
In recent years (2016–2019), municipal pumping for the City of Las Cruces has ranged from
about 25 to 27 hm3/year [86–88]. El Paso Water Utility operates a well field in Cañutillo,
Texas, which began production in the 1950s [15,91]. Annual groundwater pumping at the
Cañutillo well field increased steadily, starting from 3.7 hm3/year in 1952 and recently
supplying El Paso with between 31 and 43 hm3/year [16,91–93]. Developments in Santa
Teresa and Sunland Park along the New Mexico/Texas border rely on groundwater supply
from the CRRUA through a network of groundwater wells that were drilled in the early
1970s [15]. Annual groundwater withdrawal from these wells has increased steadily, from
2.5 hm3 in 1973 to more than 6.9 hm3 in 2003 [15]. In 2007, water withdrawal from the
Conejos-Médanos portion of the Basin was about 1.6 hm3, mainly for domestic and livestock
use [10]. However, in 2010, in order to meet growing demand in Ciudad Juárez and the
increasing stress on the Hueco Bolson aquifer, the city began supplementing municipal
water with about 31 hm3/year of groundwater extracted from 23 wells located near the
international border (Figure 5) [10].

4.2.2. Storage

Changes in groundwater storage can occur year to year, depending on land use,
pumping, and climatic conditions [16]. Using an integrated hydrologic model, Hanson
and colleagues (2020) showed interannual variability in depletion and replenishment of
groundwater storage within the Mesilla portion of the Basin and that the largest annual
groundwater storage depletions corresponded to increased groundwater pumping [16].
Inflows to the groundwater system, predominately recharge from the Rio Grande and
infiltration of irrigation water, resulted in groundwater storage replenishment in portions
of the aquifer in years with decreased groundwater pumping.

Previous Groundwater Storage Estimates

Previous estimates of groundwater storage are limited to parts of the Mesilla portion of
the Basin. The approximate thickness of saturated freshwater sediments ranges from 120 m
in the north and south to almost 910 m in the central portion of the Basin [8,11]. The thickest
saturated sediments containing freshwater generally coincide with the present course of the
Rio Grande. Wilson and colleagues (1981) estimated that there is approximately 24,700 hm3

of recoverable freshwater in the Rio Grande alluvium and Santa Fe Group sediments
underlying the Mesilla Valley north of Cañutillo, Texas, based on a specific yield (Sy) of
15% and assuming that 60% of the sediments are sands and gravels [11]. Wilson and
others (1981) also estimated the freshwater storage beneath the West Mesa to be about
41,900 hm3 [11]. Hawley and Kennedy (2004) estimated the “most productive” portion of
the aquifer system (the Rio Grande alluvium, upper Santa Fe unit, and middle Santa Fe
unit) to hold about 17,300 hm3 of available freshwater (<1000 mg/L DS) [8]. This estimate
was made using an average saturated thickness of 61 m over a 2600 km2 area and an Sy
of 0.1. This is similar but not spatially exclusive to the 16,000 hm3 estimated for the West
Mesa area by Balleau (1999) [12]. Hawley and Kennedy (2004) went on to estimate that
there could be as much as 61,700 hm3 of fresh to slightly brackish (1000 to 3000 mg/L
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DS) water in the deeper parts of the Basin, by assuming a thickness of about 300 m over
1940 km2 and an Sy of 0.1 [8]. There are no reported estimates of the storage beneath the
Conejos-Médanos portion of the Basin.

New Estimates of Groundwater Storage

The recent construction of a digital hydrogeologic framework [7] allows for a new
estimate of groundwater storage using a more detailed aquifer volume. From Equations (1)
and (2) (in Section 2), the estimates presented herein are derived using values of Sy and
specific storage; we will therefore refer to the estimated volume as “potentially recoverable
groundwater.” We define this term as the volume of groundwater that could potentially
be removed by pumping to completely drain the aquifer and excepting the groundwater
retained by capillary forces. The Rio Grande alluvium fills the incised Rio Grande Valley
floodplain (Figure 1), which, in places, is as much as 8-km wide. In the digital hydrogeologic
framework model for the Basin, the base of the Rio Grande alluvium was defined as 24 m
below land surface [7]. Using this assumption, the total volume of saturated sediments
in the Rio Grande alluvium (equivalent to the river-channel hydrostratigraphic unit of
Sweetkind (2017) [7]) was estimated to be 8600 hm3. Assuming an Sy of 0.1, the volume of
potentially recoverable water calculated using Equation (1) is about 860 hm3. Within the
portions of the Basin included in this analysis, the total volume of saturated sediment in the
upper Santa Fe unit was estimated to be about 333,000 hm3, the total volume of saturated
sediments in the middle Santa Fe unit was estimated to be about 456,000 hm3, and the
total volume of saturated sediments in the lower Santa Fe unit was estimated to be about
530,000 hm3. Using Equation (2) and assuming an Sy of 0.1 and an Ss of 0.00001 per foot,
the total volumes of potentially recoverable groundwater in the upper, middle, and lower
Santa Fe units were estimated to be about 33,300, 48,100, and 58,000 hm3, respectively.
The total storage estimate of 141,000 hm3 is almost double the Hawley and Kennedy (2004)
estimated volume of about 80,200 hm3 [8]. However, this estimate includes all of the lower
Santa Fe unit, whereas Hawley and Kennedy [8] used a lower cutoff depth of about 300 m,
and therefore, their estimate does not include most of the lower Santa Fe unit. Based on
reports of low yields and higher salinities of water from the lower Santa Fe unit relative to the
upper units, we believe that a more realistic estimate of recoverable groundwater is limited to
the Rio Grande alluvium and the upper and middle Santa Fe units. Removing the lower Santa
Fe unit volume yields an estimate of recoverable groundwater of 82,600 hm3.

In order to estimate the amount of groundwater in storage in the Conejos-Médanos
portion of the Basin, we assume the same Sy as Hawley and Kennedy (2004) [8] (0.1) and
calculate an aquifer volume by using 87% of the reported area, 5180 of the 5960 km2, and a
uniform saturated thickness of 133 m. The smaller area accounts for the thinning aquifer
at the margins of the Basin and several igneous intrusions that likely reduce the amount
of aquifer sediments. The saturated thickness is assumed from reported thicknesses of
fresh and slightly brackish groundwater cited in SGM (2011) [10] and interpreted from
several geoelectric units (geologic units with similar electrical properties) that were grouped
into three horizons: 20–40 m of low-permeability sediments with freshwater, 40–150 m
of slightly brackish water, and a deeper unit with higher salinity [10]. Based on these
assumptions, the amount of recoverable fresh or slightly brackish water stored in the
Conejos-Médanos portion of the Basin is estimated to be about 69,100 hm3.

4.2.3. Aquifer Dynamics

Seasonal and annual recharge and discharge in the shallow Rio Grande alluvial aquifer
and long flow paths in the deeper Santa Fe Group aquifer are recorded by changes in
groundwater levels [16]. Hydrographs from selected wells with long-term records in the
Basin are displayed in Figure 6, using winter measurements to reduce the effect of seasonal
pumping on the record. Well locations are shown in Figure 2. Data from nearby wells
with similar screen depths are included to add to, and in some cases extend, the period
of record for a given well. Figure 6a shows depths to water for Rio Grande alluvial wells.
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The full dataset is included in the background (gray shaded points and lines) to show the
seasonality in alluvial-well groundwater levels. Figure 6b shows groundwater elevations
in wells screened in the Santa Fe Group sediments to show hydrographs and groundwater
levels in relation to one another.

The shallow alluvial wells include, in downstream order, 21 (USGS Site ID 321853106504001),
130 (USGS Site ID 320403106390401) and 209 (USGS Site ID 314817106325801) (and their as-
sociated nearby wells, 279 [USGS Site ID 321859106503101], 286 [USGS Site ID 320404106385801],
and 255 [USGS Site ID 314854106340101], respectively) (Figure 2) [18]. Fluctuations in
shallow groundwater levels indicate a dynamic surface-water/groundwater interaction in
the northern portion of the Basin [6,38]. Smaller groundwater level variations near wells
209 and 255 compared to other wells for the same point in time (Figure 6a) are consistent
with previous indications of a reduction in vertical gradients near the terminus of the Basin
(Paso del Norte). Long-term groundwater-level data in wells 21, 279, 130, and 286 show
multiyear declines in the Rio Grande alluvium during the drought of the 1950s and the
current (2022) drought, starting around 2000 (Figure 6a). These declines are far less discern-
able in the more southerly wells, 209 and 255. Reductions in streamflow due to drought not
only limit the amount of surface water available for irrigation and recharge but also lead
to an increase in groundwater withdrawals [16]. The transition to groundwater pumping,
reflected in multiyear declines in the depth to water, reflects the reduced availability of
surface water in the Basin.

Annual groundwater elevations in the Santa Fe Group sediments typically vary by
less than 15 cm per year unless they are near areas of large extractions [15] (Figure 6b).
The hydrograph of well 53 (USGS Site ID 321650106451201), located in Las Cruces, New
Mexico, for example, shows the largest annual changes and a steady decline in groundwater
elevations due to groundwater pumping. The highest groundwater elevation (1174.1 m) in
well 53 was measured in 1964, and the lowest (1161.4 m) was in 2015. Well 177 (USGS Site
ID 315349106585701), located away from any large pumping areas, has varied by just over
30 cm since measurements began in 1962. Groundwater elevations in well 206 (USGS Site
ID 314810106513601), near the U.S./Mexico border, have typically varied by only about
3 to 6 cm per year between 1983 and 2010. However, a decline of almost 1.37 m occurred
between 2010 and 2020, likely resulting from the start of pumping at the Juárez well field in
2010 (Figure 6b). Groundwater elevations in the Conejos-Médanos portion of the Basin did
not change substantially between 1987 and 2007 [10], prior to pumping in the Juárez well
field. The decline in groundwater elevations in well 206 following the start of pumping
also coincides with water-level declines in alluvial wells (for example, wells 21, 279, 130,
and 286) that can be attributed to reduced surface-water availability, and therefore, care
is warranted when attributing the groundwater elevation declines. A similar decline is
observed in the central Basin at well 150 (USGS Site ID 315720106415601).
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5. Water Chemistry

Spatial patterns and relations between water chemical and isotopic data are useful for
determining recharge sources, direction of flow, and geochemical processes [5,13]. As stated
previously, much of the recharge in the Basin originates from the Rio Grande and, to a
lesser extent, local precipitation. Once the surface water has infiltrated, water-rock inter-
actions and groundwater mixing can change the chemical composition of the water [93].
The geochemistry of shallow groundwater throughout the Basin is governed primarily by
the evaporative concentration of solutes in Rio Grande streamflow and agricultural diver-
sions, while deeper groundwater geochemistry results from multiple processes, including
mixing between geothermal and nongeothermal groundwater, dissolution and mineral
precipitation reactions, and ion exchange [13].

5.1. Groundwater Chemistry

Water chemistry in the Rio Grande alluvium generally reflects the chemistry of the
surface-water system, whereas water chemistry in the Santa Fe Group depends on the
source and time of recharge and water-rock interactions along the flow path. Although
groundwater chemistry varies greatly with location, Wilson and colleagues (1981), examin-
ing specific conductance data between 1953 and 1976, reported that groundwater chemistry
changed little over time in the wells they sampled [11].

5.1.1. Dissolved Solids

Dissolved solids (DS) concentration is a measure of the mineral content of water
and is a conservative property, meaning that concentration is not expected to change as
water moves downgradient unless it mixes with water from a different source or interacts
with a different rock or sediment type [94]. Because of this property, DS can be used to
identify areas of similar water types and can provide evidence of groundwater flow and
mixing [5]. The mineral content in the Basin groundwater is extremely variable. Land (2016)
reports DS concentrations ranging from 234 to 30,800 milligrams per liter (mg/L) from
408 records in New Mexico [95], Teeple (2017) reports a range of 161 to 31,000 mg/L from
239 wells along the Texas/New Mexico border [5], and SGM (2011) reports a range of 72 to
11,370 mg/L from 91 wells in the Conejos-Médanos portion of the Basin [10]. The average
DS concentrations for these datasets are similar but reflect increasing salinity from north to
south, with average values of just over 1200 mg/L from Land (2016) [95], 1500 mg/L from
Teeple, (2017) [5], and 1700 mg/L from SGM (2011) [10]. These average values are skewed
by the presence of samples with high mineral content. This bias is reflected in median DS
concentrations of 693 mg/L [95], 857 mg/L [5], and 817 mg/L [10], which are lower than
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their respective mean concentrations. For comparison, DS concentrations in the Rio Grande
are reported to range from 400 to 1200 mg/L, with higher concentrations observed in the
downstream part of the river [96].

Water chemistry in the upper Santa Fe unit is similar to water chemistry of the shallow
Rio Grande alluvium. Wells less than 30-m deep in the Mesilla Valley that are farther
from the Rio Grande have slightly brackish water (DS concentrations 1000 to 2000 mg/L),
with predominant ions of calcium, sodium, and sulfate [11,38]. This relation is consistent
throughout the Mesilla Valley and has been attributed to the effects of surface-irrigation
practices and evapotranspiration [11]. Individual wells with high salinity or iron concentra-
tions may tap abandoned river channels or ancestral swamp or bog deposits [43]. Wells
slightly deeper (between 45 and 245 m) are typically fresh (DS concentrations < 1000 mg/L)
and are not characterized by specific dominant ions. Groundwater in the middle Santa Fe
hydrostratigraphic unit typically has lower DS concentrations than in the overlying units,
and the DS concentrations tend to be greater in groundwater samples from wells screened
in the lower Santa Fe unit. The presence of fresher water between the upper Santa Fe unit
and the lower Santa Fe unit throughout most of the Basin supports the conceptual flow
model in which the deep and shallow groundwater have limited interactions [5].

Spatial variability of water chemistry throughout the Mesilla portion of the Basin
may result from numerous factors, such as the source of recharge, groundwater mixing,
presence of evaporites, and geothermal inputs. Groundwater in the northern part of the
Basin is generally fresher, with concentrations of trace elements that are less than regulatory
water quality criteria. In contrast, water from wells on the east side of the Mesilla Valley
and near Paso del Norte often have DS concentrations greater than 1000 mg/L. The DS
concentrations in West Mesa wells become more brackish at shallower depths farther west
and south, with increases in the relative amounts of chloride and sulfate [38]. Similar major
ion concentrations indicate good connection between groundwater from wells on the west
side of the Mesilla Valley and groundwater from the West Mesa. At the southern end of the
Mesilla Valley, however, DS concentrations can exceed 10,000 mg/L [37].

Several drilling records note increased DS concentrations near the bottom of the
borehole [97], but data are too sparse to determine the extent of brackish water in the
deep lower Santa Fe unit. Similarly, there are very few reports of wells screened in the
underlying consolidated bedrock. Leggatt and others (1963) described one bedrock well
that “flowed salty water,” whereas the description from a well screened in Cretaceous rocks
is that of “moderate supply and satisfactory for industrial use” [41].

5.1.2. Temperature

The average temperature from 154 groundwater wells in the Basin was about 26 degrees
Celsius (◦C; median was also 26 ◦C) and ranged from 14 to 37 ◦C [5,10,13]. Groundwater
temperatures generally increase with depth at a rate of about 35 ◦C per km in the Basin but
can be affected by groundwater advection in places [98]. For example, temperature gradi-
ents are much higher within known geothermal areas, where waters ascend from depths of
over 1 km (e.g., East Bench, East Potrillo Mountains, and Radium Springs) (Figure 1) [83,84].
Localized groundwater upflow zones within these geothermal areas can have temperatures
exceeding 55 ◦C, and geothermal waters at Radium Springs are close to 100 ◦C [83,99].
Temperature gradients are sometimes lower or negative within the Mesilla Valley, where
surface-water recharge or horizontal groundwater flow affect temperatures [83].

5.1.3. Major Ions

The majority of the groundwater in the Mesilla portion of the Basin is sodium-cation-
dominant and a chloride-sulfate-anion type [5]. The dominant water type measured in
the Conejos-Médanos portion of the Basin is sodium-bicarbonate-sulfate, with increasing
chloride as groundwater flows north [10]. Except for calcium, all the major ions increase
as DS concentrations increase [5], indicating that general mineral dissolution and cation
exchange processes are occurring. Many studies report that there is an evolution of calcium-
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dominated water to sodium-dominated water [5,13] and a general shift from bicarbonate
recharge waters toward chloride and sulfate waters in the direction of flow in the southern
Mesilla Valley. The transition in water types occurring along a given flow path indicates
increased influence from evaporite dissolution and cation exchange on groundwater chem-
istry [42]. Evaporite minerals (halite, gypsum, and anhydrite) are present in sediments in
parts of the aquifer and contribute sodium, chloride, sulfate, and calcium into solution [67].
Isometric log plots [100] of Mesilla Valley groundwater provide supporting evidence of this
and tend toward equilibrium with evaporite minerals as the DS concentrations increase,
particularly halite in the southern Mesilla Valley [42]. However, most samples were en-
riched with sodium relative to halite dissolution, indicating additional processes, such as
the dissolution of silicate minerals, calcite dissolution, cation-exchange, or a combination
of each, are occurring [5,13,42].

5.2. End Members

Geochemical and isotopic attributes are commonly used by researchers to classify
groundwater [5,13,94]. Several studies have identified distinct geochemical water types
in the Basin’s groundwater to answer a variety of hydrologic questions [5,13,63,64,76].
The conceptual model of the Basin characteristics, such as groundwater flow, sources of
salinity, and geochemical evolution, are supported and further developed using these
tracers [5,13,42]. Based on characterizations by Teeple (2017), we describe four ground-
water end members that have distinct geochemical and isotopic compositions that can
be attributed to different sources and water-rock interactions [5]. We acknowledge the
presence of other groundwater types and groundwater that contains a mixture of dif-
ferent end members; however, by focusing on the most prevalent types, we believe we
can adequately describe the prevailing processes that influence groundwater geochemical
attributes. The end members include (1) ancestral Rio Grande (pre-Holocene) geochemical
group, (2) modern Rio Grande geochemical group, (3) mountain-front geochemical group,
and (4) deep-groundwater upwelling geochemical group. The groups identified include
freshwater likely sourced from the ancestral Rio Grande, as well as younger groundwater
from the modern Rio Grande seepage, older groundwater near the western highlands
sourced from mountain-front recharge, and brackish to saline water from deeper sources.

5.2.1. Ancestral Rio Grande (Pre-Holocene)

Groundwater belonging to this end member is postulated to have recharged into the
system as seepage from the ancestral Rio Grande. This ancestral Rio Grande groundwater
type occurs throughout the Basin and is found primarily in the middle Santa Fe unit. Based
on overall groundwater flow patterns, groundwater of this geochemical group is moving
south and southeast, before flowing laterally east toward the Paso del Norte (Figure 5).
Modern-day flow for this paleo-recharged groundwater is likely driven by small amounts
of recharge at the Basin margins and by withdrawals at large groundwater pumping centers.
This geochemical group is characterized by low DS concentrations (average = 415 mg/L;
median = 360 mg/L), low amounts of radiocarbon, and depleted stable isotopes of water [5].
Despite the long flow path, the small gains in DS concentrations along the flow path of this
groundwater type indicate that the aquifer lacks large amounts of soluble minerals, possibly
because of the depositional environment, as well as being depleted in soluble minerals by
large volumes of groundwater flow in the past. The general geochemical evolution along
the flow path is from a calcium-sodium-bicarbonate to a sodium-sulfate-bicarbonate water
type. The low radiocarbon and depleted stable isotope composition reflect the recharge
conditions before the Holocene.

5.2.2. Modern Rio Grande (Holocene)

Groundwater belonging to this geochemical group is found primarily in the Rio
Grande alluvium and, to a smaller extent, the upper Santa Fe unit in the Mesilla Valley.
High concentrations of age-dating tracers, tritium, and carbon-14 indicate that shallow
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groundwater was recharged from the Rio Grande and agricultural infrastructure within
the past 100 years [5]. When there are ample surface-water supplies, water may enter
and leave the groundwater system within a season, as occurs with water conveyed by
the drains. Stable isotope compositions [5,13] support evaporated Rio Grande water as
the source of this groundwater group, with sample results plotting on the Rio Grande
evaporation line developed by Phillips and others (2003) [70]. Groundwater temperatures
also indicate rapid recharge of surface water, with groundwater temperatures (averaging
about 19 ◦C) near the average annual temperature in Las Cruces (11 ◦C) [5,13]. This end
member ranges from calcium-sulfate water type in the northern Mesilla Valley to sodium-
chloride-sulfate water type in the southern Mesilla Valley [5]. DS concentrations in the
shallow alluvium average about 1950 mg/L (the median is about 1600 mg/L). Evaporative
processes can lead to elevated DS concentrations (>2000 mg/L) along agricultural drains,
and recharge from these drains often leads to elevated concentrations of dissolved ions in
the shallow subsurface [13,72].

5.2.3. Mountain-Front Recharge

In mountain-front recharge areas, precipitation and high-elevation springs and wells
are characterized by low DS concentrations (<250 mg/L) and typically have dominant
ions of calcium, magnesium, and bicarbonate [13,75,76]. The stable isotope composition of
these epigenic waters plot on or near the Global Meteoric Water Line [78], unlike the stable
isotope composition of Rio Grande water. Groundwater sampled near the boundaries of the
Basin show mixing patterns between the epigenic sources and several different endogenic
sources. The lack of samples with a large epigenic component from large portions of the
Basin aquifer supports previous assertions that mountain-front recharge is presently a
minor component of recharge to the Basin aquifer [14,16]. Wells near the Basin boundaries
that are considered to have a substantial component of mountain-front recharge generally
have low concentrations of age-dating tracers, indicating that the water likely recharged
under wetter and cooler conditions than at present (2022). Water belonging to this group
is somewhat mineralized, with average DS concentrations around 780 mg/L (median of
about 710 mg/L) [5].

5.2.4. Deep Upwelling Groundwater

The presence of high-temperature groundwater, faults, and highly mineralized water
indicates that groundwater from depth is upwelling to shallower zones in portions of the
aquifer [83,101,102]. Vertical leakage from deep-seated regional groundwater flow systems,
including geothermal systems, may also be a substantial source for salinity increases in the
shallow aquifers and the Rio Grande near Paso del Norte [13,70,83]. Waters with elevated
concentrations of trace ions are observed in wells on the West Mesa, near the East Potrillo
Mountains, at Radium Springs, and on the East Bench (Figures 1 and 2) [5,13,71,94]. The
deep upwelling groundwater has been characterized as having high concentrations of chlo-
ride, arsenic, potassium, silica, aluminum, iron, and lithium and may be originating from
the Paleozoic and Cretaceous carbonate bedrock [5,42]. Szynkiewicz and colleagues (2011),
using sulfate isotopes and principal component analysis, concluded that a substantial
amount of major ion concentrations in the groundwater could be attributed to groundwater
flow from the bedrock [59]. The original source of this deep groundwater is unknown
but may include paleo-mountain-front recharge in the southern and western portions
of the Basin and interbasin flow from the Jornada Basin along the East Bench [13,14,77].
Temperature analyses indicate that geothermal waters in the Mesilla portion of the Basin
ascend from depths of at least 1 km, with geothermal waters at Radium Springs coming
from depths upwards of 2 km [83].

6. Water Budget

The water budget for the Mesilla portion of the Basin is approached by balancing
inflows and outflows between three interrelated components of water supply and use:
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surface water, groundwater, and agriculture. Only the Mesilla portion of the Basin was
selected because of the available data and the presence of the Rio Grande. This budget
relies on the throughflow estimates from the Conejos-Médanos portion of the Basin made
in Section 4.2.1. The budget terms were considered and refined by compiling the available
estimates for three periods: the entire time period for which there are reliable and publicly
available data (generally 1940 to 2014), the dry period between 1950 and 1969, and a wetter
period between 1980 and 1999. Dry periods and wetter periods were classified by Hanson
and colleagues (2020) [16].

The surface-water component of the water-budget estimate includes only the Rio
Grande and the water that flows into or is diverted from it. Between 1940 and 2014 the
flow measured entering the Basin above Leasburg Dam averaged about 759 hm3/year
(+/− 310 hm3/year; median value 772 hm3/year), and streamflow measured leaving the
Basin averaged about 491 hm3/year (+/− 279 hm3/year; median value 465 hm3/year) [17].
The difference indicates that, on average, there was about 268 hm3/year of water lost from
the Rio Grande in the Basin. As the largest of the inflows and outflows, these budget terms
agree well with other reported estimates and provide a solid starting point for adding
other budget items [11,14,15]. The largest diversions of surface water in the Basin are
made for irrigating crops. Between 1940 and 2014 the average amount of water diverted in
the Basin was 433 hm3/year (+/− 152 hm3/year; median value 461 hm3/year) or about
57% of the Rio Grande inflow at Leasburg Dam and ranged from about 60 hm3/year in
2012 to almost 680 hm3/year in 1945 [17]. These diversions are measured, and the values
considered reliable within appropriate gaging errors. The amount of water returned to the
Rio Grande from canal return flow is estimated to be about 10% of the diversions [11,17,39],
and return flow from the drains was typically about 33% of the diversions for the available
data between 1940 and 1978 [11,17]. The total return flow over that period ranged from
9% to 56% of the diversions [11,17]. Between 1940 and 1992, drain flows varied from just
under 5.6 hm3/year in 1956 to a little over 310 hm3/year in 1944 and averaged about
143 hm3/year (+/− 80 hm3/year; median value 148 hm3/year) [17]. Wastewater returns to
the Rio Grande increased from about 6.2 to 15 hm3/year between 1976 and 2014, and the
average was about 12 hm3/year [17]. Based on the average precipitation in the area
(21 cm) and the estimated surface area of the Rio Grande (7.8 km2), the average amount of
precipitation falling directly on the river is about 1.6 hm3/year. The annual evaporation
from the river surface was estimated to be 13 hm3/year by Frenzel and Kaehler (1992) [14]
and was used for this budget term. Finally, surface-water seepage measurements from
the Rio Grande have typically been collected in the winter and range from about 1.2 to
80 hm3/year [11,15,39,49–52]. A value of 31 hm3/year was selected to balance the annual
surface-water budget for the three periods and the selection of that value is supported by the
frequency of seepage measurements that were reported close to that value. For comparison
the simulated stream seepage at the end of the Frenzel and Kaehler (1992) model was about
68 hm3/year [14].

The groundwater component of the water budget consists of the entire aquifer and
does not differentiate between geologic units. The largest depletion of groundwater is by
pumping and is distinguished between municipal and industrial pumping and agricultural
pumping. Groundwater for municipal use is metered and has generally increased in the
Basin through time [15,16]. Estimates of municipal and industrial water use have ranged
from about 49 hm3/year in 1975 [11,14] to 86 hm3/year in 2005 [15]. For this water-budget
component, we assigned the low estimate of 49 hm3/year to the early (1950 to 1969) period
and the high estimate of 86 hm3/year for the later period (1980 to 1999). Hanson and
colleagues’ (2019) estimate of 67 hm3/year [16] was used for the period of record. Metered
agricultural groundwater withdrawals have only recently become available, and groundwa-
ter withdrawals for irrigated agriculture have been estimated using a variety of techniques.
Because of the conjunctive use of water for irrigation, agricultural pumping amounts vary
dramatically year to year, with annual estimates ranging from less than 12 hm3/year to
over 370 hm3/year [15,16,47]. Previously reported average agricultural pumping estimates
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cover different time periods and often include areas outside the Mesilla Valley [14–16].
For this analysis, the period of record average annual pumping rate of 110 hm3/year was
selected from estimates by Frenzel and Kaehler (1992) and SSPA (2007) [14,15]. However,
because those pumping estimates include the Palomas Basin, the estimate was reduced
by using the fraction of total irrigated lands that are farmed in the Mesilla Valley (about
84%) [48] to 94 hm3/year. In recent years (2010–2018), agricultural pumping to supple-
ment reduced surface-water deliveries has exceeded municipal and industrial pumping by
about 3:1, withdrawing over 250 hm3/year [47]. Sources of recharge include deep percola-
tion of applied irrigation water as a fraction of diversions, seepage from the Rio Grande
(31 hm3/year), and mountain-front recharge (14 hm3/year). The majority of recharge to the
aquifer since the 1940s is estimated to be from the infiltration of water through the irrigation
conveyance system and the surface application of irrigation water [8,11,38]. The amount of
groundwater recharge through deep percolation was estimated to be 13% of the total ap-
plied water (both surface water and groundwater), which is lower than the 39% of applied
water estimated by SSPA (2007) and 24% by Hanson and colleagues (2020) [15,16]. This
discrepancy is because the models route this groundwater to both groundwater recharge
and drain flow, while this estimate assumes all deep percolation goes to recharge and
the drain flow is a separate function of the applied water. Mountain-front recharge was
estimated to be about 14 hm3/year based on previous estimates, which have ranged from
about 1.2 to 17 hm3/year [14,15,17]. Groundwater flow from the Conejos-Médanos Basin
towards the Basin outlet was estimated in the previous section to be about 23 hm3/year.
Finally, Slichter (1905) estimated groundwater flow from the Mesilla portion of the Basin to
the Hueco Bolson at Paso del Norte to be about 3 L/s, or about 0.1 hm3/year [103].

The agricultural component of the water budget includes the diversions, conveyance
structures, fields, and drains of the EBID in New Mexico, as well as EP No. 1 in Texas.
The primary inflow to agriculture is the surface water diverted from the Rio Grande. As
reported above, the average amount of water diverted in the Basin was about 433 hm3/year.
The effective precipitation falling on agricultural lands in the Basin has been estimated to
be between 50% [15] and 90% [14]. For this budget estimate, 50% of the average annual
precipitation (21 cm) was applied over 330 km2 of irrigated lands to yield about 36 hm3/year
of precipitation available for agriculture. Water leaving the system includes return flow
through canals and drains, which are estimated as a percentage of surface-water diversions
(about 10% and 33%, respectively). Evapotranspiration from irrigated fields in the Basin
has been estimated to be about 10 m3 per km2 for lower water-use crops, such as cotton,
and about 20 m3 per km2 for higher water-use crops, such as pecans. While more acreage
is being converted to higher water-use crops [15,16], for this estimate, 15 m3/km2 over
330 km2 of irrigated lands was used to estimate the water use by crops at 308 hm3/year,
which is similar to previous estimates of about 302 hm3/year by Frenzel and Kaehler (1992)
and 305 hm3/year by SSPA (2007) [14,15]. Groundwater pumping generally increases with
reductions in surface-water deliveries, although historical pumping records are sparse.
Estimated groundwater pumping for agricultural use is described above.

Several items can be noted from these water-budget estimates (Table 2). The first is that
present-day average groundwater recharge from the Rio Grande and irrigated agriculture
accounts for about 73% of the recharge to the Mesilla portion of the Basin and 66% of the
recharge to the entire Basin (15.8 hm3/year of recharge reported for the Conejos-Médanos
portion of the Basin [27]). Additionally, present-day recharge accounts for about 11% of
Rio Grande alluvium groundwater volume annually, an amount that is lower than recent
withdrawals. Second, for the period of record, the total loss from storage is estimated to be
about 24.8 hm3/year. This estimate is substantially lower than the 53 hm3/year estimated
by Hanson and colleagues (2020), and the difference may be due to the fact that their
estimate includes both the Palomas Basin and the Mesilla portion of the Basin, as well as
different estimates of throughflow from the Conejos-Médanos portion of the Basin [16].
While the estimates presented in this report may provide an estimate of the magnitude
of the total loss over the period of record, it can be noted that much of the variability
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in the system is lost by selecting single values and percentages in order to simplify the
computations. The average values and unadjusted percentages are sure to include biases
and therefore warrant using with caution and will be increasingly less reliable for shorter
time periods.

Table 2. Water-budget components (in cubic hectometers) and the sum of inflows and outflows for
the Mesilla portion of the Basin for three time periods. Parentheses and red font used in the table for
negative numbers.

Budget Items

Average Amounts for the Period of
Record (1940 to 2014)

Average Amounts for the Dry
Period 1950 to 1969

Average Amounts for the Wet
Period 1980 to 1999

Surface
Water

Ground-
Water

Agri-
Culture

Surface
Water

Ground-
Water

Agri-
Culture

Surface
Water

Ground-
Water

Agri-
Culture

Rio Grande inflow Leasburg Dam 759 586 944
Irrigation diversions (433) 433 (384) 384 (516) 516

Precipitation 1.6 36 1.6 36 1.6 36
Return flow (canals) 43 (43) 38 (38) 52 (52)

Drain return flow 143 (143) 127 (127) 170 (170)
Deep percolation 68 (68) 66 (66) 74 (74)

Wastewater returns 12 3.7 12
Evapotranspiration (13) (308) (13) (308) (13) (308)

Agricultural pumping (94) 94 (121) 121 (53) 53
Municipal and industrial pumping (67) (49) (86)
Groundwater outflow near El Paso (0.1) (0.1) (0.1)

Rio Grande seepage (31) 31 (31) 31 (31) 31
Conejos-Médanos throughflow 23 23 23

Mountain-front recharge 14 14 14
Rio Grande outflow at El Paso (491) (319) (617)

Inflows 958 136 562 756 133 541 1179 141 604
Outflows (968) (160) (563) (748) (170) (539) (1,176) (139) (604)
Balance (9.41) (24.9) (0.79) 8.86 (37.6) 1.38 2.44 1.54 0.16

Basin surface water loss 268 266 327
Total agricultural use 527 505 569

7. Potential Future Research Directions

The research needs for a scarce conjunctive-use resource that is managed by multiple
governments would benefit from not only understanding of the physical characteristics and
limits of the resource but cooperation and common objectives of stakeholders. This discus-
sion is provided as a starting point to acknowledge the existing data gaps and to provide
strategies for how to fill gaps. Perhaps the most important concern facing managers of
any finite resource is the sustainability and resiliency of the resource and a management
strategy that reduces uncertainty. To help address this concern, several data gaps were
identified in this work that may benefit from future research, including (1) high-resolution
storage, inflow, and use estimates; and (2) expanded water-chemistry data.

7.1. High-Resolution Water Storage, Inflow, and Use Estimates

Groundwater storage estimates provide an understanding of the water available at
a given time and allow for estimates of resource capacity under different withdrawal
scenarios. Storage is estimated from the volume and capacity of the aquifer. These values
are highly variable and often generated from point data, where data density may be
reasonably high or sparingly low, particularly at depth. Continued refinement of the
underlying geology and aquifer properties of the Basin would allow for more accurate
estimates of the amount of groundwater while also providing a better understanding
of its distribution. Added drilling and geophysical data could provide better estimates
of the aquifer thicknesses under the West Mesa and in the Conejos-Médanos portion of
the Basin. Aquifer tests and geophysical methods for determining aquifer characteristics
could improve understanding, particularly in the lower Santa Fe unit and throughout
the Conejos-Médanos portion of the Basin. In addition, quantification of the changes in
hydraulic gradients with continuous monitoring between parts of the West Mesa and
the Conejos-Médanos portion of the Basin to the Mesilla Valley would provide a better
understanding of the effect that pumping in the Mesilla Valley may have on groundwater
flow and support improved resource-management decisions.
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Groundwater storage allows managers to maintain use of water resources in times of
supply shortages, but sustainable use would require that withdrawals not exceed inputs
over the long-term. Therefore, additional refinements of the inflow and use estimates
would be useful to determine withdrawal thresholds and associated effects on the inflow
and outflow balance. New agricultural groundwater metering would be valuable to get
better estimates of agricultural extractions, delivery and on-farm efficiencies, and recharge.
Analysis of the reported data trends following multiple years of collection could define
patterns and trends in water use. Continued collection of streamflow data at Leasburg
and El Paso, along with upgraded gage sites to provide a higher-quality record, would
allow managers to monitor surface-water trends within the Mesilla portion of the Basin.
Water-level contours interpreted by SGM (2011) [10] and those presented here (Figure 5)
indicate connected groundwater flow over the entire Conejos-Médanos portion of the Basin.
However, the presence of intrabasin uplifts between structural sub-basins and the lack of
substantial recent recharge indicates that groundwater flow in large areas of the Conejos-
Médanos portion of the Basin may be disconnected. Additional groundwater-elevation,
geochemical and isotopic data around the Los Muertos sub-basin, particularly near the
northern extent, would provide further evidence as to whether groundwater in the southern
Conejos-Médanos portion of the Basin is flowing northward. Additional flux estimates for
groundwater throughflow between the Conejos-Médanos portion and the Mesilla portion
of the Basin would help to refine the recharge estimates in the Conejos-Médanos portion
of the Basin, the overall water budget for groundwater in the Basin, and the quantity and
limitations of the brackish groundwater resource. This could be addressed by installation of
nested wells and perhaps flux-meter installations. Finally, by incorporating and validating
groundwater flow models with geochemical and isotopic tracers, inflow estimates (such as
mountain-front recharge and deep upwelling) could be further supported and refined.

Refinement of the Basin water budget would allow managers to quantify threshold val-
ues and make management decisions to maintain the resource for multiple uses. Actionable
limits could include maximum drawdown thresholds to prevent irreversible subsidence,
decreased well performance, water-quality degradation, or a combination of these factors.

7.2. Water Chemistry

The amount of available water is also dependent on the quality of the water. The qual-
ity of the water is important not only for determining the amount of water available for
consumption without treatment but also for the feasibility of treating brackish water to
use-specified standards. In order to understand the potential for further salinization of the
resource and, if needed, its mitigation, future research could include drilling several deeper
wells (screened in the bedrock) near the Paso del Norte to improve current understanding
of the bedrock-groundwater contribution to groundwater flow and salinity. If groundwater
was derived from these bedrock units along a regional flow path, an upwelling geothermal
signature would likely be observed in these deeper wells. Additional research may also
improve current understanding of the relation between groundwater-age signatures and
groundwater flow paths. Such research could improve our current understanding of the
relation between groundwater age and salinity in the Mesilla Valley, which appears to
be correlated in certain circumstances [5,42]. Furthermore, given that most of the drains
throughout the Mesilla Valley have not been functioning over the last decade, future re-
search could be beneficial to determine whether flushing thresholds exist at which salt
accumulations at damaging levels may be reached in farm fields.

In order to deal with a persistent lack of sufficient water, researchers have looked to the
potential of brackish groundwater as a resource. Concerns unique to inland desalination
projects include uncertainty regarding the size of the resource, issues relating to water treat-
ment for constituents in groundwater, such as silica, and disposal of brine concentrate [104].
Previous works [37,105] have suggested that substantial resources of slightly brackish
water are present in the Mesilla Basin. However, there are limited records for the deeper
portions of the Basin, with an average well depth in the Basin of only 100 m [95]. In addition
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to mapping the quantity of the brackish resource, a geochemical characterization of the
reservoir would be useful to further assess desalination favorability.

8. Summary

The Mesilla/Conejos-Médanos Basin (Basin) is located in the southern part of the
Rio Grande rift, a tectonic feature that is characterized by generally north-south-trending
structural extensional basins. The Basin’s aquifer is composed of the basin-fill sediments
of the Santa Fe Group within the Basin-bounding uplifts. Interbasin uplifts and subcrops
separating the sub-basins within the Basin likely restrict deeper flow in the Mesilla portion
of the Basin and may restrict all flow between the Los Muertos and El Parabien sub-basins
in the Conejos-Médanos portion of the Basin.

Using a newly developed hydrogeologic framework, a new international water-level
map, and previously reported aquifer property assumptions, the amount of potentially
recoverable fresh to slightly brackish groundwater in the Mesilla portion of the Basin is
estimated to be about 82,600 hm3. This new estimate is largely in agreement with previous
estimates. A new estimate of storage for the Conejos-Médanos portion of the Basin is
also presented in this work. Based on areal-extent and saturated-thickness assumptions,
the amount of recoverable fresh or slightly brackish water stored in the Conejos-Médanos
portion of the Basin is estimated to be about 69,100 hm3. The majority of groundwater stored
in the Basin is thousands to tens of thousands of years old and was recharged during cooler
and wetter parts of Quaternary glacial-pluvial cycles [8,106,107]. This water is very slowly
being displaced at the boundaries by mountain-front recharge and near pumping centers,
where vertical gradients are increased by large withdrawals from groundwater pumping.

The Rio Grande flows through the Mesilla Valley in the Mesilla portion of the Basin,
which contains recent deposits of the Rio Grande alluvium. Relatively dynamic surface-
water/groundwater interactions in the Mesilla Valley between the Rio Grande and the Rio
Grande alluvium result in groundwater levels that are responsive to annual and seasonal
changes in water supply and demand, in contrast to the deeper groundwater levels that
remain stable or show a gradual response. This concept of groundwater movement that
includes short groundwater flow paths in the shallow aquifer and groundwater flow paths
that increase in length with depth is supported by the hydrologic and water-chemistry
data presented in this report. Based on evidence presented in various sections of this
report, the Rio Grande alluvium is the only unit currently receiving substantial amounts of
recharge from the Rio Grande, and the amount of groundwater in the Rio Grande alluvium
represents a little less than 0.6% of the entire regional aquifer. Approximately 11% of
the volume of the Rio Grande alluvium is estimated to be recharged annually from Rio
Grande seepage and deep percolation of agricultural water, but that amount is often offset
by pumping.

The geochemistry of shallow groundwaters in the Mesilla Valley portion of the Basin is
governed by the evaporative concentration of Rio Grande streamflow and agricultural diver-
sions, while deeper groundwater geochemistry results from multiple processes, including
the mixing of geothermal and non-geothermal groundwater, dissolution and precipitation
reactions, and ion exchange [13]. As such, water chemistry in the Rio Grande alluvium
generally reflects the chemistry of the surface-water system, with DS concentrations rang-
ing from about 500 to over 1000 mg/L, whereas water chemistry in the Santa Fe Group
depends on the source and time of recharge and the water-rock interactions along the
flow path. Generally, groundwater in the middle Santa Fe unit has some of the lowest DS
concentrations in the Basin, perhaps indicating large groundwater recharge and fluxes in
pre-Holocene time, reducing the amount of soluble minerals in the solid matrix. DS con-
centrations are reported to increase in the lower Santa Fe unit and, in particular, at the
basement rock contact. Brackish and saline groundwater in the Mesilla portion of the
Basin are reported, where upflow areas associated with faults and bedrock features are
most common. The extent of brackish groundwater in the Conejos-Médanos portion of the
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Basin is not known, but records of lacustrine evaporites and increasing salinity with depth
indicate a substantial brackish reservoir.

Continued refinements to the storage estimates and water-budget items with well
installation, geophysics, and monitoring would allow for better estimates of sustainable use
limits. Further characterization of the deep groundwater extent and geochemistry would
inform development of alternative water sources, such as desalination.
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Abstract: In 2016, research suggested there might be up to 36 transboundary aquifers located
along the border between Mexico and the U.S. The main contribution of this study was to put
together the available segments already existent in the literature without considering the validity
of the criteria used to define the boundaries of those segments. In 2018, updated research reported
33 hydrogeological units (HGUs) crossing the boundaries between Mexico and Texas. This later
analysis included the homogenization of geological nomenclatures, standardization of geological
and hydrogeological criteria, using a specific methodology to correlate, identify, and delineate each
HGU. The purpose of this paper is to use this latter methodology and expand the same analysis
to include the transboundary aquifers between Baja California/California, Sonora/Arizona, and
Chihuahua/New Mexico. Results of this study indicate that a total of 39 HGUs have been identified
in this region which accounts for an approximate shareable land of 135,000 km2 where both countries
share half of the area. From the total shareable area, around 40% reports good to moderate aquifer
potential and water quality, of which 65% is in the U.S. and 35% on the Mexico side. Border-wide, the
total number of HGUs in the border region between Mexico and the United States is 72, covering an
approximate area of 315,000 km2 (180,000 km2 on the U.S. side and 135,000 km2 on the Mexico side).
The total area that reports good to moderate aquifer potential as well as good to regular water quality
ranges between 50 and 55% (of which approximately 60% is in the U.S. and the rest in Mexico).

Keywords: transboundary; aquifers; Mexico; United States; border; groundwater

1. Introduction

In 2016, Sanchez et al. [1] suggested there might be up to 36 transboundary aquifers
located along the border between Mexico and the U.S. This first assessment attempted
to represent the first draft of all aquifers across the frontier between the two countries.
However, this initial step was only able to put together the available information already
existent without considering the validity of the criteria used to define the boundaries
of those aquifers. Two years later, Sanchez et al. [2] reported 33 hydrogeological units
(HGUs) crossing the boundaries between Mexico and Texas. This later analysis included
the homogenization of geological nomenclatures and the standardization of geological
and hydrogeological criteria to define aquifer boundaries, and it used a methodology to
correlate, identify, and delineate each HGU based primarily on geological parameters.
Although this methodology might differ from other transboundary studies in the border
region [3–7], it did provide for the first time important physical elements that highlighted
the transboundary nature of groundwater at the border at a regional scale. In fact, apart
from the available studies performed under the umbrella of the Transboundary Aquifer As-
sessment Program (TAAP), which include de San Pedro/San Pedro, Santa Cruz/Santa Cruz
(including Nogales/Nogales), Valle de Juarez/Hueco Bolson, Conejos-Medanos/Mesilla
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Bolson, and Allende-Piedras Negras transboundary aquifers, there are limited references
to physical studies of transboundary aquifers at a regional and even transboundary scale.
There are some additional projects led by the U.S. Geological Survey (USGS) that have
studied the Lower Rio Grande Basin, the Tijuana River basin, Mimbres/Las Palmas Aquifer,
and the Lower Colorado River Basin [8]; however, their analysis tends to be limited to the
U.S side of the aquifers. Therefore, the rest of the aquifers or shared areas in the border
region remain to be explored. As of 2018, from the 33 HGUs identified by Sanchez et al. [2]
between Mexico and Texas, only four aquifers have reported some type of assessment at
transboundary level.

The purpose of this paper is to use the methodology applied in the border region
between Mexico and Texas from Sanchez et al. [2] and expand the analysis to the remain-
ing border region between Mexico and the United States. This study will report on the
existing set of transboundary aquifers reported by Sanchez et al. [2] and include Baja Cali-
fornia/California, Sonora/Arizona, and Chihuahua/New Mexico. Therefore, the overall
result will be a border-wide assessment of transboundary aquifers utilizing one unique
methodology that identifies, delineates, and initially assesses the physical conditions of all
the hydrogeological units (HGUs) east of the Rio Grande/Rio Bravo across both countries.
This information will serve as the basis for future assessments and prioritization analysis
of transboundary aquifers in the border region between Mexico and the United States.

Results indicate that a total of 39 HGUs have been identified in the border region
between California, Arizona, and New Mexico on the U.S. side and Baja California, Sonora,
and Chihuahua on the Mexico side. This region accounts for an approximate shareable
area of 135,000 km2 where both countries share half of the area (65,000 km2 Mexico and
69,000 km2 the U.S.) From the total shareable area, around 40% reports good to moderate
aquifer potential and water quality, of which 65% is located in the U.S. and 35% on the
Mexico side.

From a statewide perspective, the border between Baja California, Mexico, and Cal-
ifornia, U.S., reports a total of 5 HGUs, from which 3 (Tijuana-San Diego Aq., Valle de
Mexicali-San Luis Rio Colorado/Yuma-Imperial Valley and a great portion of the Quater-
nary deposits of Laguna Salada Aq./Coyote Wells Valley) report good to moderate aquifer
potential and generally good to moderate water quality. Available data on water quality
varies across the Valle de Mexicali-San Luis Rio Colorado/Yuma-Imperial Valley from
good to poor (limited data included), particularly in the southern portions where saline
water intrusion has been reported. In the case of Sonora and Arizona, 25 HGUs have been
identified, with at least 7 HGUs (Nogales-Rio Santa Cruz Aq./Upper Santa Cruz Basin,
Rio San Pedro Aq./Upper San Pedro Basin, Rio Agua Prieta Aq./Douglas Basin, Rio Altar
Aq., San Simon Wash, Sonoyta-Puerto Peñasco Aq., and La Abra Plain) with generally
good to moderate aquifer potential and good to moderate water quality. Variability of
water quality for Sonoyta-Puerto Peñasco Aq., and San Simon Wash is also reported [9].
Additionally, 4 HGUs reported good to moderate aquifer potential but poor water quality
with uncertainty considering the data limitations. Those include Cerro Colorado Numero
3 Valley, Lukeville-Sonoyta Valley, The Great Plain, and Arroyo Seco Aq. In the border
region between Chihuahua and New Mexico, good aquifer potential and good water qual-
ity were identified in at least 3 out of the 8 HGUs reported. These are Janos Aq./Playas
Basin, Ascension Aq./Hachita-Moscos Basin, and Las Palmas Aq./Mimbres Basin. Potrillo
Mountains also report good aquifer potential but limited data on water quality.

Border-wide and adding the HGUs previously reported by Sanchez et al. [2] between
Texas and Mexico, the total number of HGUs in the border region between Mexico and the
United States totals 72, covering an approximate area of 315,000 km2 (180,000 km2 on the
U.S. side and 135,000 km2 on the Mexico side). The total area that reports good to moderate
aquifer potential as well as good to regular water quality ranges between 50 and 55% (of
which approximately 60% is in the U.S. and the rest in Mexico).

The first part of this paper presents the geological correlation of formations along the
border across California, Arizona, and New Mexico on the U.S. side and Baja California,
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Sonora, and Chihuahua on the Mexico side. The second part focuses on integrating and
delineating the identified HGUs according to hydrological, lithological, topographical,
surficial, and structural geology criteria. The third part of the paper shows the classification
of the geological units within the boundaries of the corresponding HGUs according to
aquifer potential and water quality. This study uses the same methodology and criteria
developed by its predecessor, Sanchez et al. [2], with its corresponding limitations and
adaptations considering the differences in geological characterization and data availability
described below.

2. Materials and Methods
2.1. Geological Correlation

The basis of the analysis is to perform the geological correlation among units across
the border. First, it was necessary to develop a review of available literature of geological
units between Mexico, California, Arizona, and New Mexico, along with an extensive
visualization and analysis of geographical information using ArcMap 10.5. Geological
data, and maps from Mexico were downloaded from the federal agency Servicio Geologico
Mexicano (SGM) [10] in shapefile format at 1:250,000 scale: Cartas Geologico mineras
Tijuana I11-11, Mexicali I11-12, I12-10 Los Vidrios, Ensenada H11-2, San Felipe H11-3,
Puerto Peñasco H12-1, Nogales H12-2, Agua Prieta H12-3, Cananea H12-5, Nacozari H12-6,
Ciudad Juarez H13-1, and Nuevo Casas Grandes H13-4 [11–22]. For the states of California,
Arizona, and New Mexico, geological data and maps were downloaded from the USGS
online spatial data website, which covers the entire states [23,24] in shapefile format at
1:100,000 scale. The map scales were selected according to data availability on both sides of
the border.

To address the issues related to differences of geological equivalence across the border,
we first correlated the geological units by comparing the ages and stratigraphic lexicons
and matched the geological units with their corresponding equivalent on the other side of
the border. We used the lexicons available on the SGM website since they offer detailed
lithological descriptions and geologic ages of the units across the border. After identifying
the geological age ranges, name, and description of the units in Mexico, we correlated them
with their equivalents using the USGS lexicons as reference.

Once the geological correlation process was performed, a geological structural and
stratigraphic analysis (vertical geology) was developed using the geologic map profiles
and well lithology descriptions to identify and delineate the boundaries of the formations.
The physical continuity of geological units can be truncated by folds, lineaments, or faults,
and in other cases, several formations were clustered together considering their lithological
and hydrogeological similarities. A challenging issue was the igneous and metamorphic
bodies outcropping at different regions. Due to their uneven distribution as outcrops, it
is not possible to confirm their continuity underground, in contrast to the sedimentary
rocks that are usually distributed as tabular masses and whose continuity across the border
is easily traceable. Therefore, the criteria are that only geologic units outcropping on
the international border (boundary formations) or crossing the border (transboundary
formations) are considered in the analysis of classification of HGUs. Though there is no
evidence of geological continuity across the border of the boundary formations, they are
considered in the analysis as they constitute important geological and hydrological pieces
within their corresponding HGUs. They appear in bold (Mex or U.S.) in the legends of
the maps. As for the geologic units that outcrop only on one side of the border but do not
appear close to the international border, they are considered in the geological correlation
analysis and in the maps for visualization purposes but do not appear in bold in the map
legends. This criterion was applied to most of the igneous and metamorphic rocks.

2.2. Delimitation of HGUs

As in Sanchez et al. 2018, this paper uses the term hydrogeological unit or HGU to
refer to any soil or rock unit or zone that by virtue of its hydraulic properties has a distinct
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influence on the storage or movement of groundwater [25]. Therefore, considering the
different hydrogeological conditions among units, some may or may not be categorized
as aquifers.

The delimitation of the boundaries of the HGUs was the product of the aggrupation
of geological units with common lithological features (such as high porosity) from other
units where the impermeable rocks dominate. An important methodological criterion
that was added as compared to Sanchez et al. [2] was topography. We integrated this
variable because it was significantly important in those areas where the surficial geology
was not enough to identify the limits of the unit, or the geologic heterogeneity of several
units did not provide enough elements to draw a surficial boundary. For these cases, the
geological maps were overlapped with the topographic applications of StreamStats from
USGS [26], and SIATL from INEGI [27] which provided lineaments and slope changes to
complement the HGUs’ delineation. If the topography was still not definitive to identify
a specific portion of the boundaries, we reviewed the available literature to confirm or
adjust the boundary delineation for each case. Well lithological descriptions were also
useful as indicative of aquifer features (aquifer potential) since rocks can have different
conditions on the surface as compared to underground, which may modify the capacity of
the aquifer to yield water. Therefore, this criterion was also added to the analysis of the
HGU delimitation as compared to Sanchez et al. [2].

Another different criterion was the one applied to several HGUs where their delimita-
tions included outcrops of crystalline igneous and metamorphic rocks with low porosity
capabilities that appear as isolated hills in the topographic maps. Considering that avail-
able information about these hills does not provide enough confidence to discriminate
them from the area covered by the corresponding HGU, this study included them within
the boundaries of the corresponding HGU, pending further research to clarify if these
crystalline rocks have an interaction with the rest of the area of the HGU.

Lastly, we assigned names to the HGUs based on preexistent aquifer names reported
in the area on either side of the border. If there were no aquifers identified in previous
studies, we used geographical marks, such as mountains, valleys, or towns to assign a
name to the corresponding HGU.

2.3. Classification of Geological Formations

The last task was the classification of geological units (boundary and transboundary
formations), which is based on hydrogeological features (aquifer potential) and water
quality data, according to the same criteria used by Sanchez et al. [2].

“Aquifer potential” is defined as the potential that a geological unit, a group of geo-
logical units, or part of a geological unit contains sufficient saturated permeable material to
yield significant quantities of water for wells and springs [28]. The criteria used to define
aquifer potential considers mainly lithological features, permeability, porosity, hydraulic
conductivity, and transmissivity (Table 1). Because the natural complexity and heterogene-
ity across the units and the different methods that are used to characterize units on both
sides of the border, a combination of criteria had to be used to classify aquifer potential as
“good”, “moderate” or “poor”. This study uses geological and lithological descriptions
of the units, porosity and hydraulic conductivity when available, or standardized values
according to the predominant lithology [29]. We also used permeability reports and assess-
ments from the National Water Commission (CONAGUA), and technical reports from the
New Mexico Water Resources Research Institute (NMWRRI), the Arizona Department of
Water Resources (ADWR), California Division of Mines and Geology, and the USGS. We
obtained data from federal, state, and local agencies, as well as from technical, academic,
and scientific reports. The common criterion used in the literature for water quality was
TDS (total dissolved solids), which were available for almost the complete border region.
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Table 1. Geological formations classified into five groups according to aquifer potential (Good,
Moderate, Poor) and water quality (Good, Regular, Poor). The unit of water quality is Total Dissolved
Solids (TDS). The colors represent an ID later used in the classification of the units and on the maps.
(Adapted from Sanchez et al. [2].)

Geological Formation

Water Quality

Good Regular Poor No Info

<1000
ppm

1000–3000
ppm

>3000
ppm

1 2 3 4

Aquifer
Potential

Good A A1 A2 A3 A4
Moderate B B1 B2 B3 B4

Poor C C1 C2 C3 C4
Aquitard D D1 D2 D3 D4
No Info E E1 E2 E3 E4

Following the methodology of Sanchez et al. [2], we used the TDS ranges from the
Texas Water Development Board [30] to classify groundwater quality: freshwater, less than
1000 mg/L; slightly saline (usually called “brackish water”), 1000–3000 mg/L; moderately
saline, 3000–10,000 mg/L; very saline, 10,000–35,000 mg/L; and brine, over 35,000 mg/L.
Some studies refer to “parts per million” (ppm), where 1 ppm is equivalent to 1 mg/L;
ppm are the units used in this study. The categories defined in Table 1 for water quality
consider freshwater as “good”, slightly saline as “regular”, and moderately saline with very
saline are combined into one category as “poor”. Table 1 shows how the formations will be
classified into five groups according to aquifer potential for each one and its corresponding
reported water quality.

3. Results and Discussion
3.1. Geological Correlation between Mexico (Baja California, Sonora, and Chihuahua) and the U.S.
(California, Arizona, and New Mexico)

This section covers the geological features of the formations identified and correlated
between Baja California, Sonora, and Chihuahua in Mexico, and California, Arizona, and
Nuevo Mexico in the U.S. which are described in detail in Table 2. Geological formations
in Table 2 are listed according to their geological age (oldest first), and if their names differ
across countries, the first name listed corresponds to what is reported in Mexico and then
in the U.S. Table 2 also includes hydrological features available and the reported names of
those geological units that have been referred by the literature aquifers.

As in Sanchez et al. [2], there are formations that have been identified only on one side
of the border (therefore not crossing to the other side); those formations are identified as
boundary formations with a parenthetical (USA) or (MEX) after their name. Boundary and
transboundary formations (the formations that cross the border) are the ones subject to
classification analysis in this study and are highlighted in bold in the figures. Figures 1–4
list all the identified geological units with their reported names from both sides (Mex/U.S.,
even if they are the same). Other geological units located in the area but not outcropping
the border are not considered in the analysis but are included in the maps and legends
(not in bold) for visualization purposes. It is worth mentioning that in comparison to our
antecessor, the geological maps in this study include geological faults and main topographic
and hydrologic references that were not included in Sanchez et al. [2].
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Figure 1. Geologic map, Baja California—California.
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Figure 2. Geologic map, West Sonora—West Arizona.
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Figure 3. Geologic map, East Sonora—East Arizona.
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Figure 4. Geologic map, Chihuahua—New Mexico.
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3.2. Geologic Transboundary and Boundary Formation Limits

The geologic limits of the formations in the borderland are shown in Figures 5–8.
These figures represent a more detailed identification and delimitation of transboundary
and boundary geological units. Examples of boundary units in Figures 5–8 are Canebrake
(Mex), Rhyolite (USA), Rancho Vallecitos-Esquisto Julian (Mex), Paleoproterozoic Granite
(USA), Upper Santa Fe Gr (USA), Gila Gr (USA), Lake Valley Limestone (USA), Cabullona
Fm (Mex), and Bisbee Conglomerates (Mex), among others. Though these formations seem
to appear only on one side of the border at the surface, they could be continuous across
the other side. However, limited information on these geologic units does not allow for
further conclusions.

Figure 5. Geologic formation limits, Baja California—California.

The extension limits of the transboundary formations (crossing the border) were
defined according to lithology and regional structural geology, such as faults, folds, and
lineaments. Additionally, topography and hydrological features were also used to comple-
ment the analysis. The geological extensions shown in Figures 5–8 were defined mainly by
deformation due to transpressive regimes, which originated the lineament systems known
as the Walper Lineament and the Mojave-Sonora Megashear [99]. These lineament systems
cross Baja California, Sonora, and Chihuahua in Mexico. In the northeastern part of the
study area, the Texas Lineament defined the geological boundaries of most of New Mexico
and Texas on the U.S. side [100]. Steep faults with orientation NW-SE formed as a response
to the movement on the Mojave-Sonora Megashear, developing pull apart basins, which
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later filled with sediments originating most of the HGUs identified in this study area [99].
We will expand on the lithologic/structural boundaries on the individual descriptions of
the HGUs in the following section.

As it has been mentioned before, there are formations that perform as extent limits
of the boundary formations (those units that do not seem to cross the borderland) or that
occur as igneous inclusions within, surrounding, or adjacent to the boundary formations.
Analyses of these formations was not included in the current study but are included in the
figures for mapping and visualization purposes. They are also listed in the corresponding
legends of the figures (not highlighted in bold).

Figure 6. Geologic formation limits, West Sonora—West Arizona.
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Figure 7. Geologic formation limits, West Sonora—West Arizona.
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Figure 8. Geologic formation limits, West Sonora—West Arizona.

3.3. Delineation of Transboundary Hydrogeological Units (HGUs)

Figures 9–12 show the transboundary and boundary geological formations grouped
into HGUs. This clustering of geological formations represents a refined delineation of
transboundary geological formations considering lithological features, hydrogeological
linkages and boundary limitations described in Table 2. As it has been mentioned earlier,
they are referred to as “hydrogeological units” or “HGUs” (instead of aquifers) considering
the different hydrogeological conditions among units that may or may not be categorized as
aquifers. This section will cover how this clustering was integrated for each identified HGU.

The physical limits of the HGUs located across Baja California and California (Figure 9)
are a combination of structural and lithological variations. The physical limits on the
northern portion of Baja California have a stronger structural component. The Tijuana-San
Diego Aquifer northern and southeastern boundaries are defined by the contact with
volcanic rocks of local secondary permeability to non-existent permeability characteristics.
According to the Internationally Shared Aquifer Resources Management (ISARM) [101],
the official reported boundaries of this aquifer on the U.S. side match with the quaternary
deposits shown in Figure 9; however, we extended the boundaries to include neighboring
Neogene rocks, since groundwater flows from the recharge zone on the Otay Reserve
towards the coast [80]. On the Mexico side, aquifer boundaries are delineated according to
administrative criteria [1], and therefore, the physical boundaries presented in this study
will mostly not coincide with those recognized officially by the CONAGUA.
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Figure 9. Transboundary map, Baja California—California.

The Tecate Aquifer/Potrero Valley is formed mainly by crystalized Triassic to Neogene
igneous bodies with secondary permeability. This HGU has a strong structural control:
the northern and eastern boundaries are defined by the Elsinore Fault Zone [102], and
the southern boundary is defined by the San Miguel-Vallecitos Fault [14]. La Rumorosa-
Tecate Aquifer/Jacumba Valley comprises quaternary deposits accumulated in a depression
surrounded by impermeable granitic and metamorphic rocks of Neogene and Mesozoic
age [103], and therefore, the physical limits are exclusively lithologic. Laguna Salada
Aquifer/Coyote Wells Valley has a predominant structural control with the Sierra Juarez
Fault to the west and the Laguna Salada Fault to the north-northeast. The southern limit is
defined by Neogene volcanic rocks outcropping on Sierra Las Tinajas [96].

Moving towards the western side of Arizona and Sonora, the Valle de Mexicali-San
Luis Rio Colorado Aq./Yuma-Imperial Valley HGU (Figures 9 and 10) western limit is
defined by Sierra Cucapa, where granitic rocks of Cretaceous age and the Cucapa Fault
comprise this side of the boundary. The crystalline rocks of Mesozoic age configure the
northeastern boundary of the HGU at Chocolate Mountains [104], which together with
the Salton Sea comprise the northern boundary in California [59]. The eastern boundary
is defined by differences in lithology between the quaternary deposits forming this HGU
and the Mesozoic-Neogene granites and Quaternary Basalts that formed the neighboring
HGUs of Tinajas Altas Mountains and Los Vidrios Aquifer. The southern boundary is
defined by the extension of the Rio Colorado deltaic deposits into the Gulf of California
which constitutes a physical rather than lithological feature. The northern and eastern
boundaries of the Valle de Mexicali-San Luis Rio Colorado Aq./Yuma-Imperial Valley on
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the U.S. side appear to be based on lithological differences [105], which are very similar
to the boundaries presented in this study. The southern and western boundaries on the
Mexico side are defined as well by lithology and match the official reports [105]; however,
the eastern boundary does not coincide with official reports as they seem to respond to an
administrative boundary [105,106].

Figure 10. Transboundary map, West Sonora—West Arizona.

The geological limits of the western side of the state of Sonora and Arizona (Figure 10)
are based on a combination of lithological variations. Boundaries are mostly defined by
contrasting quaternary deposits in contact with old crystalline rocks with limited to non-
existent permeability. These older units work as a basement for the identified HGUs in
this area.

The Tinajas Altas Mountains, Puente Cuates Valley, Cabeza Prieta Mountains, and
Sonoyta-Puerto Peñasco Aquifers have a strong structural component, since the boundaries
are defined by pull apart basins associated with the Mojave-Sonora Megashear [99]. Due
to this structural feature, it is possible to identify a sequence of Precambrian to Mesozoic
crystalline rocks outcropping as mountains, with depressions filled with recent quaternary
deposits. The exception to this structural feature is the Los Vidrios Aquifer, which is
the product of recent quaternary volcanic activity, and it is located in an area where the
volcanic outcrops work as a boundary between the Valle de Mexicali-San Luis Rio Colorado
Aq./Yuma-Imperial Valley and the Sonoyta-Puerto Peñasco Aquifer.

The HGUs located between Agua Dulce Mountains and Baboquivari Mountains are
the result of a similar structural environment related to the Mojave-Sonora Megashear,
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where Jurassic rocks intruded through the thrust faults, originating a series of volcanic and
metamorphic belts intercalated with depressions filled by Quaternary deposits across the
Sonoran Desert [107]. Topography also plays an important role in defining the northern
boundaries of these HGUs. We identified these depressions in Figure 6 and integrated
them into their corresponding HGUs as shown on Figure 10. The HGUs that are worth
mentioning due to some degree of aquifer potential are Cerro Colorado Numero 3 Valley,
Quitobaquito Hills, La Abra Plain, Lukeville-Sonoyta Valley, the Great Plain, and San
Simon Wash. Initially, the USGS [9] used the term San Simon Wash to refer to the San
Simon River watershed and the Papago Indian Reservation; however, in this report, the
USGS also stated that the boundary of the San Simon Wash was “arbitrary”. ISARM [105]
also identified the Sonoyta-Papagos TBA (Transboundary Aquifer), which includes the San
Simon Wash area in the U.S. as well as the administrative boundaries of the Sonoyta-Puerto
Peñasco aquifer on the Mexico side.

The eastern side of Sonora/Arizona (Figure 11) consists of a combination of small
faults and lithological changes in the north, as well as topography and drainage features
particularly in southern Arizona. The differences in lithology are the predominant feature
that this study used in the northern region of Sonora to define the HGUs’ boundaries.
The Arroyo Seco Aquifer and the Nogales-Rio Santa Cruz Aq./Upper Santa Cruz Basin
consist of two parallel north–south trending alluvial basins, separated by blockfaulted
mountains formed by Jurassic to Cretaceous igneous rocks. The first one outcrops at the
Baboquivari and Silver Bell mountains on the west of Arroyo Seco Aquifer [108]. The
second one is the mountain chain between the Tortolita Mountains and Pajarito Mountains
that separates Arroyo Seco Aquifer and Nogales-Rio Santa Cruz Aq./Upper Santa Cruz
Basin. The mountain chain between Santa Catalina and Huachuca Mountains defines
the boundaries on the eastern side of Nogales-Rio Santa Cruz Aq./Upper Santa Cruz
Basin [85]. The northern boundary of the system in this paper does not align with the
official reports [105,109] mainly because we use a geological approach, and the published
reports are based on watershed and management delimitations. The southern boundaries
of the Nogales-Rio Santa Cruz Aq./Upper Santa Cruz Basin rely on a natural barrier
formed by Sierras El Pinito and El Chivato, where crystalline volcanic rocks are abundant.
The eastern boundaries are defined by the Whetstone and Huachuca Mountains that
comprise the surroundings of Upper Sonoita Creek which is a basin fill alluvial aquifer
that constitutes an important tributary of the Upper Santa Cruz feeding the underlying
sediments [110,111]. The Rio Altar Aquifer is formed by the interaction of Neogene and
Quaternary deposits, limited on the north by the Pajarito Mountains as well.

The Rio San Pedro Aq./Upper San Pedro Basin is limited on the west by the Rincon,
Whetstone, Huachuca Mountains, and Sierra La Elenita, where volcanic and metamorphic
rocks from Precambian to Neogene age outcrop, working as a barrier between this aquifer
and the Nogales-Rio Santa Cruz Aq./Upper Santa Cruz Basin. The eastern boundary
is defined by sedimentary crystalline rocks of Paleozoic to Cretaceous age with limited
permeability that outcrop on the Mule Mountains (Figure 11). These natural barriers
minimize groundwater connections with adjacent aquifers, even in the northern portion of
the HGU [7]. The northern boundaries that we defined for this aquifer are close to those
reported by ISARM [105], but they extend beyond what Callegary et al. [109] reports as
the northern boundary. As in the case of Nogales-Rio Santa Cruz Aq./Upper Santa Cruz
Basin, slight differences rely on our geology-based approach as compared to the watershed
approach used by published official reports.

It should also be noted that the slight differences in extent presented here for both the
Nogales-Rio Santa Cruz Aq./Upper Santa Cruz Basin and the Rio San Pedro Aq./Upper
San Pedro Basin, as compared to those reported by TAAP, might also be related to the
administrative and regulatory boundaries on the Arizona side (e.g., the Santa Cruz Active
Management Area (AMA) jurisdiction). Nevertheless, the main geological features accord-
ing to the ADWR for both San Pedro and Santa Cruz aquifers are in close agreement with
our study [112,113].

255



Water 2021, 13, 2878

The Rio Agua Prieta Aquifer/Douglas Basin and the Arroyo San Bernardino Aq./San
Bernardino Valley are depressions filled by Neogene to Quaternary deposits and separated
by the Perilla Mountains, where there are volcanic and old sedimentary rocks with limited
permeability outcrop. The eastern boundary of the Arroyo San Bernardino Aq./San
Bernardino Valley consists of half a graben structure located on the piedmont of the
Guadalupe Mountains [114]. This HGU is locally covered by fractured Quaternary Basalts,
which have the potential to work as aquifers or as confining layers.

Figure 11. Transboundary map, East Sonora—East Arizona.

Figure 12 shows the formation limits between Chihuahua and New Mexico. Changes
in geologic structures and lithology were definitive in delineating the boundaries of the
units, and topography to a lesser extent. This area is dominated by graben structures
associated to the Rio Grande Rift, and each individual graben is commonly bounded by
steep faults, where old sediments and crystalline rocks outcrop [115], and the depressions
or bolsons are filled with unconsolidated and coarse grain sized sediments [114]. The
Continental Water Divide, located at the northern end of the area of interest works as
a groundwater divide as well [39,114]; therefore, we used this topographic feature to
define the northern boundary of some of the HGUs between Chihuahua and New Mexico.
We defined the southern boundaries based on contrasting lithologic differences between
crystalline rocks and the unconsolidated bolson-like sediments.

The Animas Basin is bounded on the west by the Guadalupe Mountains, comprising
mostly igneous crystalline and volcanic rocks with limited permeability. The northern limit
follows the surface seepage and groundwater flow divide between the Gila River Basin
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and the Animas Basin. The eastern boundaries are comprised by the Continental Water
Divide, the Pyramid Mountains, and the mountain chain between Animas Mountains in
the U.S. and Sierra San Luis in Mexico [114]. The latter mountain chains also work as the
western boundary for the Janos Aq./Playas Basin. Sierra La Negra in Mexico bounds the
Janos Aq./Playas Basin to the south. The Alamo Hueco Mountains separate the Janos
Aq./playas Basin from the Ascension Aquifer/Hachita Moscos Basin, restraining the water
flows between these two HGUs. The northern boundary of the Ascension Aq./Hachita
Moscos is defined by the Continental Water Divide [39], and the cedar Mountain Range
to the east, or what we have named as the Josefa Ortiz de Dominguez Aquifer, where
Neogene volcanic rocks with limited to nonexistent permeability configure this HGU.

Figure 12. Transboundary map, Chihuahua—New Mexico.

The Cedar Mountain Range and Carrizalillo Hills are part of the Cedar Arc [39], which
is one of several complex basin and range Province fault-block systems, and work as the
western limit of Las Palmas Aq./Mimbres Basin. The Sierra Boca Grande in Mexico repre-
sents a similar echelon fault-block system that forms part of the southwestern boundary
of the Mimbres Basin [41]. This HGU is bounded to the north by the Continental Water
Divide and the Black Range [114] and to the east by the Potrillo Mountains, where frac-
tured Quaternary Basalts occur. The southern limit is defined according to lithological and
topographic differences with the Conejos-Medanos Aq./Mesilla Bolson which was already
addressed in Sanchez et al. [2], but it is included in the maps for visualization purposes.
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3.4. Classification of Geological Formations/Aquifers

According to the geological description and hydrogeological features noted in previ-
ous sections and in Table 2, boundary and transboundary formations within each HGU
were classified with an ID value (color) with similar characteristics of aquifer potential and
water quality. Table 1 shows the grouping and the corresponding ID value for each group.
According to aquifer potential and water quality parameters, Group 1 (dark green), the
most important units/formations in terms of groundwater potential and water quality,
corresponds to A1, A2, B1, and B2. Group 2 (light green) includes those units/formations
that have good to moderate aquifer potential but poor water quality or with limited water
quality information on that area (A3, A4, B3, and B4). Group 2 constitutes a second level of
priority areas because they could represent future resource development as water treatment
options become more feasible. Group 3 (orange) includes those units with poor aquifer
potential or aquitards with good to moderate water quality (C1, C3, D1, and D2). This
group is considered the third level of priority due to the limited aquifer potential but
is still useful for small communities and because the water quality is good to moderate.
Group 4 (light maroon) is the lowest-priority group: this units report poor aquifer potential
and poor water quality, or alternatively, they report limited information on water quality
in that area (C3, C4, D3, and D4). Group 5 (gray) includes those units/formations with
lack of information on both aquifer potential and water quality; therefore, their priority is
undefined (E1, E2, E3, and E4).

The classification shown in Table 3 is based on the predominant hydrogeological
conditions of the formations based on the available data. The formations (boundary
and transboundary) are organized and listed within the limits of their corresponding
HGU/aquifer described in the previous section. Therefore, the first column contains the
corresponding name of the HGU or the reported Aquifer name according to Section 3.3,
followed by the formations that integrate each HGU and the specific ID value for each one
according to aquifer potential and water quality. Figures 13–16 show the HGUs colored
according to the classification of each formation that integrates them, therefore showing
the predominant ID value for each HGU. According to Table 3, a total of 39 boundary
and transboundary formations were identified in the region that cover an approximate
shareable area of 135,000 km2 of which both countries share almost half (65,000 km2 Mexico
and 69,000 km2 the U.S.). From the total shareable area, around 40% reports good to
moderate aquifer potential and water quality, of which 65% is in the U.S. and 35% on the
Mexico side.

In the area between Baja California and California, the HGUs with predominant good
aquifer potential and good to moderate water conditions are Laguna Salada Aq./Coyote
Wells Valley (Qt Alluvium, Qt Eolian, Qt Conglomerates and Neogene Conglomerates),
followed by variable water quality conditions in the Tijuana-San Diego Aq. (Qt. Alluvium,
Imperial Fm./Imperial Fm.) and the mostly overall extension of the Valle de Mexicali-San
Luis Rio Colorado Aq./Yuma-Imperial Valley (Qt Alluvium, Qt Eolian, Qt Conglomerates
and Neogene Conglomerates) covering an important area across California, Baja California,
and West of Arizona and Sonora (Figure 13). The latter area of this HGU is well known for
its high dependency on surface and groundwater, particularly, for intensive and extensive
irrigated agriculture on both sides of the border, and also for the connectivity of the
surface–groundwater systems from which native ecosystems and endangered species are
equally dependent [1]. This HGU also encompasses the area of what is referred to as the
Yuma Aquifer (which is also shared by Arizona and Sonora) that is subject to the only
agreement between Mexico and the United States that has established pumping limitations
and binational monitoring on both extraction rates and salinity levels (Minute 242 of the
International Boundary and Water Commission, IBWC) [116]. The Tijuana-San Diego Aq.
is the main water supply for the sister cities of Tijuana and San Diego and has good aquifer
potential but has important salinity issues that are recurrent in the whole borderland
between California and Baja California and that also expand into the western side of
Arizona and Sonora.
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Figure 13. Classification map, Baja California—California.

Figure 14 shows the classification of the formations within their corresponding HGUs
across the remaining western side of Arizona and Sonora. This region is also characteristic
of good aquifer potential formations but with moderate to poor or unknown water quality
conditions. There is an important presence of aquitard conditions in several of the identified
HGUs that characterize the area such as the cases of Tinajas Altas Mountains, Cabeza Prieta
Mountains, Los Vidrios Aq., Agua Dulce Mountains, Senita Basin, and Los Chirriones Aq.
These HGUs are conformed primarily by Quaternary Basalts, Granite-Monzonites, Jurassic
Granites, and Volcanic Cretaceous Rocks. Some of these geologic characteristics are also
present but to a lesser extent in San Simon Wash and Sonoyta-Puerto Peñasco Aq., where
moderate water quality conditions can be found. Puerto Cuates Valley/Lechugilla Desert,
Lukeville-Sonoyta Valley, and The Great Plain report good aquifer conditions, but there is
limited information related to water quality. As in the Baja California–California region,
this region relies heavily on groundwater for agriculture and domestic use considering
the limited availability of surface water. Figure 15 shows the eastern part of the border
between Arizona and Sonora. Good aquifer potential and good levels of water quality
are present to a greater extent in this region as compared to the westernmost side. The
Nogales-Rio Santa Cruz Aq./Upper Santa Cruz Basin, the Rio San Pedro Aq./Upper San
Pedro Basin, and the Rio Agua Prieta Aq./Douglas Basin, all recognized transboundary
aquifers at binational level, show good aquifer potential and good water quality. These
aquifers have been categorized as high priority given the level of groundwater dependence
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for domestic use and population growth and therefore the vulnerability of the aquifer to
overexploitation and contamination. The Pajarito Mountains, Arroyo Seco Aq., and Arroyo
San Bernardino Aq./San Bernardino Valley also show good aquifer potential, but there is
limited information on water quality.

Figure 14. Classification map, West Sonora—West Arizona.
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Figure 15. Classification map, East Sonora—East Arizona.

Figure 16 shows the classification of units between Nuevo Mexico and Chihuahua. Janos
Aq./Playas Basin, Ascension Aq./Hachita Moscos Basin, and Las Palmas Aq./Mimbres
Basin show the highest levels of aquifer potential and water quality, followed by Conejos-
Medanos Aq./Mesilla Bolson, and Animas Basin, which report poor to moderate water
quality. The Mimbres Basin is an officially recognized transboundary aquifer according to
ISARM databases; however, the delineation officially reported is an undefined line in the area,
meaning more research is required to confirm the delineation of this aquifer at transboundary
level [101]. Over-pumping has been reported around the Columbus-Palomas region as well
as high levels of salinity associated with mining activities [1]. It is worth mentioning that,
from the total shareable land in this region, approximately 85 percent reports good aquifer
potential and water quality. Small communities in the border region rely on these aquifers
for potable and local agricultural use, and therefore, the strategic value for this area for future
sources of water in the region is one of the highest in the U.S.–Mexico border region.
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Figure 16. Classification map, Chihuahua—New Mexico.

4. Conclusions

Results indicate that a total of 39 HGUs have been identified in the border between
California, Arizona, and New Mexico on the U.S. side and Baja California, Sonora, and
Chihuahua on the Mexico side. This region accounts for an approximate shareable area of
135,000 km2 where both countries share half of the area (65,000 km2 Mexico and 69,000 km2

the U.S). From the total shareable area, around 40% reports good to moderate aquifer
potential and water quality, of which 65% is in the U.S. and 35% on the Mexico side. It
should be noted that approximately 15% of the shareable land that reports good aquifer
conditions also reports unknown or limited data on water quality conditions; therefore,
this could mean that estimations of good aquifer conditions and water quality along the
region might be underestimated.

Border-wide and adding the HGUs previously reported by Sanchez et al. [1] between
Texas and Mexico, the total number of HGUs in the border region between Mexico and the
United States is 72, covering an approximate area of 315,000 km2 (180,000 km2 in the U.S.
and 135,000 km2 on the Mexico side). The total area considered to have good to moderate
aquifer potential as well as good to regular water quality ranges between 50 and 55% (of
which approximately 60% is in the U.S. and the rest in Mexico).

From a statewide perspective, the border between Baja California and California
reports a total of 5 HGUs, from which 3 (Tijuana-San Diego Aq., Valle de Mexicali-San Luis
Rio Colorado/Yuma-Imperial Valley, and a great portion of the Quaternary deposits of
Laguna Salada Aq./Coyote Wells Valley) report good to moderate aquifer potential and
generally good to moderate water quality. Available data on water quality vary across
the Valle de Mexicali-San Luis Rio Colorado/Yuma-Imperial Valley from good to poor
(included limited information), particularly in the southern portions where saline intrusion
has been reported. In the case of Sonora and Arizona, 25 HGUs have been identified,
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with at least 7 HGUs (Nogales-Rio Santa Cruz Aq./Upper Santa Cruz Basin, Rio San
Pedro Aq./Upper San Pedro Basin, Rio Agua Prieta Aq./Douglas Basin, Rio Altar Aq.,
San Simon Wash, Sonoyta-Puerto Peñasco Aq., and La Abra Plain) with generally good
to moderate aquifer potential and good to moderate water quality. Variability in water
quality for Sonoyta-Puerto Peñasco Aq. and San Simon Wash is also reported. Additional
4 HGUs reported good to moderate aquifer potential but poor water quality with also
uncertainty considering the data limitations. Those include Cerro Colorado Numero 3
Valley, Lukeville-Sonoyta Valley, The Great Plain, and Arroyo Seco Aq. In the border region
between Chihuahua and New Mexico, good aquifer potential and good water quality were
identified in at least 3 out of the 8 HGUs reported. These HGUs are Janos Aq./Playas
Basin, Ascension Aq./Hachita-Moscos Basin, and Las Palmas Aq./Mimbres Basin. Potrillo
Mountains also report good aquifer potential but limited data on water quality.

Figure 17 shows the complete map of the HGUs/aquifers identified in this paper
from California through New Mexico and their corresponding southern border states in
Mexico. This is the first ever recorded map that shows the geological continuity across the
border between both countries in the complete study area and, along with that reported
by Sanchez et al. [2], that covers the border between Texas and Mexico, constituting the
first geological assessment on this scale for the complete border region between Mexico
and the United States. Further research must incorporate new data particularly on vertical
geology, water quality, three-dimensional distribution of HGUs, evidence of groundwater
flow systems, isotope assessments for residence times and so on. This new scientific infor-
mation will support the potential discussions of transboundary groundwater management
possibilities towards a more sustainable groundwater use in the border region.

Figure 17. HGUs between Baja California, Sonora, and Chihuahua, Mexico and California, Arizona, and New Mexico, USA.
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Abstract: The Hueco Bolson aquifer is a binational aquifer shared by the United States of America
(USA) and Mexico that is strongly interconnected with the transboundary river, Rio Grande/Rio
Bravo. Limited recharge, increasing urbanization, and intensified agriculture have resulted in the
over-drafting of groundwater resources and stressed the aquifer, threatening its sustainability if
mitigation actions are not taken soon. Research indicates that the aquifer’s hydraulic gradients
and flow directions have changed due to the high groundwater withdrawal rates from the two
major cities—El Paso (USA) and Ciudad Juarez (Mexico). This paper presents a comprehensive
overview of the Hueco Bolson aquifer modeling history and makes a case for future modeling and
binational engagement efforts. First, we discuss the evolution of groundwater modeling for Hueco
Bolson from the past to recent times. Second, we discuss the main water management issues in
the area, including water quality and quantity, stakeholders’ participation, and climate change. To
address the challenges of holistic water management, we propose developing a graphical quantitative
modeling framework (e.g., system model and Bayesian belief network) to include experts’ opinions
and enhance stakeholders’ participation in the model. Though the insights are based on a case study
of Hueco Bolson, the approaches discussed in this study can provide new strategies to overcome the
challenges of managing a transboundary aquifer.

Keywords: groundwater; Hueco Bolson; MODFLOW; Rio Grande; transboundary aquifer

1. Introduction and History of Modeling Efforts

An aquifer is considered transboundary if it is part of a “system of surface water
and groundwater situated in more than one nation” [1]. This applies when (i) an internal
groundwater body is hydraulically connected to a transboundary river and (ii) a domestic
river is interlinked to a transboundary aquifer [2]. For the Rio Grande–Hueco Bolson
(Rio Bravo–Valle de Juarez) water system (Figure 1a), both are the case. The USA–Mexico
international border follows the Rio Grande river course above the Hueco Bolson aquifer,
and the internal aquifer stretches into the USA and Mexico. The Hueco Bolson lies within
the state-triangle of New Mexico (USA), Texas (USA), and Chihuahua (Mexico) and is
recognized as a transboundary aquifer by the USA and Mexico [3,4]. It has been declared a
priority aquifer under the Transboundary Aquifer Assessment Program (TAAP) [5] of the
USA and Mexico, highlighting the importance of Hueco Bolson for the transboundary Paso
del Norte Region with its sister cities of El Paso (Texas) and Ciudad Juarez (Chihuahua).

The first hydrogeological studies of the Hueco Bolson were carried out by Slicher [6]
and Richardson [7] in the early 1900s when significant pumping of the Hueco Bolson
started. The first pump field, the Old Mesa field, was developed in 1904 [8]. Water
withdrawal steadily increased until the 1950s, which triggered comprehensive studies
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about the geology, hydrogeology, and the groundwater resources of the El Paso area by the
United States Geological Survey (USGS) [9,10], and has since accelerated due to the rapid
population growth of the Paso del Norte Region [8]. In 2020, the combined sister cities had
a population of approximately 2.2 million people, i.e., Ciudad Juarez with 1.51 million [11]
and El Paso with 0.68 million [12]. Large water consumers of the region entirely rely on
the Hueco Bolson as their drinking water supply, including the U.S. Army Air Defense
Artillery Center Fort Bliss and several small communities [13]. Ciudad Juarez uses the
Hueco Bolson as its main source for potable water [4], and El Paso Water (EPW, used
to be called El Paso Water Utilities) relies on groundwater for approximately 40% of its
total water supply in an average non-drought year—and this number is higher in drought
years [14]. In addition, agriculture in the Paso del Norte Region depends on irrigation. In
non-drought years, enough water is released from the Elephant Butte Reservoir (Figure 1a)
into the downstream Rio Grande, and irrigation water demands can mainly be covered
by surface water. However, groundwater must be pumped to meet the irrigation water
demand in dry years [15].

White [8] estimated that approximately 40 million m3 of water per year is recharged
into the Rio Grande alluvium overlying the Hueco Bolson aquifer, which is far less than
the withdrawal [16]. As the aquifer only receives such limited recharge in terms of rainfall,
seepage or/and artificial deep-well injection and infiltration basins [13,17,18], the long-
term mining of the Hueco Bolson resulted in a significant groundwater drawdown and
decreased the water quality at some locations. The large water-level declines changed
the groundwater flow directions since the 1960s [8,19] and caused flow intrusion from
surrounding brackish water into the freshwater zone [13,20]. Proactive management
strategies, mainly carried out by the EPW, include reducing per capita water use [21] and
artificial aquifer recharge [18] to reduce freshwater pumping and slow down brackish water
intrusion. In recent years, several projects (Table 1) have been carried out and contributed
to a better understanding of the current situation of the Hueco Bolson.

Table 1. List of major groundwater models of the Hueco Bolson.

Key Findings Study Year Published

Saline water resources in Hueco Bolson using a two-dimensional
electric-analog model for 1903–1963 Leggat and Davis [22] 1967

A two-layered digital model of the Hueco Bolson from 1903 to 1973
using a computer program developed by Bredehoeft and Pinder [23] Meyer [24] 1976

Report 3—Hydrogeology of the Hueco Basin: Prepared for thePublic
Services Board, City of El Paso, Texas Lee Wilson and Associates [25] 1985

Summary of U.S. Geological Survey ground-water-flow models of
basin-fill aquifers in the southwest alluvial basins’ region, Colorado,

New Mexico, and Texas
Kernodle [26] 1992

Simulation of groundwater and saline water in Hueco Bolson aquifer
using the modular model developed by McDonald and Harbaugh [27]

and solute transport three-dimensional flow model developed by
Kipp [28]

Groschen [29] 1994

Groundwater model using a modified version of MODFLOW 96
developed by Harbaugh and McDonald [30]; the model was simulated

from 1903 to 1996
Heywood and Yager [31] 2003

The MODFLOW model was updated to include input data from 1997
to 2002 Hutchison [32] 2004

Groundwater Flow for Administration and Management in the Lower
Rio Grande Basin. Main Report; Technical Report prepared for the State

of New Mexico
Papadopoulos and Associates [33] 2007

Updated model for Hueco Bolson aquifer using MODFLOW-2005 and
MT3DMS solute transport code Hutchison [34,35] 2016
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Eastoe et al. [36,37] showed that surface water from the Rio Grande infiltrated far
deeper into the groundwater body before the Elephant Butte Dam was constructed than
after its construction in 1916. The groundwater chemistry and isotope study of Anderholm
and Heywood [38] indicated that the infiltration of precipitation and the runoff from
the Franklin Mountains is the main source of groundwater along the ridge, and dilute
recharge water mixes with sodium chloride brine as groundwater moves away from the
recharge area. The location of fresh and brackish groundwater seems to be controlled by
stratigraphic and structural changes in the El Paso area of the Hueco Bolson [39]. In some
parts of the basin, the deeper-lying saline groundwater [32] can upwell through fractures
due to fault step-overs [39]. Effects of the surrounding land-use activities, i.e., agriculture
and wastewater treatment systems, are reflected in the lower groundwater quality near the
Rio Grande than farther away from the river [40].

The first study that conducted groundwater modeling across the Hueco Bolson was by
Leggat and Davis [22] in 1967, using an electric-analog approach (refer to Table 1 for some
major studies). Groundwater modeling became more user-friendly after USGS published
MODFLOW-96 with several graphical interfaces. The latest model, to our knowledge, was
commissioned by EPW [34], which is a groundwater model developed with MODFLOW-
2005 which concentrated on developing a conjunctive use strategy for surface water and
groundwater supplies and locating the production wells for the Kay Bailey Hutchinson
Desalination Plant. The model also includes a chloride transport model using the MT3DMS
(Modular 3-D Multi-Species Transport model) solute transport code [34].

The management of an aquifer, particularly a transboundary aquifer, is a social enter-
prise that needs cooperation among stakeholders [41,42]. The numerical models developed
should enable such cooperation by providing robust unbiased results and promoting
education and intuition building for all stakeholders whose partnership is sought. We
propose that quantitative graphical models such as the Bayesian belief network (BBN) and
system modeling may be necessary in addition to the numerically intensive physically
based models.

2. Physical Setting, Data, and Numerical Modeling

The Hueco Bolson is located in the border triangle of Far West Texas, southern New
Mexico, and northern Chihuahua (Figure 1a). It covers approximately 6500 km2 with
approximately 2/3 lying in the USA and 1/3 lying in Mexico, the Hueco Mountain range
in the east, and the Sierra Juarez Mountain range in the south. In the North, the Hueco
Bolson borders the Tularosa Basin (Figure 1a). This boundary between the two aquifers is
not geological or hydrogeological, as they are hydraulically connected but have already
been divided by Richardson [7]. This study only covers the heavily pumped Hueco Bolson.
For modeling purposes, the hydraulic connection between Hueco Bolson and the Tularosa
Basin will be represented as inflow at the northern boundary.

The climate in the Chihuahuan Desert is arid with an average annual precipitation
of 253 mm and potential evapotranspiration of 1773 mm based on Climate Research Unit
(CRU) gridded time series from the recent 30 years [43]. The Rio Grande flow depends
on mountain snowpack runoff, upstream water diversions, reservoir releases, as well as
agricultural and urban return flows. The river flows below Caballo Reservoir are managed
by releasing the water from two reservoirs (i.e., Elephant Butte and Caballo). Most of
the precipitation occurs as rainfall during the monsoon season from June to September.
Generally, the sparse rainfall over the basin floor outside the Rio Grande Valley evaporates
or transpires from the vadose zone before it can infiltrate water-table depths and recharge
the aquifer system. Applied irrigation water has a better chance of infiltrating the water
table because the water table is within several meters of the land surface in the Rio Grande
Valley and flood irrigation is dominant in the region [31]. Pecans and cotton are the
dominant crops, and gravel, fine sandy loam, and loamy fine sands are predominant soil
types [34].
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Figure 1. (a) Map showing Hueco Bolson and the adjacent Mesilla and Tularosa aquifers overlaid over administrative
borders and the river channel. Triangles are streamflow gauging stations. Elephant Butte and Caballo are two reservoirs
controlling the release of streamflow. Inset shows the Hueco Bolson aquifer (red), located in two states of the USA states
(Texas and New Mexico) and the state of Chihuahua, Mexico; and (b) the inter-annual variation in average temperature (T),
potential evapotranspiration (PET), and precipitation (P) from 1901 to 2019 across the Hueco Bolson [43].

2.1. Geology and Hydrogeology

The Hueco Bolson follows the structural depression associated with the Rio Grande
Rift. The northern part is dominated by north striking faults, whereas the southern part,
mainly located in Mexico, is characterized by northwest-striking faults [39]. The main
aquifer is of unconfined and semiconfined nature and consists of basin-fill deposits up
to 2500 m thickness [10]. It is commonly divided into hydrogeologic unit−alluvial facies,
alluvial–fan facies, lacustrine–playa facies, and recent alluvial facies [31]. The deeper layers
are Tertiary age deposits, whereas the recent alluvial facies are considered Quaternary and
along the Rio Grande [31]. The freshwater body of Hueco Bolson is surrounded by naturally
occurring brackish and saline groundwaters (>1000 TDS) [17]. Freshwater is mainly present
on the west side of the Hueco Bolson at a depth of 320 m and more [44]. Towards the east,
salinity levels increase, and the freshwater layer thins to less than 30 m [19]. Groundwater
chemistry analysis by EPW showed a salinity increase with depth, and TDS values were
measured as high as 35,000 mg/L [17].

Groundwater Observations

Figure 2a shows a monthly variation of groundwater pumping from the Hueco Bolson
in the USA and Mexico regions from 1969 to 2013. The figure shows a substantial month-
to-month variation. There is a clear indication of a sharp rise in groundwater pumping in
Mexico until the year 2000 (from 2 million m3 per month in 1969 to approximately 12 million
m3 per month in 2000). In contrast, the temporal evolution of groundwater pumping
in the USA shows a less obvious trend. However, a mild rising trend of groundwater
pumping in the USA from 1969 to 1990 (from approximately 7 million m3 per month in
1969 to approximately 8.5 million m3 per month in 1990) is observed, followed by a sharp
declining trend until 2000. The non-parametric rank-based Mann–Kendall method [45,46],
in conjunction with the Theil–Sen slope method [47,48], showed a statistically significant
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declining trend at a significance level of 99% for all months (January to December) in
Mexico from 1969 to 2013. In contrast, there is a mixed pattern of increasing, decreasing,
and no trends (statistically significant and non-significant) in the USA. We computed the
trend magnitude and significance using the pyMannKendall package [49] following Yue
and Wang’s [50] pre-whitening method to limit the serial correlation contaminated in the
observation time series [51]. We observe that the average monthly rise in groundwater
pumping in Mexico is approximately 3 million m3 per month per decade, which varies
from approximately 2.2 million m3 per month per decade in February to approximately
3.5 million m3 per month per decade in July. In comparison, there is no clear tendency
in the USA. Additionally, the temporal fluctuation is low compared to Mexico. However,
with a noticeable oscillation, there has been an increasing trend of groundwater pumping
since 2009 in the USA.

Figure 2. (a) Temporal variation in monthly total groundwater (GW) pumping in USA (average
value of 346 wells) and Mexico (average value of 266 wells); (b) yearly variation of GW pumping in
USA and Mexico. Daily data from these wells were used to compute monthly and annual total GW
pumping; and (c) cumulative storage loss from the aquifer with respect to the initial year taken in
this study (1969). Note: bars are inverted here to represent storage loss.

Overall, the rising groundwater withdrawal raises a question on the sustainability of
water availability of the Hueco Bolson aquifer. Figure 2b shows the temporal variation
in annual total groundwater pumping in the USA and Mexico. The annual groundwater
pumping in Mexico steadily increased from approximately 25 million m3 in 1969 to ap-
proximately 150 million m3 in 2013. Figure 2c informs the aquifer’s cumulative storage
loss with respect to the initial year taken here as 1969. These observations provide an
insight into the stress of the aquifer. However, numerical modeling would explain the
local and regional groundwater dynamics and provide a spatiotemporal distribution of the
hydraulic heads. Therefore, we aimed to numerically simulate the historical groundwater
dynamics and explore the possible stress under climate change and different groundwater
pumping scenarios.
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Similarly, based on the ground-based observed data from nine stations from 1998
to 2013, we found that the TDS values of river water were higher downstream during
both irrigation and non-irrigation periods. For example, the average TDS value in Fort
Quitman, located 120 km south of El Paso, was approximately 2000 mg/L—almost double
the average for the El Paso area. Additionally, the average TDS values in the dry year (2003,
annual precipitation = 135 mm) were over 10% higher than during the wet year (2007,
annual precipitation = 360 mm). In addition to hydroclimatic factors, the soil salinity levels
of upland soils are directly associated with soil texture, permeability, and irrigation. The
salts in the soils are brought in either through irrigation or have a geological origin. The
soil textures across the selected study area show that sand and cobble dominate near the El
Paso gauge, whereas loam and silty loam dominate Fort Quitman.

In the early 20th century, before the impact of major groundwater pumping on both
sides of the border occurred, the general groundwater flow was south from the Texas–
New Mexico line and east to southeast from the Sierra de Juarez toward the valley of Rio
Grande [8]. As a result, underflows across the political boundaries were from Mexico to
the USA, enhanced by increased groundwater withdrawal from El Paso and an even larger
hydraulic gradient from south to North [13]. However, the net flow has reversed since the
1960s due to increased pumping in Ciudad Juarez [19]. Groundwater level declines are
sharp in downtown areas of El Paso and Ciudad Juarez. Cones of depression are formed at
these pumping centers, which affect the flow patterns. Heavy pumping decreases hydraulic
heads and induces the movement of surrounding saline water into the freshwater zone.
TDS values of pumped groundwater have increased for more than 70 years and even
necessitate well abandonment in the El Paso area [31]. Ashworth [52] suggested that the
annual increase in salinity was approximately 10–30 mg/L per year from the 1950s to 1990,
and in parts of downtown El Paso and Ciudad Juarez, an annual increase of 40 to 100 mg/L
per year was observed. For the years after 1979, Sheng [19] observed an annual rise of 80
to 120 mg/L per year at some locations. This indirect reduction in the fresh groundwater
resource especially occurred in the wellfields near the El Paso Airport and northeast of El
Paso [13,44].

2.2. Numerical Modeling

Numerical modeling for the Hueco Bolson Aquifer has been largely based on the
MODFLOW. MODFLOW solves the groundwater flow equation using linear and nonlinear
numerical solution methods [53]. The first MODFLOW model was initially developed by
Heywood and Yager [31] in MODFLOW 96 over the larger Rio Grande area, including the
Hueco Bolson aquifer (Table 1). The Heywood and Yager Hueco Bolson aquifer model [31]
consists of ten layers of 165 rows and 100 columns in a variable grid, with the finer grid
in El Paso and Juarez area [54]. The model was calibrated with data from 1903 to 1996. It
was later upgraded to MODFLOW 2000 and then to MODFLOW 2005 [55]. The packages
included in the MODFLOW model are: well packages, multi aquifer well packages stream
package, drain package, evapotranspiration package, recharge package, horizontal flow
barrier, and flow and head boundary package [56]. EPW then updated the model to include
input data from 1997 to 2002 [32]. We used the EPW model and developed the current
MODFLOW model for Hueco Bolson.

2.2.1. Current MODFLOW Model

The latest model developed for the area of interest has a ten vertical-layers grid. The
top nine layers are 30 m thick and the bottom layer is 276 m thick (Figure 3c,d). The first
30 m, i.e., the top layer, is set as alluvial deposits and the other remain as fluvial facies. The
horizontal domain is represented with rectangular grids (Figure 3a). We simulated monthly
water stress from 1969 to 2013. Groundwater levels measured at wells and pumping
data were used to calibrate the model. The inflow boundary condition was set in New
Mexico (shown in green in Figure 3b). Similarly, the outflows from the USA and Mexico
were placed at the southeast corner (shown in blue and brown, respectively, in Figure 3b).
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Accurate boundaries of aquifers are hard to establish, especially for the connected aquifers
(e.g., Hueco–Tularosa). Although no clear physical boundary separates the Hueco Bolson
from the Tularosa basin, the recognized Hueco Bolson aquifer (Figures 1a and 3a) does
extend to New Mexico [31]. In the USA, groundwater in a shared aquifer is managed by
each state [19].

Figure 3. (a) Computational grid consisting of 165 rows and 100 columns. Inset shows a close location
highlighting different grid sizes varying from 500 to 1170 m; (b) the location of inflow and outflow
boundaries and other features; (c) West to East cross-section showing ten vertical layers; and (d)
North to South cross-section showing ten vertical layers. Four alluvium areas were defined based on
hydraulic characteristics along the river channel. The red color in (c,d) shows the computation grid’s
bottommost layer has a different vertical thickness compared to the other nine layers.

2.2.2. Updated MODFLOW Coupled with a Watershed Model

It is critical to analyze both the surface water and groundwater on either side of the
border. We are developing a coupled watershed–groundwater model to simulate surface
and subsurface hydrologic processes [57]. The Soil and Water Assessment Tool (SWAT)
will be used as a watershed model that allows a better and fine resolution simulation of
the surface water and land use activities. Figure 4a shows the subbasins (N = 69) of the
SWAT model. The number of hydrologic response units (HRUs) in the SWAT model is
1243 (not shown in Figure). The water balance is maintained at the HRU level. The HRU is
the smallest unit for the computation in the SWAT, which is delineated based on a unique
combination of soil types, land use/crop type classes, and topography. Figure 4b shows the
linking of HRUs with the MODFLOW grids and represents linking river cells and SWAT
river reach.

Though the SWAT model has its groundwater components, the model itself is lumped [58].
Conversely, the MODFLOW model has challenges in computing the distributed ground-
water recharge. The coupled model allows HRU-based groundwater recharge to the
MODFLOW model, and grid-based outputs from MODFLOW are sent back to the SWAT
model. Similarly, river–aquifer flow exchange and water transfer by pumping occur at the
MODFLOW river and pumping cells with the SWAT river reach and HRUS. The exchange
happens on a daily scale, and the coupled model is run simultaneously. Details on the cou-
pling are available in Kim et al. [58]. The coupled model assesses flux exchange across the
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border and between different formations using the Zonebudget package [59] that computes
the water budget [60]. The SWAT model was set up for the Middle Rio Grande River from
San Marcial to Presidio. Detailed hydrologic analyses were performed for Rincon valley,
and the details are available in Ahn et al. [61]. The coupled watershed–groundwater model
is still under evaluation and will be made available as a separate technical publication.

Figure 4. (a) Distribution of subbasins of Soil and Water Assessment Tool (SWAT) model superimposed over the land use
type across the study area; (b) the location of wells, and river interactions between SWAT river reach and groundwater
(MODFLOW) river cell used for the surface–subsurface linkage.

2.2.3. Simulation of Solute Transport (Salinity)

An elevated salinity level has significant environmental and economic impacts on
nature as well as agricultural and urban water management. These include agricultural
yield reduction, increased water use for salinity leaching, reduced life of water-using
appliances and water delivery systems, and increased cost of water use, either by water
softening system or dispensed water [62,63]. Under the current groundwater depletion
scenario, the brackish groundwater will continue to intrude into fresh groundwater and
will probably affect well locations more in the future. A few modeling works are available
for the Hueco Bolson aquifer [34,35]. We plan to implement a solute transport model into
the coupled watershed–groundwater model.

3. Water Management Efforts and Issues

In recognizing the continued depletion of fresh groundwater in the aquifer, El Paso
and Ciudad Juarez have made efforts to address management issues of shared groundwater
resources via cooperation [13]. EPW has reduced its pumping from Hueco Bolson since the
mid-1990s, implemented a managed aquifer recharge program to inject reclaimed water,
and constructed a desalination plant to utilize brackish groundwater [13,17,20]. Ciudad
Juarez is considering an alternative source from La Mesilla Bolson/Conejos Medanos
aquifer to reduce the stress on Hueco Bolson. The conjunctive management of Hueco
Bolson and the Rio Grande is an important part of the water supply of El Paso as both
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contribute approximately 40% each to the potable water use of EPW in non-drought
years [14]. In addition, EPW uses the Mesilla Bolson (17%) and desalination (5%) to supply
the city with potable water [14]. To secure water supply, the EPW is planning increased
use of reclaimed water, desalinated groundwater from more remote parts of the Hueco
Bolson, and importing additional water sources from other basins [64]. On the other hand,
Ciudad Juarez uses Hueco Bolson as its main source of portable water and uses the Mesilla
Bolson/Conejos Medanos aquifer as a complementary source as water is imported via a
40 km aqueduct [4].

In this section, we highlight issues related to water quantity and quality, climate
change impacts, governance and jurisdiction, and the prospect of integrated groundwater
management (IGM).

3.1. Water Quantity and Quality

Based on the carbon dating of the groundwater samples, Anderholm and Hey-
wood [38] found that groundwater is 12,000 years old near the New Mexico/Texas state
line. The Hueco Bolson aquifer has been pumped for its ancient groundwater for over
a century, resulting in groundwater decline [8]. The cross-border exchange of both the
surface and subsurface water has complicated the understanding of water availability on
both sides of the border. The groundwater flow between the USA and Mexico has changed
over the past decades depending on which city caused stronger water withdrawal [13,19].

Water quality is a crucial factor that guides the usability of water. Due to the sur-
rounding brackish water, groundwater quantity and quality issues of the Hueco Bolson
are strongly interlinked. The rapid groundwater depletion due to heavy groundwater
pumping is not only a concern by itself but has also resulted in brackish groundwater
intrusion into freshwater sections of the aquifer. The water quality decrease in public wells
was so low in the El Paso area that in some cases, well abandonment was required [31].
Due to the inter-basin flow of poor-quality groundwater, freshwater storage depletion will
be even faster than that calculated from groundwater pumping only [19].

In 1979, the Texas Water Development Board (TWDB) estimated that the Hueco Bolson
could not be used as a freshwater supply as the groundwater body will have slightly
saline conditions from brackish groundwater intrusion by 2031 [65]. This scenario was
fortuitously prevented as various measures were put in place, including water injection [65].
In addition, the EPW has used reclaimed wastewater to recharge the Hueco Bolson aquifer
at its northeast wells since 1985 [18] and the infiltration basin after 2001 [19] to minimize
the negative impacts of decreasing groundwater levels. However, to our knowledge, there
are no similar operations on the Mexican side of the aquifer. Therefore, technical water
management actions on both sides on the border must be implemented to reduce the
negative effects of the scarce groundwater and create new quasi-stable conditions of the
Hueco Bolson through a bilateral and participatory approach.

3.2. Impacts of Climate Change

It is ubiquitous that the entire globe is warming and is being more pronounced by
the anthropogenic release of greenhouse gases (GHGs) [66]. Looking at the near-surface
temperature of the CRU dataset from 1951 to 2019, we find that the study area already
experienced an increase of 1 ◦C in annual average temperature between 1951–1990 and
1991–2019. The hydrologic and the water cycle are deeply affected by alterations in climate
variables. Surface water and groundwater are affected in one way or another due to shifts
in precipitation patterns, intensity, and temperature. Additionally, the Rio Grande receives
snowmelt runoff in southern Colorado and northern New Mexico [19], which is anticipated
to be affected by changing climate.

Generally, aquifers have high storage capacities and are less sensitive to climate change
than surface water bodies. However, the decrease in mountain front recharge (currently
very little in the Hueco Bolson) and the temperature rise impact the hydrologic cycle and
water availability. In addition, prolonged drought may affect water quantity, deteriorate
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groundwater quality, and stop or reduce groundwater recharge. Therefore, understanding
hydrologic processes in aquifer systems is critical to developing adaptive management
strategies under changing climates.

3.3. Governance and Jurisdiction Considerations

The governance and jurisdiction of common pool groundwater resources are challeng-
ing [67]. The issues are compounded by the transboundary nature of the Hueco Bolson. In
Texas, the Hueco Bolson is recognized as a major aquifer by the TWDB and one of the major
water sources by the Far West Regional Water Planning Group (E), which makes water
management recommendations to the TWDB. According to the New Mexico constitution,
all water bodies belong to the public, and the State Engineer permits rights under the
doctrine of prior appropriation (first in time, first in right) to use the water. Property
rights and governance structures related to groundwater resources are principally different
within New Mexico and Texas in the USA and the two countries. In Mexico, groundwater
rights lie with the Mexican federal authorities. Groundwater governance is centralized
under the federal water agency Comision Nacional del Agua (CONAGUA). For surface
water and groundwater shared with the USA, there is a common assumption that the de
facto authority is with the International Boundary and Water Commission—Mexico Section
(CILA) [68].

Within the USA, groundwater rights are juridical issues of each state. In Texas, the
landowner owns the groundwater, and the rule of capture, also known as the principle
of “the biggest pump”, governs the groundwater use [4].The dichotomy in regulations is
highlighted by the Texas surface water and groundwater jurisdictions. Surface water is
considered to be owned by the people of Texas and allocated for beneficial use according
to the doctrine of prior appropriation. Groundwater, however, is governed by the “rule of
capture”, giving the landowner authority to use/pump as much water as needed without
liability to neighbors for drying up their wells. The separate management of groundwater
and surface water systems described as hydroschizophrenia is often a key hurdle in solving
complicated common pool water system sharing problems [69]. Hydroschizophrenia is
compounded by the transboundary nature of the water system [70]. In the case of Hueco,
as other authors have suggested (e.g., Hargrove et al. [71]), it can be extended to include the
myriad of different regulations that govern the connected surface water and groundwater
in three jurisdictions (Texas, New Mexico, and Chihuahua).

There have been water-sharing agreements and treaties to address transboundary
water sharing in the region. The Rio Grande Compact [72] is an interstate compact in the
USA between the states of Colorado, New Mexico, and Texas, and approved by the United
States Congress to equitably apportion the waters of the Rio Grande Basin. Similarly, the
international treaties between the USA and Mexico (e.g., 1944 treaty [73]) deal with issues
related to boundary water sharing. The 1944 treaty “Utilization of Waters the Colorado and
Tijuana Rivers and of the Rio Grande” allocated waters in the international segment of the
Rio Grande from Fort Quitman, Texas, to the Gulf of Mexico. This treaty also authorized
the two countries to construct, operate and maintain dams on the main channel of the
Rio Grande. A recent analysis of transboundary water delivery for compliance with the
treaty has demonstrated a delivery regime that is not similar to what was anticipated at
the time of signing, largely attributable to changing water use [74]. Uncertainties in the
water deliveries, particularly large deficits in some years with low water availability, are a
significant problem in water management.

According to Sanchez and Eckstein [42], small-scale, informal, and non-binding ap-
proaches seem more viable for future transboundary groundwater management between
Mexico and Texas. A holistic approach that captures the opinions of growers, stakeholders,
and experts is necessary to address associated socioecological issues. The transboundary
water rights can be modeled in the system model by generating different water allocations
scenarios. However, binational interests are difficult to define without experts’ interpreta-
tion of casual chains [70,75].
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3.4. Integrated Groundwater Management (IGM) for Hueco Bolson

IGM may be defined as the “structured process that promotes the coordinated man-
agement of groundwater and related resources (including conjunctive management with
surface water), taking into account non-groundwater policy interactions, in order to achieve
balanced economic, social welfare, and ecosystem outcomes over space and time” [76].
Given the transboundary nature, the problem space (referring to issues/domains that must be
engaged to solve the problem) for an IGM strategy for Hueco includes several components
shown in Figure 5. Any decision support tool and integrated modeling derived for IGM
support connections between elements in the problem space. The issues related to water
allocation, water scarcity, irrigation, water quality, water supply, diverse jurisdictions, and
climate change have been discussed earlier in the paper. JEDI represents justice, equity,
diversity, and inclusion in the IGM process [77]. The four components of JEDI applied to
water, or environmental systems may be thought of as:

1. Justice—the right to an equitable, safe, healthy, productive, and sustainable environ-
ment for all community members;

2. Equity—impartiality and fairness in the procedures, processes, and allocation of
resources;

3. Diversity—including a broad demographic mix (including race, age, gender, ethnicity,
cultural background, geography) within a group or organization, which reflects the
makeup of the community;

4. Inclusion—ability of diverse individuals to participate fully in all aspects, including
the decision-making processes.

Given the stakeholder buy-in needed to manage the transboundary common pool
resource, it is anticipated that aspects of JEDI, as defined above, become important to
develop and successfully apply the management plan.

Figure 5. Problem space for integrated groundwater management (IGM). Modeling tools and other
decision support tools should address the whole problem space. JEDI is used to represent justice,
equity, diversity, and inclusion.
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For Hueco Bolson modeling and planning, given the hydroschizophrenia (discussed
above) and the inequities among the communities on two sides of the international border
and within each jurisdiction (see McDonald and Grinesiki [78], Grineski and Collins [79],
Grineski et al. [80], Moya et al. [81]), JEDI becomes an important consideration. Although
environmental justice and equity are key policy objectives in the region [62] and world-
wide [82–84], they are seldom considered in knowledge production using models. However,
any sustainable and acceptable management solution will need all stakeholders’ buy-in and
knowledge co-production [85]. Furthermore, centering our science and communication
framing around JEDI [77,86] can provide an essential point of access for all communities to
engage with scientific communication, preventing critical gaps in stakeholder representa-
tion. However, such engagement at scale in different countries remains a challenge.

Nevertheless, the tools developed for IGM should be designed to allow JEDI engage-
ment. From a model development and integration perspective, this design may include
more intuitive and straightforward modeling tools that are easier to understand and allow
interaction without any computing limitation. Different models in conjunction with exist-
ing numerical models, such as the system model, can provide a participatory modeling
environment to bring together binational stakeholders and build a collaborative Hueco
Bolson model for the transboundary region. Based on the stakeholders’ opinions, the
Hueco Bolson model can be developed by conceptualizing and quantitatively analyzing
alternative management scenarios. The proposed approach aims to bring the scientific com-
munity, stakeholders, and decision makers together in developing equitable and inclusive
IGM following open science, coordinated, and networked efforts [87,88]. We present the
future direction in groundwater modeling in the subsequent section.

4. Future Outlook

Future work will require a continued collaboration of the two countries and researchers
to tackle the various management issues of the transboundary aquifer. To develop an IGM
supporting tool for Hueco Bolson, we are trying to develop a system-of-systems (SoS)
models supported by the system model and BBN. These models, as planned, will utilize the
existing calibrated model (SWAT and MODFLOW) as an “expert” and integrate opinions
from other expert stakeholders. Additionally, new insights through additional data and
groundwater simulations can be integrated or used as input parameters in the existing
numerical model. In this section, we highlight future outlooks based on water data and
decision modeling.

4.1. Protocol for Transboundary Data Sharing and Collection

The International Boundary & Water Commission (IBWC) oversees the application
of USA–Mexico treaties related to boundary demarcation and the national ownership of
water resources [5]. Transboundary Aquifer Assessment Program (TAAP) is a binational
scientific effort that enables data sharing, harmonization, and knowledge improvement
of the transboundary aquifers. Federal agencies, academic institutions, and research
institutes analyze the common data to better understand the groundwater dynamics of
transboundary aquifers. The TAAP project plans to develop an interactive and open-data
portal, including numerically simulated outcomes. The distribution of input data currently
used in existing models is not consistent with the JEDI principles. Due to the ease of water,
land use, and other data access in the USA, the USA data dominate and bias the models. In
the models, water system processes on the Mexican side are assumed to follow a similar
trend as on the USA side (where data are available to calibrate the models), which is an
untested and potentially incorrect assumption. Similarly, this data imbalance is also valid
across other divides (e.g., urban-rural).

Under the TAAP program, a memorandum of understanding between CILA for
Mexico and the Texas Water Research Institute (TWRI) for the USA has been brought
on to exchange data between countries and fill data gaps in urban and rural areas in
both countries. Additionally, we will estimate agricultural withdrawal by compiling and
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analyzing land use, land cover data, and crop acreage data to help overcome data gaps in
the rural areas where data are sometimes scarce. We may also consider using some data for
validation instead to balance the data distribution.

4.2. System Model

A system model explicitly represents the diverse set of connections within a system,
the sensitivity of each link, dynamic mechanism, and feedback loops. The concept of
system dynamics was first introduced by Forrester [89] to determine problems and evolve
possible solutions by boosting our system thinking capacity to extrapolate and interpolate
in a broader sense. The system model formalizes the main causal chains and complex
mechanisms in a meaningful manner [90]. The benefit of the system model is that the
relationship between the “cause” and “effect” can be easily inferred and simulated by
stocks and flows processes. Additionally, it can deal with a high degree of nonlinear
problems, which are commonly present in managed environmental systems such as an
aquifer [91].

An aquifer is one of the most complex systems consisting of interacting dynamic
variables and balancing feedback loops. Many studies in the literature have demonstrated
the importance of a system model in managing aquifer systems and their connected subsys-
tems [92]. Recently, Afshar et al. [93] integrated surface water and groundwater into a single
cyclic storage system model to simulate a long-term outlook. Barati et al. [94] developed
a smart groundwater governance system model introducing an index and four indica-
tors, namely equitability, efficiency, sustainability, and democracy. Balali and Viaggi [95]
employed a system model to identify limits to growth and additional risks of aquifer
development. Niazi et al. [96] determined the recharge and discharge dynamics within the
aquifer system based on the long-term aquifer responses to hydrological variability.

The Hueco Bolson aquifer system model (Figure 6) can act as a mental model that
allows stakeholders from Mexico and the USA to agree on a common representation,
which creates new insights and unifies the knowledge of different stakeholders, water
practitioners, and researchers. Figure 6 shows the connectivity of the surface water system
with the groundwater system in the Hueco Bolson. From both Mexico and the USA sides,
surface water delivery and groundwater pumping are taking place to meet the regional
water demand. Here, water availability depends on the surface water storage in the
reservoirs upstream and the amount of water recharged into the Hueco Bolson aquifer.
Additionally, lateral flows from the Tularosa basin of the USA add a significant amount of
inflows to the Hueco Bolson aquifer system. Therefore, the interaction between the surface
water recharge into the aquifer system and managed aquifer recharge by EPW [18,19] and
the aquifer water pumping back to the surface for agricultural irrigation [18,19] as per
the water demand indicates an important water-balancing feedback loop of the model.
This loop could help understand the dynamic nature of the Hueco Bolson aquifer and the
change in water fluxes over time.

The collaborative aquifer system model can further simulate the anticipated effects
of land-use change, climate change, and human activities on regional water supply and
demand and understand their dynamic relationships [90]. Additionally, the system model
will help provide insights and alternative opportunities for allocating the aquifer water, pol-
icy support, and participatory strategic planning to mitigate future impacts [97–99]. Policy
and decision-makers can utilize scenario-based analysis to obtain a set of optimal solutions
and trade-offs between transboundary aquifers [100]. The benefits of the system model
include the management of the binational aquifer, exploitation of uncontaminated ground-
water, control of groundwater fluctuations, conjunctive use of groundwater [101–103], and
securing the future water [104]. Although only the water-system model is shown in Fig-
ure 6, one can conceive a system-of-systems model that informs decision-makers on the
interaction among environment (water and land use), social (population growth rate and
anthropogenic activities), economic (water demand, water productivity, and wastewater
discharge), and political (policy, decision, and management framework) system.
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Figure 6. System model concentrating on the water system for a transboundary aquifer—Hueco Bolson.

4.3. Bayesian Belief Network (BBN)

The BBN is a graphical model that shows probabilistic relationships between different
quantitative and qualitative variables. The BBN can predict and analyze associational
relationships, i.e., cause and effect, even if some data entries are missing or/and the precise
relationship between variables is unknown [105]. The formalism also allows using a wide
range of algorithms to learn the network from data or/and use experts’ knowledge for some
prior associations. Ground-based and remotely sensed data, numerically simulated outputs,
and stakeholders’ opinions can be used to generate and learn the model. Integrating
knowledge from these different domains makes BBNs a useful tool for problems with
a high level of uncertainty and complexity in water management issues [106]. It has
been shown that BBNs are well suited as planning tools to incorporate the system view
of various stakeholder groups next to numeric data [107]. Furthermore, involving the
different expert groups can help overcome the problem of incomplete data and to link
variables [108]. Finally, the BBN allows assessing the alteration in conditional probabilities
upon the perturbations on any factors.

We aimed to develop a BBN model to understand the surface and sub-surface water
dynamics in the Hueco Bolson transboundary aquifer system. Figure 7 shows ongoing
efforts to develop the BBN for Hueco Bolson. Different nodes are from various thematic
groups, including legislative framework, agriculture, weather and climate, demography,
and the economy are acyclically connected. Conditional probabilities for different combina-
tions will be input into the model based on earth observations, ground-based observations,
modeled results, experts’ knowledge, stakeholders’ participation, and legal frameworks.
For instance, the land-use transition can be quantified using satellite images and annual
crop data layers at high spatial resolution. The legal framework will be based on a county
to the state level and will be different for the USA and Mexico. Similarly, demographic data
could range from the household, county, etc., to other administrative boundaries. Farmers’
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input can be provided on a farm field level. In BBN modeling, data from several sources
will first be transformed into conditional probability based on observations.

Overall, the BBN model will likely consist of a range of variables, including hydrocli-
mate, groundwater, crop types, profit outlook, land use transition, grower risk tolerance,
consumption per capita, industrial performance, and population growth. Expert knowl-
edge and data-driven approaches, i.e., different statistical algorithms, are used to learn the
relationship between the variables. Like the system model discussed earlier, this model will
allow intuition building among stakeholders. However, the key difference is the deeper
and more direct integration of expert opinion with BBNs. Thus, these SoS modeling ap-
proaches will be helpful to capture the opinion and knowledge from different stakeholders,
including growers, academicians, planners, and decision-makers. Incorporating experts’
knowledge will help build trust in the modeling system. Furthermore, from a technical
perspective, it will help overcome some of the anticipated incomplete data problems to
drive more physically based models [108].

Figure 7. Simplified Bayesian belief network for a transboundary aquifer. Each variable is represented by one node and has
an accompanying conditional probability table.

5. Conclusions

This paper highlights the current status and future works in the water system man-
agement for the transboundary Hueco Bolson aquifer between the USA and Mexico. The
challenges involved in managing a transboundary aquifer are of a technical, social, political,
and juridical nature, including groundwater withdrawal, brackish groundwater intrusion,
multi-discipline multi-stakeholders participation, centralized or/and decentralized gover-
nance structures, different jurisdictions. Therefore, around the core of groundwater science,
it is important to integrate other disciplines. The first step for Hueco Bolson has been
to establish a recognition of both countries and all counties that share the groundwater
body. The next step (ongoing) is to cooperate for transboundary data sharing and use the
data to modify and improve the models. Finally, it is critical that models are developed in
support of IGM with JEDI principles. Data for modeling groundwater not only means the
traditionally recorded observations but also includes remotely sensed data, stakeholder
engagement, and expert knowledge. These data can help solve the problems and chal-
lenges related to the aquifer using an integrated SoS approach along with physically based
numerical simulations.
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Abstract: Management of transboundary aquifers is a vexing water resources challenge, especially
when the aquifers are overexploited. The Hueco Bolson aquifer, which is bisected by the United
States–Mexico border and where pumping far exceeds recharge, is an apt example. We conducted
a binational, multisector, serious games workshop to explore collaborative solutions for extending
the life of the shared aquifer. The value of the serious game workshop was building knowledge,
interest, understanding, and constituency among critical stakeholders from both sides of the border.
Participants also learned about negotiations and group decision-making while building mutual
respect and trust. We did not achieve consensus, but a number of major outcomes emerged, including:
(1) participants agreed that action is called for and that completely depleting the freshwater in the
shared aquifer could be catastrophic to the region; (2) addressing depletion and prolonging the life
of the aquifer will require binational action, because actions on only one side of the border is not
enough; and (3) informal binational cooperation will be required to be successful. Agreeing that
binational action is called for, the serious games intervention was an important next step toward
improving management of this crucial binational resource.

Keywords: groundwater depletion; transboundary aquifers; binational resource management; seri-
ous games; stakeholder cooperation

1. Introduction

Excessive groundwater pumping is leading to rapid depletion of aquifers around the
world, in the context of climate change, dwindling supplies, and increasing demand [1–6].
Aquifers have long been used as a means to buffer annual variation in meeting water
demands in many regions, at the cost of long-term depletion. Aquifers thus represent the
source of long-term adaptive capacity, but many are at risk. Moving forward, it will be
crucial to establish trajectories of remaining freshwater over time, and to identify means
of extending or prolonging the life of these aquifers. Transboundary aquifers have had
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sufficient storage in the past to support autonomous, uncoordinated extraction, but the
need for transboundary coordination is emerging rapidly.

Groundwater aquifers are common pool resources. Ostrom’s [7] fundamental insight
was that common pool resources without institutional structure governing use are vulnera-
ble to over-extraction, as each user accesses them without consideration of overall impact.
On the other hand, imposition of a single overarching authority, she demonstrated, tends
to be less effective than shared collaboration, and we add that overarching regulation is
particularly hard to achieve at international borders. Rather, she suggested that increased
knowledge of future risk, shared information, and mutual trust in knowledge encourage
the emergence of voluntary shared governance of such resources. Furthermore, while
envisioning a watershed approach to water governance, all parties would expect some
benefits and advantages from a transboundary approach to groundwater management.

Due to the characteristics described above, transboundary groundwater is an im-
portant common pool resource that is particularly at risk [8]. The international border
means that conventional institutionalized governance by the jurisdictions involved does
not cover all access sites and users. At borders, the risk of the open access situation is
heightened, and sharing is made more difficult. The literature on transboundary ground-
water cooperation/governance has two characteristics. It either (1) consists of cataloging
cases where aquifers are transected by borders (e.g., [9] for the region and [10] globally),
but noting the absence of transboundary governance institutions in most cases [11,12] or
(2) addresses legal and political issues in envisioning such hypothetical transboundary
institutions, [13–18]). Important work has been done on the hydrology of transboundary
aquifers, cataloging knowledge and gaps around transboundary aquifers as physical enti-
ties (e.g., [19]). The central challenge is that there are few actual cases of transboundary
governance to study, and little has been done in terms of researching efficacy of trans-
boundary management in those cases.

There are just seven cases around the world of such aquifers with agreements of
any kind (mostly data sharing) and only one transboundary aquifer (the Franco–Swiss
Genevan aquifer) is effectively managed [20,21]. Notably, the Genevan aquifer has shown
sustainable water levels over the last 30 years as compared to levels before the signing of
the agreement between Switzerland and France in 1970s, and the governing agreement
was recently renewed. The one scholarly case study [22] of the Genevan aquifer shows
that cooperation emerged as a response to serious decline, via mutual recognition of a
common resource and involvement of local (subnational) actors. Other transboundary
aquifer governance cases are either too new, with limited empirical research, or so far
have only been studied in terms of the legal/administrative framework, separate from the
hydrological and climate dynamics [20–25]. An important need, among others, is research
that addresses the key goals of increased knowledge of future risk, shared information,
and building mutual trust across bounded jurisdictions.

We address the groundwater in the Hueco Bolson/Valle de Juárez aquifer (names
used in the United States (US) and Mexico (MX) respectively, see Figure 1). The aquifer,
hereafter referred to as the HB is bisected by the Rio Grande/Rio Bravo del Norte, which
delineates the border between the Mexican state of Chihuahua (CH) and the US state of
Texas (TX), and thus also separates the two largest users of groundwater in the region, El
Paso Water, EPW (similar but not identical to the city of El Paso) and the Junta Municipal de
Agua y Saneamiento, JMAS, conterminous with the municipality of Ciudad Juárez. There
are many other smaller users on both sides of the border, including small rural utilities and
agricultural users.

Surface water is governed at the transboundary scale in the region by the 1906 Treaty
in this river particular segment [26]. Definite volumes are allocated to MX and the US, and
within the US separate compacts divide that share between Colorado, New Mexico, and
TX. Specific binationally-coordinated institutions, the International Boundary and Water
Commission (IBWC, US) and Comisión Internacional de Límites y Aguas (CILA, MX),
govern surface water. The IBWC and CILA, in Minute 242 (Minutes reflect decisions of the
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IBWC and CILA that are binding obligations of the US and MX, once signed by the two
governments), committed MX and the US to developing “a comprehensive transboundary
solution to the extant and emerging groundwater disputes along the border” [27], but
has never been fulfilled, although the joint US–MX Transboundary Aquifer Assessment
Program (TAAP) has been successful in expanding knowledge around US–MX shared
aquifers [12,28].
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Thus, at present, there is minimal shared governance over the groundwater in the
HB. Hydrologically, the groundwater constitutes a transboundary common pool in the
sense that the water is efficiently mobile across the border, and any one actor on one
side, affects quantity and quality of the whole. However, this common pool resource
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is governed by the rules and regulations of the individual states and/or countries who
share the resource, chiefly TX in the US and the Federal Government of MX. In MX,
access to groundwater is governed by the federal agency CONAGUA, and in TX access
to groundwater is delegated to private surface owners [29]. These access governance
regimes are uncoordinated binationally. Furthermore, the hydrological fact that surface and
subsurface water are connected and that, as discussed below, subsurface water is used when
surface water is insufficient, does not enter into this strictly delineated governance system.

The specific institutional gaps seen for US–MX transboundary groundwater are com-
mon to international borders [12,30]. The bureaucratic machinery of territorial nation
states are effective for organized societal action inside borders, but less well-designed for
transboundary action [31]. While some cooperative actions extend across borders [32],
in most cases, actors’ influence terminates at their national border. This causes a notable
institutional disparity and sometimes incongruity at such sites [33], including the US–MX
border. One example among many differences in approach among institutions is that water
capital funding for JMAS in Juárez is mainly derived from federal sources, while EPW is
able to set its own capital investment priorities, according to availability of resources from
the state and national level.

Another barrier to governance at international borders is methodological nationalism,
the ways that knowledge is enclosed inside of and limited by nation-state units (and
replicated with smaller units like states) [34,35]. For example, the main planning document
for TX shaping EPW’s investments, the Texas Water Development Board Region E Plan [36],
does not account for groundwater extraction in the HB by MX, let alone capital and policy
measures south of the border. Yet the groundwater moves efficiently under the border.
EPW likely does account for activities on the MX side, but there is no explicit shared
modeling of the commons.

An important aspect of our serious game was an attempt to transcend the knowledge
gaps implied in methodological nationalism by creating a shared water budget for the HB
and bringing it for discussion and consensus to a binational group of water stakeholders.
By focusing on the unified groundwater budget as a knowledge object, we emphasized dis-
cussion of joint groundwater stocks and volumes extracted (see [21]), rather than rules for
which parties within nations are allowed physically to access aquifers, consistent with the
admonitions in [37] to distinguish groundwater from aquifers. Methodological nationalism
is part of a wider range of bridges and gaps, such as cultural and linguistic differences, and
ambivalent attitudes toward the other country: beneficent feelings based on shared rela-
tionships, but also deep-seated prejudices of nationalism and superiority/inferiority [38].
While unequal power over water is widespread, perhaps unavoidable, at borders, we follow
the findings of Zeitoun and Warner [39] that there is opportunity within hydrohegemony
for the construction of more equitable and cooperative relations.

The need for a binational forum, or space for interaction, where stakeholders could
evaluate the most recent data and scenarios regarding groundwater evolution along the
binational HB has been a continuous challenge for local and regional water users. Fur-
thermore, water agencies responsible for water management on either side of the border
struggle to communicate to local water users about management the HB. We implemented
a serious games approach to address these issues in the HB with the specific aim of ex-
ploring binational cooperation as an approach to prolonging the life of the transboundary
aquifer. To our knowledge, we report insights from the first such effort in the Paso del
Norte region of the US–MX border.

2. Materials and Methods
2.1. Serious Games Background

Preparing for and managing water security risks is complicated by a wide variety of
challenges, including scientific uncertainty and complexity, limited resources, competing
priorities, and differences in risk perception. To move towards effective mitigation and
adaptation strategies, stakeholders need to develop a collective sense of the risks that they
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face, how they could prepare for and manage water security risks, and the decision-making
approaches that will allow them to respond collaboratively and adaptively to emerging
threats. Achieving these goals requires that stakeholders learn together and from each
other to create a collective intelligence and shared understanding [40–43]. Serious games
have gained attention as a way to advance actions to mitigate or adapt to risks associated
with the environment and natural resources [44–48]. A serious game is an exercise that
directly engages participants in working to solve a realistic but hypothetical challenge
with the intent that they learn new material or approaches. Serious games can provide an
opportunity for participants to experiment with solutions in an environment where they
can freely express opinions.

With increased concern over the suitability of current management arrangements
to handle future water security issues, water resource management has been at the fore-
front of many serious games efforts (Madani et al. [45] estimated that about one-third
of environmental management-serious game topics had a water resources management
theme) Applications have included watershed planning, drought management, drinking
water access and safety, and conflict resolution [49–57]. In these applications, researchers
have evaluated the effect of the games on the participants has been a focus, including
assessing the degree of social learning [44,53–57], change in beliefs and values [58], and
success in conveying the complex interconnectedness of water resources problems [59,60].
Researchers have investigated whether serious games can inform modeling; for example,
Aubert et al. [61] argue that serious games can be used to elicit preference weights in the
context of multi-criteria decision analysis and Addamatti et al. [62] use serious games to
develop agent-based models of water users. The apparently few serious games applica-
tions to groundwater resources [59,63,64] have emphasized the notion of groundwater as a
common pool resource and the necessity for users to collaborate to sustainably manage
the resource.

The approach taken in the present work to the game objectives fits best with the
“Design and Recommend” model in the typology described by Bots and Van Daalen [65]; or,
in other words, using the game as “design studio”. Since the objective of the present work
is to identify better solutions through cooperation, our efforts also fit with the description
of “games as interventions” by Rodela et al. [44]. In the games as interventions model, it is
important that the management scenarios be as realistic as possible, and that participants
play their real roles to the greatest extent possible. Social learning is also emphasized in the
games as interventions model. As far as the authors know, the current effort is the first to
apply serious games to binational management of a transboundary groundwater resource.

2.2. Modeling Methodology

We rely on past, substantial work on the hydrogeology of the HB to develop our
groundwater balance model (e.g., [66–71]). We embedded the following key concepts into
the groundwater model used in the games: (a) a simple model of a single aquifer compart-
ment with binational pumping is sufficient for exploring the sustainability of the aquifer;
(b) accordingly, the lifetime of the freshwater portion of the aquifer can be quantified by
a depletion time which could be lengthened or shortened by changing pumping rates
in either country; (c) current situation and projected business as usual scenarios and the
associated depletion times are useful for exploring alternative, binational management
strategies; (d) extending the lifetime a meaningful amount beyond the business-as-usual
projection requires reducing pumping by substantial amounts; (e) the basis for assigning
shares of reduced pumping to each city (e.g., equal percentage vs. equal volume) signifi-
cantly impacts the relative burden of pumping reductions for each city; and (f) an array
of potential water supply and demand reduction options exist for offsetting pumping
reductions, each with a different costs.

The single compartment groundwater model is stated as an aquifer water balance:
D = ∑ Q − ∑ R, where D is the depletion rate or change in storage, ∑ Q is the sum
of pumping over both countries and all water use sectors and ∑ R is the sum over all
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sources of aquifer recharge. We implicitly assume that there is no groundwater outflow
except via pumping. The associated depletion time is then T = Vfw/D, where Vfw is the
volume of recoverable freshwater in the aquifer. We first estimate depletion rates and times
according to present day circumstances, which we call the current situation, summarized in
Tables 1 and 2. For demand from the HB, we use the average pumping rates from the most
recent five years of available pumping data to reflect the most recent patterns of use by El
Paso, Ciudad Juárez, and other users. Other users include agricultural wells in the Valle de
Juárez irrigation district in CH, the El Paso County Water Improvement District #1 in TX,
industrial users not served by EPW in TX, and small rural water utilities in both TX and
CH. Recharge estimates for the HB are highly uncertain, but estimates for potential sources
of recharge have been derived from groundwater elevation mapping, geochemical surveys,
and groundwater flow modeling (see Table 2). In addition to values for pumping from the
HB, we note in Table 1 the other water supply sources to which each city has access.

Table 1. Current situation: annual water demand from El Paso and Ciudad Juárez (kAF).

User Total Demand Hueco Bolson
Aquifer Rio Grande Mesilla-Conejo-Medanos

Aquifer Desalination

Ciudad Juárez 151 121 NA 30 NA
El Paso 118 53 30 27 8
Other NA 14 NA NA NA
Total 269 188 NA NA NA

Table 2. Annual recharge rates for the Hueco Bolson (kAF).

Recharge Component Recharge

Mountain front 9
Lateral inflow from Tularosa basin 0
Engineered artificial recharge 6
Seepage from Rio Grande channel 1
Leakage from irrigation & return flow canals 17
Total 33

The amount of freshwater remaining in the HB is calculated using historical estimates
of freshwater volumes in the aquifer and estimates of pumping that have occurred from the
timing of the freshwater volume estimates to the present. Estimates of recoverable volumes
of freshwater and brackish water in the HB range from 7.5 MAF to 10 MAF and up to
20 MAF, respectively [71–75]. We use the Heywood and Yager [72] estimate of recoverable
freshwater volume of 9 MAF as of 2003 because this estimate is within the range of other
freshwater volume estimates and the conceptual basis for the estimate is consistent with
other hydrogeologic models proposed for the HB. We estimate that approximately 2.5 MAF
of groundwater have been depleted from the HB since 2003, leaving about 6.5 MAF of
recoverable fresh groundwater. Using the current rate of depletion of 155 kAF/yr and the
recoverable freshwater volume estimate of 6.5 MAF, the recoverable freshwater will be
completely depleted in approximately 42 years.

The Business-as-Usual (BAU) scenario (see Table 3) is meant to set the stage for the
discussions by envisioning a future that assumes that urban populations and thus water
demands will increase and there will be no significant change in policies or human behavior
that would slow depletion of the HB. The BAU scenario spans a 50-year period (2020–
2070) and pumping from the HB over the period is based on assumptions regarding (a)
increases in population and corresponding water demand for the two cities; (b) climate-
change-induced reduction in surface water available to EPW; (c) proportional increases in
pumping from the HB in response to increased demand overall for the cities and reductions
in surface water availability for EPW, the only utility that also uses surface water; (d)
pumping by users other than EPW and JMAS would remain the same as in the current
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situation; (e) recharge would remain constant; and (f) per capita use rates would remain
constant. Table 3 summarizes the basis for the projected demand for the two cities and
sources of the associated information. Given the BAU depletion rate of 209 kAF/yr and
the recoverable freshwater volume estimate of 6.5 MAF, the recoverable freshwater could
be completely depleted in 31 years.

Table 3. Summary of business-as-usual scenario.

Ciudad Juárez El Paso Other Total Units

Population increase 66% 33% NA NA
Reduction in Rio Grande supply NA 40% NA NA
Average demand 204 141 NA NA kAF/yr
Average HB pumping 164 63 14 242 kAF/yr
Recharge NA NA NA 33 kAF/yr
Depletion rate NA NA NA 209 kAF/yr

Reductions in HB pumping, if any, would result in mismatches between future supply
and demand. Based on experience in prior stakeholder meetings and informal interactions
with the two city water utilities, we identified alternatives for offsetting pumping reductions
in Table 4. We used values from state reports (TWDB) for estimates of unit costs for each
option (also in Table 4, unit costs include amortized capital and operating costs.) and used
a simple calculation of volume multiplied by unit costs to determine total costs associated
with implementing each option. Upper limits for each of the options also were established.

Table 4. Options for offsetting pumping reductions.

Option Description Cost
(US$/kAF)

Maximum Amount
(kAF/yr)

Desalination
A desalination plant is constructed and operated to jointly
serve Ciudad Juárez and El Paso and would draw from
brackish portions of the HB.

518 CJ: total demand
EP: total demand

Aquifer recharge with
treated wastewater

Treated tertiary effluent is applied to recharge basins
overlying the HB to recharge the freshwater aquifer and
reduce brackish water intrusion.

1000 CJ: 133
EP: 71

Direct potable reuse Treated tertiary effluent is piped to water treatment plants
and blended with current water supplies. 850 CJ: 133

EP: 71

Imported water Groundwater is secured in remote aquifers and pipelines and
pumping plants are constructed. 2400 CJ: total demand

EP: total demand
Incentivized household
water conservation

Educational and financial incentive campaigns are
implemented to reduce household and commercial water use. 367 CJ: 15

EP: 30

Reduce infrastructure leaks The cities repair leaking water distribution systems and
continue leak detection and replacement campaigns. 2295 CJ: 27

EP: 4

2.3. Workshop Implementation

Stakeholders from both sides of the border were invited to participate, with the
intention to have roughly equal participation from US and MX stakeholders. We also
intended to recruit roughly equal numbers of participants from the municipal and industrial
(M&I) sector and the non-M&I sector. We did not include agricultural users, both in order
to simplify the framework of the discussion and because that the agricultural sector has a
significantly lower impact currently on the long-term trajectory of the HB. We compiled
a list of 30 potential participants and sent invitations by email. Where necessary, we
followed up with phone calls or text messages. In several cases, contacts from our initial
list of invitees recommended additional or alternative potential participants. We received
20 positive responses and we communicated the final details of the workshop to them.
To prepare, participants were provided with and asked to read two documents one week
before the first session: one describing the intention and schedule of sessions and key
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questions to be addressed in each session, and another with a more detailed description of
the activities in the first two sessions.

Six sessions, each 60–80 min, were held over a four-month period. The first session
was held in November 2020 and the remaining five sessions were held in consecutive weeks
in January and February 2021. Due to restrictions imposed by the COVID-19 pandemic, the
sessions were held on Zoom with simultaneous Spanish and English translation. Agendas
were sent out ahead of each session and, in some cases, participants were asked to read
documents and use spreadsheets calculations to support their decisions in the upcoming
sessions. All documents used in the workshops were provided in both Spanish and English
and numerical values were presented in both metric and English units. Each session began
with a recap of the preceding session and ended with a description of goals for the next
session and, in some cases, assignments to complete ahead of the next sessions.

In Session 1, the participants were introduced to each other, the format of the sessions,
and the key questions to be addressed in each session. The workshop organizers presented
the concepts behind the single compartment groundwater model, the calculation of deple-
tion rates and times, and the information supporting the calculations. The basis for the
current situation depletion rate and times were explained, followed by a similar presen-
tation on the projected, BAU scenario. The presentations were followed by moderated
small group discussions of the following questions. (a) Are the current situation and BAU
scenarios reasonable? (b) What can be done to mitigate or adapt to the BAU scenario? (c)
What would be the potential impacts of depletion of the HB?

Session 2 focused first on the exploration by participants of setting targets for reducing
depletion rates and extending aquifer depletion times. The results of pre-session participant
polling on acceptable reductions and binational sharing in the reduction of the depletion
rate were used as foundation for a discussion of factors motivating the selection of targets.
A second pre-session poll on options for technologies, policies, and broader approaches for
meeting the target reductions was used to motivate preliminary discussions of advantages
and disadvantages and potential binational approaches for implementing the options.

In Session 3, participants worked with the first version of a spreadsheet that provided
estimates of recoverable freshwater depletion time based on potential reductions in HB
pumping rates for the two cities. Two general schemes were offered for apportioning the
reductions in pumping rates for the two cities: equal volumetric reductions and equal
fractional reductions. For either scheme, no reduction corresponds to the BAU scenario.
The spreadsheet was used to motivate discussion of how to share the reduction in depletion
and, correspondingly pumping rate between the two cities.

In Session 4, participants explored strategies for offsetting pumping reductions using
a second spreadsheet that provided unit cost estimates (US$/kAF see Table 4) for the
options in the spreadsheet. Participants were asked to identify annual volumes for each
of the options, based on their individual preferences, to offset the deficit between supply
and demand. The spreadsheet calculates the cost of each option and total costs, given the
annual volume of water to be used by Ciudad Juárez and El Paso. Several combinations of
options were presented, to give the participants an idea of the range of possible volumes
and associated costs.

In Session 5, the workshop organizers presented estimates of the cost of doing nothing
(BAU scenario); that is, what would happen if fresh groundwater in the HB were depleted
in 31 years. The basis for these costs was as follows: (a) 57 kAF/yr of HB pumping would
have to be replaced for El Paso, (b) the current cost of groundwater for El Paso is US$150/AF,
(c) HB pumping for El Paso is replaced by a 50/50 mix of imported water (US$2,400/AF)
and desalination (US$518/AF), and (d) an estimated cost of replacing El Paso HB pumping
of US$74 million. The cost of replacing 147 kAF/yr of HB pumping for Ciudad Juárez
was not estimated precisely, given that unit costs of water replacement for Ciudad Juárez
were unreliable, but a coarse estimate of a US$100 million to US$200 million was deemed
reasonable. Participants were again asked to choose options and how much water supply
would be gained or demand would be reduced for offsetting pumping reductions.
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In the last session (Session 6), a poll was given for participants to choose their top
three choices from seven options for meeting a target reduction in depletion times and
associated reductions in pumping. The options are described in Table 5 and the costs and
freshwater aquifer lifetimes are shown in Figure 2. After the selection of the options, the
workshop organizers presented two options for sharing the costs between the two cities:
(a) each city pays for implementing their options alone and (b) the total cost for the two
cities is shared 50/50 between the two cities. Finally, a summary of what was learned over
the entire workshop was presented, followed by a discussion of next steps.

Table 5. Primary water supply gain or demand reduction alternatives for each option and city.

Option CJ Portfolio EP Portfolio

1. Reduce each city’s pumping
by 15%

• aquifer recharge w/treated wastewater
• imported water

• desalination from local aquifers
• aquifer recharge w/treated wastewater

2. Reduce each city’s pumping
by 20 kAF/yr

• aquifer recharge w/treated wastewater
• imported water

• desalination from local aquifers
• aquifer recharge w/treated wastewater

3. Reduce each city’s pumping
by 35%

• aquifer recharge w/treated wastewater
• imported water

• desalination from local aquifers
• aquifer recharge w/treated wastewater
• imported water

4. Reduce each city’s pumping
by 40 kAF/yr

• aquifer recharge w/treated wastewater
• imported water

• desalination from local aquifers
• aquifer recharge w/treated wastewater
• imported water

5. Reduce each city’s pumping
by 35% + reduce demand
by 13%

• aquifer recharge w/treated wastewater
• imported water
• household conservation
• leak reduction

• desalination from local aquifers
• aquifer recharge w/treated wastewater
• imported water
• household conservation

6. Reduce each city’s pumping
by 40 kAF/yr + reduce
demand 36 kAF/yr

• aquifer recharge w/treated wastewater
• imported water
• household conservation
• leak reduction

• desalination from local aquifers
• aquifer recharge w/treated wastewater
• imported water
• household conservation

7. Do nothing (business
as usual)

• not applicable • not applicable
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2.4. Data Collection

Note takers kept detailed notes of discussions, and comments in the Zoom chat
function were saved. Several survey or polling instruments were used to collect information
regarding the participants’ beliefs and attitudes and their choices for increasing the aquifer
lifetimes, including:
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• a short, 29-item survey (available upon request) administered at the beginning of
Session 1 and again at the end of Session 6, which was designed to learn about
participants’ knowledge about water use and conservation in the HB, and their beliefs
about groundwater use responsibility and cooperation for management. Surveys
were administered online, in English and Spanish, and followed IRB protocols for
human subjects.

• polling on acceptable reductions and binational sharing in the reduction of the de-
pletion rate and on options for technologies, policies, and broader approaches for
meeting the target reductions (prior to Session 2)

• polling on options for meeting target reductions in depletion times and associated
reductions in pumping (Session 6)

• a survey regarding participants’ opinions on the workshop salience and relevance,
format of the workshop, and overall satisfaction with the workshop. In addition,
bilingual students took notes during all sessions, and the notes were analyzed to
develop common themes that arose during the discussions.

Due to a low response rate from participants in Mexico on the post-workshop survey
(n = 1), it was not possible to conduct a pre-post analysis of individual perspectives as we
had anticipated. However, the survey responses to the preworkshop were sufficient for
descriptive analysis, and for an aggregated analysis that allows group-level comparisons
of perspectives before and after the workshop, both of which we discuss below, along with
a synthesis of session observations.

3. Results
3.1. Participation in Sessions

Table 6 shows the participation in sessions. While more participants came from the
US, substantial participation came from both countries. Organizations with participants
included JMAS Juárez; the Mexican Society of Engineers—Chihuahua; Junta Central de
Agua y Saneamiento-Chihuahua; Proteccion Civil Juárez; El Paso Water; the Bureau of
Reclamation; El Paso Electric; TCEQ; EPA; Ysleta del Sur Pueblo; Friends of the Rio Bosque;
Fort Bliss; The Frontera Land Alliance; the Lower Valley Water District; and the Hunt
Companies (a large business and residential real estate developer and manager).

Table 6. Summary of participation in the sessions.

Participation Mexico US Total

any session 7 13 20
more than 1 session 6 12 18
more than 2 sessions 5 10 15
more than 3 sessions 5 9 14
more than 4 sessions 2 4 6
all 6 sessions 1 2 3

3.2. Synthesis of Session Observations

The most important outcome to emerge was that, although discussion moved progres-
sively through issues as described above, in the end, a consensus list of pumping reduction
measures could not be achieved. The technical demand of numerous, detailed, interlocking
decisions at that level were beyond a short group discussion. However, we did effectively
discuss major policy parameters. In all, the sessions generated a foundation of relationships
that, if pursued and developed further, could allow for even more movement toward a
consensus on pumping reductions.

Participants found the basic model that produced scenarios for the HB to be reasonable
and credible. The knowledge and beliefs survey revealed that participants from MX and
US both were aware that pumping rates far exceed recharge rates, and that groundwater
depletion is a serious problem. Notably, participants from the US were more likely than
participants from Mexico to disagree with the statement that “decreases in groundwater
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elevation are greater than 1 foot per year”. Conversely, participants from Mexico were
more likely than participants from the US to agree with the statement “El Paso and Ciudad
Juárez contribute equally to groundwater depletion”, to agree that “freshwater in the HB
will be completely depleted in a few decades”, and to believe that the lack of water in the
future will limit future economic growth.

When examining the BAU scenario of depletion of HB freshwater in approximately
31 years, all participants were motivated to consider ways to extend it or avoid it altogether.
Likewise, they agreed that HB depletion is a shared issue. Groundwater was understood
to be mobile, a common pool good: that which is consumed on one side is lost from both
sides; that saved on one side is saved for both. Moreover, the social-economic fate of each
side (especially Juárez, the more groundwater dependent side currently) was understood
to matter to all. A sense of mutual engagement and commitment was palpable.

Lurking in the background was a model result that participants felt was revelatory. In
2051, if pumping from the HB has to be completely replaced because it is depleted, the one-
time, sudden replacement costs would be US$100s of millions. Participants wrestled—in
an engaged and serious fashion—with three considerations. A shorter freshwater depletion
timeline would require less expensive measures to replace supplies or reduce demand,
but it would mean quicker introduction of costly alternative supplies and/or drastic
conservation measures. A longer timeline puts off the expensive full transition and gives
more time to adjust. However, it is costlier to accomplish a long depletion timeline as
more/larger alternatives to pumping need investment.

In the first round, pumping reductions were proposed, ranging from 3–97% (trans-
lating to a 46-year lifetime to an indefinite time). The most commonly chosen reduction
was about 38%, which gives a 50-year lifetime (instead of 31-year lifetime with BAU). Fifty
is an easy number to envision, a typical planning horizon, and falls approximately in the
middle range of the discussion amongst all participants. The group then wrestled with the
question of how to partition the responsibility of reduction between the two countries. An
equal volume reduction has a large percentage impact on El Paso, as it does not currently
pump as much volume, but an equal percentage reduction would have a huge impact on
Ciudad Juárez, as an equal percentage of a large pumped volume is a larger amount to
replace. Initially, the most common assigned responsibility was a reduction of 70% in MX
(ranging from 50% to 70%).

The conversation turned when participants from JMAS made it clear that Ciudad
Juárez would have trouble reducing pumping by more than 15% without significant
financial help from, for example, the Mexican federal government or the US. A 15%
reduction on both sides would extend the lifetime from 31 to 37 years. It is notable that
realizing this constraint did not keep the participants from discussing deeper reductions in
pumping, but with a recognition that these larger reductions would need to be funded and
overcome in a binational sense. The sessions that followed worked their way through hard
considerations: the difficulty but desirability of affecting the timeline; impact and fairness
of reductions on two sides; and the kinds of measures (volume saved, cost, applicability to
the US, Mexico, or both) needed to reduce pumping to the chosen goal.

The seven-option poll (see Table 5 and Figure 2 for description of options) captured
many of the elements of the discussion. The results of the poll are shown in Figure 3,
including a simple weighted sum of the choices, where the first choice is given three points,
the second two points, and the third one point. Option 4 scores highest; Options 1, 2, 3, and
5 cluster about half the score for Option 4; Option 6 was least preferred of the reduction
alternatives, and no one chose BAU (Option 7). Option 4’s notable qualities are its moderate
timeline (50 years to depletion, weakly favored throughout the workshop) and its choice
to reduce pumping by an equal volume, not percentage, which is relatively favorable to
Juárez in a situation that would generally be very stressful.
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We then moved to discuss possible policy measures. This conversation occurred in
the frame of the achieved recognition that the burden and benefit of managing a common
pool resource affected both sides—the US cannot go it alone—and acknowledgement
that for Ciudad Juárez to reach reductions of pumping above 15%, external funding
would be necessary. Conservation was identified as important for both cities. The most
effective actions to achieve significant conservation included incentivized reduction in
outdoor water use in EP and reduction of infrastructure leaks in Ciudad Juárez. For
EP, incentivizing reductions in outdoor water use is more expensive than continuing to
use local groundwater, but it is a relatively inexpensive way to reduce pumping. For
Juárez, reducing infrastructure leaks is relatively expensive and it would require additional
funding to reconstruct old water infrastructure. The participants also found desalination
to be an attractive option for both sides: more expensive than local freshwater but less
expensive than other interventions like long distance importation and direct potable reuse,
but no consensus or clear direction emerged on the level and mix of specific measures.

Although we cannot say that the serious game resulted in a single, clear resolution, it
certainly did constitute an effective common dialogue about a common concern and put
many important perspectives and considerations on the table. Furthermore, it was shown
that stakeholders were capable of interacting in an open forum to discuss sensitive issues of
the common problem, binational water management, and to envision common solutions.

4. Discussion

The evolution of the conversation was notable and seemed to demonstrate a degree of
social learning. In the end, no one proposed accepting the business-as-usual timeline of
31 years to freshwater depletion. However, target reductions in pumping varied widely
(33%–99%). Over the course of the workshops, participants were capable of understanding
the relevance, or importance, of joining a collaborative effort. That is, the serious games
provided an opportunity to take a more holistic view, and to appreciate how we are all
together in the “same boat” in facing aquifer depletion.

The discussions meaningfully brought out value-based issues in a format that was
otherwise not available to participants. For example, when the discussion identified the
difficulty that Ciudad Juárez would have in reducing pumping by much more than 15%
without significant outside help, the dialogue in all sessions that followed took that concern
seriously. Some voted for a 15% reduction or 20 kAF (its equivalent) in the final vote
among options, and even those who voted for longer timelines did so with accompanying
discussion of how to fund added help for Ciudad Juárez. The serious games format proved
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helpful in creating an open but thoughtful dialogue about important variables and values
among actors of differing viewpoints, and in turn, in creating the shared community
needed for common pool governance of the Hueco Bolson.

The small number of participants and the irregularity of participation were shortcom-
ings for this activity. Ideally, it should be done in a format where the activity could be
completed in one to two days and conducted in person, face-to-face. The participation
would have been more consistent, the use of the model for determining impacts could
have been more efficient, and the decision points could likely have been made with more
consensus/agreement. In addition, the consensus building process would likely have been
improved by having professional facilitators who were not part of the project and who
were seen as more “neutral”. The lack of consensus or agreement does not nullify our
results but points to the difficulty of the decision making and to the need for thorough con-
sideration, negotiation, and consensus building that would have been better accomplished
at an in-person event.

The workshop sessions occurred between 9 and 12 months into the COVID-19 pan-
demic and the accompanying formal restrictions against travel across the border and
holding in-person meetings in general. While we did not ormally question the participants
about potential impacts of holding the workshop by teleconference, our impression is
that most participants had experienced other meetings on these types of platforms, both
before and after the conditions imposed by the COVID-19 pandemic. They felt comfortable
expressing their opinions and broadly participated in the different tasks during the sessions.
Nevertheless, some participants expressed that an in-person setting may have generated a
friendlier environment because they would have mingled with other participants during
the process. In addition, participants could not easily have one on one discussions among
themselves as they might have at an in person event. For the session moderators, it was
not easy to follow who was present at the sessions, and thus to ensure that everyone
had a chance to speak and provide input. In addition, the session moderators noted that
facilitators could have helped participants use the spreadsheet models at an in person event
and perhaps this would have motivated the participant to experiment with the spreadsheet
between sessions.

The participants generally agreed that binational cooperation and solutions are needed,
but the dialogue was still partly limited by institutional (methodological) nationalism,
evident in for example, the tendency to allocate quantitative responsibilities and costs to
major utilities of each respective country. However, considerable progress was made in
discussing problems and solutions as a shared problem, and this is not a trivial outcome.
Considering the long and tricky history of tension and suspicion—as well as cooperation—
between the two countries, and especially considering the political context of the serious
games during the time period of late 2020, the tenor of the serious games should be viewed
positively. Furthermore, trust was a very important moral value between participant
stakeholders since most of them were very interested as well as knowledgeable of the
current situation on binational water resources. Some of them had a long history of local
interest on the issue and direct involvement on addressing water problems along both
sides of the border and the serious games approach facilitated a common ground approach
to a complex, binational water management problem.

Finally, the serious games intervention was but a moment in the long-term trajectory
of the management of transnational water. Such an approach had not been applied in
this region before, despite the recognized history of binational collaboration in regard
to transboundary water resources at the Paso del Norte. The history of past US-Mexico
border water agreements is very incremental and multiactor, but such an approach is
a first step into potential informal agreements to extend the life of the most important
water resource in the region, one which if completely depleted would result in catastrophic
consequences for society on both sides of the border. Notably, our approach supports the
Texas–Mexico stakeholder survey findings in [29] suggesting starting with incremental
regional arrangements. Such platforms keep stakeholders talking and informed about the

313



Water 2021, 13, 2001

main water issues that could affect future sustainable development along a critical section
of US–Mexico border.
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Abstract: Transboundary aquifers are critical global water supplies facing unprecedented threats of
depletion; existing efforts to assess these resources do not adequately account for the complexities of
transboundary human and physical system interactions to the determinant of the impact of assess-
ment outcomes. This study developed a system dynamics model with natural, human, and technical
system components for a section of the transboundary Mesilla Basin/Conejos-Médanos aquifer
to evaluate the following dynamic hypothesis: how and when information from a transboundary
aquifer assessment is reported and perceived, in scenarios where two countries follow identical and
different timeframes, dynamically impacts the behaviors of the shared aquifer. Simulation experi-
ments were conducted to quantitatively assess the dynamics of transboundary aquifer assessment
information reporting and perception delays. These critical feedbacks have not previously been
incorporated practically in simulation and analysis. Simulation results showed that the timing and
content of reporting can change the dynamic behavior of natural, human, and technical components
of transboundary aquifer systems. This study demonstrates the potential for modeling to assist with
prioritization efforts during the data collection and exchange phases to ensure that transboundary
aquifer assessments achieve their intended outcomes.

Keywords: transboundary aquifers; human and natural systems; assessment; system dynamics
modeling

1. Introduction

International groundwater depletion jeopardizes the well-being of groundwater-
dependent natural and human systems, as well as the global populations that rely on agri-
culture and other critical exports from regions impacted by these water scarcity trends [1–4].
The challenges associated with groundwater depletion are exacerbated for the world’s
592 identified transboundary aquifers and groundwater bodies [5,6]. Transboundary
groundwater systems, which exist in nearly every country, serve as critical water supplies
for populations with distinctive characteristics, histories, and priorities [7,8]. Successful
transboundary groundwater management necessitates data and information produced
through efforts such as assessments [9]. Collecting and exchanging data to increase under-
standing regarding these shared resources has emerged as a foundational component of
assessments [10].

While recognition has grown regarding the importance and structure of transboundary
aquifer assessments, constraints exist that impede their success. Assessments are funded
with finite resources and conducted by a limited number of professionals with capacity
limits related to the amount of information and analysis they can produce. Logistical
challenges, resulting from things such as a lack of data and meta-data standards and
conflicting binational priorities and structures, further complicate exchange and coordi-
nation. Transboundary aquifers are part of complex, interconnected natural and human
systems. Determining what steps an assessment can take to achieve its objectives requires
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consideration of not just what information it produces, but how and when this information
is communicated and perceived within these complex systems. Given these realities, where
should assessment resources be directed to produce the most impactful results? This study
investigated modeling as a tool to assist with the prioritization of efforts within the data
collection and exchange phase of transboundary aquifer assessments, hypothesizing that
for scenarios in which two countries follow either identical or different timeframes, how
and when information from a transboundary aquifer assessment is reported and perceived
can dynamically impact behaviors of the shared water system. It should be noted that,
while this study looks at a scenario for an aquifer shared between two countries, many
transboundary aquifers are shared by more than two countries.

This research utilized system dynamics modeling [11] because the foundational struc-
ture of system dynamics maintains inherent similarities to hydrologic structures and the
non-linear feedback characteristic of human and natural systems [12]. Similar to all models,
the model developed in this study is only an abstract simplification of the problem [13].
The model in this study represents a simplification of interconnected natural and human
components of a transboundary groundwater system to help make sense of its complexities.
The model development process for this research was guided by the acknowledgment of
the dominant influence of human behavior, executed through human decision-making,
on hydrologic systems. This acknowledgment is the central driver of this study, which
attempts to progress understanding of the complexities of human decision-making in inno-
vative ways to understand hydrologic trends within the Anthropocene for transboundary
systems.

The model explored the potential role of reporting and perception delays of water
availability information in a transboundary groundwater system, positing that researchers
can use modeling to understand interconnected human and natural processes to analyze
the systemic impact of potential transboundary aquifer assessment efforts [14]. The model
investigated the potential role of reporting and perception delays of water availability
information in a transboundary groundwater system. This research addressed the follow-
ing questions: Should assessments focus solely on the type of information they aim to
produce and exchange? Or does how and when that information is reported and perceived
necessitate prioritization? How do similarities and differences between nations regarding
information reporting and perception delays manifest within a transboundary system?
This study examined the dynamic hypothesis that how and when information from a
transboundary aquifer assessment is reported and perceived, in scenarios where two coun-
tries follow identical and different timeframes, impacts the behaviors of the shared water
system. A dynamic hypothesis is a logical explanation that relates the feedback structure
of a complex system to its dynamic behavior [15].

Simulation experiments were conducted that investigate different reporting and per-
ception delay realities in scenarios where two countries that share an aquifer system pursue
identical and different transboundary aquifer assessment timeframes. Results that display
oscillations indicate instability in the system. As an example, throughout the COVID-
19 pandemic, oscillatory trends have persisted as decision-makers attempted to react to
rapidly reported and perceived information and find a balance between heightening or
loosening social-distancing related restrictions [16]. These oscillatory behaviors are not
unique to the COVID-19 pandemic or to transboundary groundwater decision-making.
The presence of these oscillatory behaviors indicates the need for policy optimization to
achieve more stable outcomes.

2. Materials and Methods

The study site for this model encompasses the internationally neighboring commu-
nities of Sunland Park and Santa Teresa in New Mexico, United States (U.S.) and Anapra
and San Jerónimo in Chihuahua, Mexico. These populations utilize a portion of the
Mesilla Basin/Conejos-Médanos, which is one of four priority transboundary aquifers
along the U.S.–Mexico border designated through the Transboundary Aquifer Assessment
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Program [17]. The U.S. and Mexico manage the Mesilla Basin/Conejos-Médanos separately.
The aquifer supports the populations that live within the area of the Mesilla Basin/Conejos-
Médanos; additionally, these resources supply water for industrial operations on both
sides of the border. In Mexico, water from the Mesilla Basin/Conejos-Médanos is pumped
to meet the growing demands of neighboring Ciudad Juárez. A map of the study site
is available in the Supplementary Materials. See [18] for further background about this
study site. The model developed for this research depicts simplified natural, human, and
technical components to better understand system behaviors and outcomes (Figure 1).
Core behaviors and interconnections for this transboundary region have been modeled
previously [18,19]. This study expands on the assumptions from those past efforts, which
is explained in the subsections below, to facilitate the quantitative analysis of reporting and
perception delays within a transboundary aquifer assessment process. While the model
is based specifically on a section of the Mesilla Basin/Conejos-Médanos, the applicability
of core behaviors to other transboundary systems makes the findings from the dynamic
results insightful for arid and semi-arid regions with transboundary aquifers.

Figure 1. Showcases a simplified representation of the relationships between the model’s three
primary components.

The model developed for this study has three primary components, water, demand,
and desalination (Figure 1), that are detailed in their correspondingly titled subsections. In
Figure 1, the (+) indicates a positive or reinforcing loop, and the (−) indicates a negative or
balancing loop; this structure was validated in water resources research modeling [20,21].
The water module contains hydrologic dynamics, the demand module contains compo-
nents relating to the dynamics of water demand, and the desalination module contains
components relating to the dynamics of desalination infrastructure and operation. Each
module’s subsection has a figure, referred to as a stock and flow diagram, that depicts its
key components. These stock and flow diagrams are simplifications and do not include
all the information needed to recreate the model. The stock and flow diagrams were
developed in Stella Architect. Full model documentation is available in the Supplementary
Materials section. Information about how to access an online version of the model that
allows users to view and experiment with the model is included in the Supplementary
Materials. The following standard system dynamics confidence building tests were utilized
in the development of this model: boundary adequacy, structure assessment, dimensional
consistency, parameter assessment, extreme conditions, integration error, behavior anomaly,
surprise behavior, and sensitivity analysis [15]. From these tests, we confirmed that the
feedbacks (see [18] for exogenous, endogenous, and excluded parameters) were necessary
and aligned with the established hydrologic and decision-making theory. The dimensions
were determined to be consistent, and the model underwent rigorous tests under extreme
scenarios to ensure that it responded appropriately and logically.
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2.1. Water

The quantity and quality-related water dynamics for this study were all rigorously
validated through the standard system dynamics confidence building tests discussed in
Section 2 [18]. They align with key hydrologic research findings for the Mesilla Basin/
Conejos-Médanos [22–28]. This region of the Mesilla Basin/Conejos-Médanos relies al-
most solely on groundwater for their drinking water supply. As such, the model only
investigates groundwater dynamics. Many transboundary aquifers around the world
have intrinsic though not fully understood connections to surface water [29]. While these
realities do not apply in the study area for this research, the dynamics of surface water and
groundwater connectivity should be accounted for when trying to understand the impact of
transboundary aquifer assessments on behaviors for regions dependent on both supplies.

The stock and flow diagrams for each module use standard system dynamics modeling
representation. Stocks, depicted in Figure 2 as rectangles, are a fundamental part of system
dynamics modeling. They are measurable quantities, such as the brackish water stock in
Figure 2. System dynamics models allow users to pursue an analysis that accounts for
ranges of stock quantities, which reflects the uncertainty that oftentimes exists regarding
quantities of freshwater in aquifers. Model stocks change based on model inflows and
model outflows. In the model, freshwater withdrawal is a model outflow from freshwater
and a model inflow to withdrawn water. The symbology utilized for freshwater withdrawal
represents a flow, and it is used throughout the model to depict flows. As an example, a
well that pumps freshwater from an aquifer represents a model outflow that decreases
the aquifer’s freshwater stock, but a model inflow increases the stock of water withdrawn
from the aquifer. Converters are components of the system that indirectly affect stocks by
directly impacting other converters or flows that are connected to stocks. Circles are used to
show converters in this study; stored water availability serves as an example of a converter
(Figure 2). Stocks and converters outlined with dotted lines differentiate components that
come from a different module, such as the demand or desalination module in the context of
Figure 2. Solid black arrows portray connections from stocks to converters, flows to flows,
converters to converters, and converters to flows.

Figure 2. A simplification of the model’s water component.
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2.2. Demand

The demand module (Figure 3) explores human decision-making dynamics within
the context of water demand. It centers around the understanding that perceptions of
water availability and the water demand gap are key drivers of water demand [18]. This
module was developed based on assumptions rooted in historical water demand trends
and system interconnections. In this model, reported demand gap influences are perceived
as a water demand gap [18]. While it is commonplace for water models that incorporate
demand to calculate demand based primarily on population growth, data from the U.S.
Geological Survey (USGS) shows that population increases to do not mean water usage will
increase [30]. Our model does not calculate water as a function solely tied to population
growth; in this model, the reported demand gap influences the perceived water demand
gap [18]. Despite population growth, water use in the United States by 2010 was less than it
was in 1970 [31]. This model relies on the assumption that perceptions of water availability
have a critical influence on water demand. For example, perceptions of abundant ground-
water availability led Albuquerque, New Mexico residents to use a peak of 272 gallons
per person per day in 1989 [32,33]. Data instead revealed trends of groundwater depletion
from a finite aquifer. In response, the city reduced its per capita water use to approximately
121 gallons per day by 2019, to reflect its updated perceptions of water availability [34–37].
Similar examples on different scales are abundant throughout history.

Figure 3. Key components of the demand module.

The reported demand gap is not instantaneously produced, and in this model, varia-
tions in reporting delay realities impact this timeline. The Results and Discussion section
describes the context of reporting delay realities in further detail. Reported information
does not become perceived by the system or understood in a way that dynamically im-
pacts perceptions of water demand and availability immediately. The study also evaluates
varying perception delays timelines.

Both Country A and Country B in the model have identical demand modules.
Figure 3 demonstrates the demand module for Country A. The generic names Country A
and County B were chosen to reflect the transferability of this study outside the Mesilla
Basin/Conejos-Médanos. The demand divide between both countries, however, is not
identical. This model explores a scenario where Country A is a majority water user. Coun-
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try B uses 20% of the water that Country A does. The water use divide reflects approximate
water use distributions in the studied section of the Mesilla Basin/Conejos-Médanos [18].
Uneven divides between water use or the spatial distribution of transboundary aquifers
across borders is a common reality. For example, approximately 90% of the Genevese
Aquifer is in Switzerland, while approximately 10% is in neighboring France [38].

The model assumes that, to minimize a demand gap, demand must be decreased,
or supply must be increased. Decreasing demand and increasing supply can occur si-
multaneously in this model. Increasing the water supply was investigated in this model
through the implementation of inland desalination, which is discussed further in the de-
salination subsection below. The conservation effect in this study is an aggregate decision
rule that acts based on water supply and demand. When the demand gap increases, the
conservation effect accounts for scenarios where there is a collective response to reducing
water demand. In Figure 3, the collective response comes from Country A. We assume
that demand gap does not immediately impact the conservation effect decision rule. An
anchoring and adjustment process takes place to produce a normal demand gap [39]. This
module considers bounded rationality by taking this anchoring and adjustment heuristic
(rule of thumb for decision-making) into account [40].

2.3. Desalination

The desalination module (Figure 4) reflects the reality that water decision-makers
implement policies in the present to meet future needs. Policies that involve changes to
built and natural environments, such as the implementation of desalination, have binding
characteristics and cannot be easily adjusted. Desalination represents an alternative water
supply option that can be pursued to increase freshwater supply in this study site. Inland
desalination has specifically received attention as a potential policy for this region, as well
as other arid and semi-arid inland regions. Pursuing desalination will impact the built and
natural environments; including it as a policy option in the model provides insight into its
dynamics for this and other inland regions considering desalination. The model simplifies
the options decision-makers have available to decrease demand or increase supply to
lessen the demand gap. The reported demand gap from both countries impacts the total
demand gap. The policy perception delay represents the time between when reported
information was perceived in a way that impacts society’s perceptions of water availability
and policies that reflect those perceptions were implemented. In the simulation experiments
conducted in this study, the policy perception delay remains set at a constant 2 years
for all runs. Differing political structures between countries that share transboundary
aquifers likely means differing policy implementation timelines. Variations in this delay
for transboundary aquifers need further investigation. The desalination component of the
model was rigorously assessed [18].

2.4. Simulation Experiments

Both countries maintain equivalent reporting and perception delays in Runs 1–3
(Table 1). In Run 1, there is a 1-year reporting delay and a 2-year perception delay. In
this scenario, water availability information was collected, analyzed, and reported within
the span of 1 year. The reported information is understood and contributes to the public
perception of water availability in the system, 2 years into the entire process. A 2-year
policy perception delay exists in every run in this study. This delay accounts for the time
between the information being perceived and implemented as policy. In Run 2, both
countries exhibit a 5-year reporting delay and a 6-year perception delay. Similar to Run
1, there is a 1-year delay between the reporting delay and the perception delay. This
1-year delay remains consistent across all runs in the study. Run 3 represents the lengthiest
cumulative delay, with a 10-year reporting delay and an 11-year perception delay.
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Figure 4. A depiction of the desalination module’s core components.

As shown in Table 1, both countries maintain differing reporting and perception delays
in Run 4 and Run 5. In each of these runs, one country has the reporting and perception
delay from Run 1, while the other country has the reporting and perception delay from
Run 2. In Run 4, Country A has a 1-year reporting delay and a 2-year perception delay;
Country B has a 5-year reporting delay and a 6-year perception delay. In Run 5, Country
A has a 5-year reporting delay and a 6-year perception delay; Country B has a 1-year
reporting delay and a 2-year perception delay. In the absence of assessments or agreements,
countries that share transboundary aquifers act on their own to develop, process, and
implement information. However, in an ideal scenario, scenarios can pursue agreements
or assessments together and develop, process, and implement information on the same
timeline. This study investigates the impacts of both options: when two countries that
share a transboundary groundwater system follow the same and different timelines.

Transboundary groundwater resources can be referred to as common pool resources [41,42].
Rather than homogenously examining the impact of transboundary aquifer assessments
through the lens of common-pool resource theory, this study design recognizes that a
plethora of dynamics within the system can and have in practice, as witnessed through
TAAP, result in delays. The tests selected for this study are a way to empirically evaluate
the impact of these heterogeneous delays on the system. A plethora of dynamics can
contribute to delays; the delays in this study were chosen based on the assumptions below.
The purpose of this study is not to recreate the entire system and examine every possible
influencing factor for a delay. Rather, it is to provide dynamic insight into the impact that
delays themselves might have on the system and the effectiveness of transboundary aquifer
assessments.

The perception and reporting delays explored in Runs 1–5 are compared against differ-
ent conservation parameters and maximum conservation in Runs 6–18. These parameters
control people’s response to water shortage in the model as shown by Equation (1), where
f(x) is the effect of water shortage on water demand, x is normalized water shortage, m
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is maximum conservation, and p is conservation parameter. The conservation parameter
(p) represents people’s responsiveness in conservatory reaction to water shortage. The
maximum conservation (m) places a limit on the quantity of water that the system can
conserve. Equation (1) implies that water demand reacts to water shortage in the opposite
direction, but the significance of this reaction depends on m and p.

f(x) = max(m, 1 − p (x − 1)) (1)

Runs 1–15 explore the same runs with different conservation parameters and a constant
maximum conservation parameter. The runs with a 0.1 conservation parameter are the
least sensitive, and the runs with a 0.9 conservation parameter are the most sensitive. The
maximum conservation limit in Runs 1–15 means that water usage can be reduced by up to
50%. In Runs 16–18, the maximum conservation limit is set to reflect an extreme scenario
of up to a 90% possible reduction in water usage.

Table 1. Details for each of the runs conducted in this study.

Run Country Perception
Delay

Reporting
Delay

Conservation
Parameter

Maximum
Conservation

Parameter

1
A 1 2 0.5 0.5
B 1 2 0.5 0.5

2
A 5 6 0.5 0.5
B 5 6 0.5 0.5

3
A 10 11 0.5 0.5
B 10 11 0.5 0.5

4
A 1 2 0.5 0.5
B 5 6 0.5 0.5

5
A 5 6 0.5 0.5
B 1 2 0.5 0.5

6
A 1 2 0.1 0.5
B 1 2 0.1 0.5

7
A 5 6 0.1 0.5
B 5 6 0.1 0.5

8
A 10 11 0.1 0.5
B 10 11 0.1 0.5

9
A 1 2 0.1 0.5
B 5 6 0.1 0.5

10
A 5 6 0.1 0.5
B 1 2 0.1 0.5

11
A 1 1 0.9 0.5
B 1 2 0.9 0.5

12
A 5 6 0.9 0.5
B 5 6 0.9 0.5

13
A 10 10 0.9 0.5
B 11 11 0.9 0.5

14
A 1 2 0.9 0.5
B 5 6 0.9 0.5

15
A 5 6 0.9 0.5
B 1 2 0.9 0.5

16
A 1 2 0.1 0.9
B 1 2 0.1 0.9

17
A 1 2 0.5 0.9
B 1 2 0.5 0.9

18
A 1 2 0.9 0.9
B 1 2 0.9 0.9

The run periods were chosen to show differing cumulative reporting and perception
delay realities. Beginning a study and producing reporting results within the span of 1 year,
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as exhibited in Run 1, is arguably an expedited timeline. The delay between submission
and publication of peer-reviewed research alone can span a year or longer [43]. These
delays, however, were shortened in the face of extreme circumstances such as the COVID-
19 pandemic, which has expedited medical research and publication timelines [44,45]. In
the context of extreme water-related local circumstances, such as elevated lead levels in
Flint, Michigan and water shortages in Cape Town, South Africa, traditional timelines
and procedures have also adapted [46–48]. The National Science Foundation’s grants
are generally awarded for no more than 5 years; Run 2 showcases behaviors associated
with a 5-year reporting delay. The time between identifying an area of research that
needs data collection, securing funding and resources, collecting data, analyzing data,
and ultimately reporting that data and analysis can take much longer than 5 years. Run 3
shows these realities with a 10-year reporting delay. It should also be noted that reporting
and perception delays can also extend well beyond the selected times from these runs,
particularly for transboundary regions that face additional coordination challenges.

All simulation experiments in this study are conducted over a 50-year period. This
period was selected to reflect a realistic planning horizon for the region. New Mexico and
Texas, the two states on the U.S. side of the border that the Mesilla Basin/Conejos-Médanos
falls within, either developed or are developing 50-year water plans. Regional and local
planning horizons around the world vary; most fall within increments at or under a 50-year
period. The 50-year planning horizons were utilized previously in system dynamics water
modeling and simulations. While occasionally 100-year horizons are pursued by water
managers, plans that extend beyond this are rare.

3. Results and Discussion
3.1. Users with Identical Perception and Reporting Delays

The perception and reporting delays associated with assessment information impact
the dynamics of the shared system and lead to different freshwater quantity outcomes
(Figure 5). Runs 1–3 showcase scenarios where both countries follow identical timelines;
assessment information regarding water availability is reported, perceived, and imple-
mented through policies at the same time for each country. These runs show that even a
few years of difference in delays can impact the overall effectiveness of assessments. While
these simulation experiments serve as a helpful baseline for understanding transbound-
ary aquifer assessment behaviors and impacts, their level of synced coordination may be
difficult to attain in practice, even in regions with established cooperation mechanisms.
Therefore, it remains important to investigate the possibility of each county following a
different timeline.

3.2. Users with Different Perception and Reporting Delays

The simulation experiments for Runs 4 and 5 show that differences between countries
in how and when information from an assessment is reported and perceived ultimately
affects outcomes for freshwater resources and system components connected with fresh-
water resources. Runs 4 and 5 have cumulative delay differences of 4 years between each
country; there is a 4-year difference between the perception delays and the reporting delays
in Runs 4 and 5 (Figure 5). These simulation experiments are intended to explore the poten-
tial impacts of coordinated assessments that progress on divergent timelines. The 4-year
difference, while seemingly small compared with the 50-year reporting period, notably
impacts the behavior of the system. These simulation experiments show that differences
between countries in how and when information from a transboundary aquifer assessment
is reported and perceived ultimately affects outcomes for freshwater resources. The report-
ing and perception delay maintained by Country A, the majority water user, dictates the
overall withdrawal behaviors and freshwater behavior of the system as exhibited in the
comparison between Run 1 and Run 4 (Figure 5). However, the reporting and perception
delays of Country B have an influence on the overall behaviors. Comparing the behavior
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of the freshwater supply between Run 2 and Run 5 showcases an example of this minority
water user influence (Figure 5).

Figure 5. Results of Runs 1–5 for (A) freshwater; (B) withdrawn water; (C) freshwater withdrawal; (D) desalinated water
withdrawal; (E) Country A demand gap; and (F) Country B demand gap. The name for each graph corresponds with the
name of the selected stock in the model. For example, (A) showcases the dynamic quantity of freshwater in the system over
the run period of 50 years.

3.3. Practical Implications

An important finding is that all simulation experiments in this study exhibit unde-
sirable behaviors due to the oscillatory behavior of the results, which reflects instability
in the system. The decision-makers in Run 1 react most rapidly to changes in freshwater
availability and most predictably with almost identical amplitudes and periods for with-
drawn water (Table 2). All runs start out on the same freshwater depletion trajectory. Run 1
reacts the most quickly and aggressively to the depletion trend and achieves the best result
for the freshwater supply at the end of the 50-year simulation. Run 2 and Run 3 continue
the same freshwater depletion trajectory as each other until they begin their staggered
responses. The simulations showcase a tradeoff; scenarios with increased delays result in

328



Water 2021, 13, 2685

reduced oscillatory behaviors but lead to a greater use of water resources. Optimizing the
runs to reduce volatility by maximizing the period and minimizing the amplitude of an
oscillation can result in more stable outcomes. In the context of this study, an optimization
of transboundary aquifer assessments would mean that both countries simultaneously
receive and perceive water availability information from assessments quickly but react less
aggressively and with more foresight for long-term, systemic trends.

Table 2. A description first and second amplitudes and periods for Runs 1–5 for withdrawn water,
which is also displayed in Figure 5B.

Run Amplitude 1 Amplitude 2 Period 1 Period 2

1 16.1 16.2 10 12
2 10.5 15 14 12
3 12.3 15.3 18 18
4 14.3 11.7 12 10
5 15.1 13.3 11 24

3.4. System Sensitivity

Runs 6–15 showcase behaviors for scenarios with a different conservation parameter
(p) and a constant maximum conservation (m) (Figure 6). Note that p controls the strength
of the negative (balancing) feedback loop in Figure 1, which goes through demand gap,
water demand, and withdrawal. We know that negative feedback loops when coupled with
significant delays can generate oscillatory behaviors [49]. Higher values of p strengthen
this feedback loop and potentially generate greater oscillations. When p is set to 0.5, the
model produces relatively large oscillatory behavior (Figure 5). Setting p to 0.9, such as it
is in Runs 11–15, strengthens the feedback loop and produces similar dynamic behaviors
(Figure 6). When p is set at 0.1 in Runs 6–10, the negative feedback loop is weakened and
almost knocked off, and the system becomes insensitive in this case (Figure 6). In the
context of this study, an assessment that increases sensitivity above the threshold has a
negligible impact on the behaviors of the system. Assessment outputs produced below the
threshold will likely not meet their intended outcomes, given the effects of the system’s
insensitivity.

3.5. Extreme Scenarios

Runs 16–18 test each of these three different p values in an extreme scenario where m is
set to 0.9, meaning that the system can reduce water usage up to 90% (Figure 7). Even in this
extreme scenario, the behaviors for p at 0.5 and 0.9 are similar, and the behavior for p at 0.1
results in less sensitive and less oscillatory behaviors. These results strengthen confidence
in the model as they corroborate our previous knowledge of the systems. They also reveal
that a threshold for p exists somewhere between 0.1 and 0.5. Making investments that
increase the sensitivity of the system for conservation between the threshold and 0.9 have
little impact on the overall behaviors of the system. In the context of a transboundary
aquifer assessment, assessment outputs intended to increase system sensitivity can likely
have a negligible impact on overall behaviors.

Assessments producing outputs in a system with sensitivity below the threshold
likely cannot meet their intended outcomes given the absence of the critical feedback
loop between availability and demand that drives behaviors in this scenario. Future
research needs to identify the threshold for a system and for a transboundary system, the
implications of differing thresholds. These initial results showcase the critical impact that
conservation parameters can have on the outcomes of assessments.
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Figure 6. Results of runs 6–10 for (A) freshwater withdrawal and (B) desalinated water withdrawal. Results of runs 11–15
for (C) freshwater withdrawal and (D) desalinated water withdrawal.

Figure 7. Results of Runs 16–18 for (A) freshwater withdrawal and (B) desalinated water withdrawal.
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3.6. Future Work

Future research needs to identify the conservation parameter threshold for a sys-
tem and, for transboundary resources, the implications of differing thresholds between
countries. The findings regarding the threshold are also widely applicable beyond trans-
boundary systems and should be incorporated more broadly in research investigating
the potential impacts of water policies to ensure that decisions can meet their intended
outcomes. Additional future work requires exploration into the complex relationships
between information reporting, perception, and policy implementation. Langarudi et al.
(2021) provides insight into breaking down the information perception process so that
its individual components can be analyzed within a system [50]. To carry out our initial
investigation, each run in this study had a 1-year gap between the reporting delay and
the perception delay and a 2-year gap between the perception delay and the policy delay.
These timeframes—and the complex feedbacks that drive them—are not always so straight-
forward. For example, the science that identified climate change is not new and has been
increasing for decades [51,52].

Despite the depth of reported climate change information, decision-making behaviors
have not reversed the global warming trends identified in scientific literature. How does the
accumulation of reported information affect perceptions? How are policy implementation
timeframes impacted by the formulation of divergent perceptions, either within a nation or
between nations? These are just some of the questions that may need to be accounted for
when pursuing future research. The intricacies of interactions between human decision-
making and the hydrologic system might benefit from the innovative application of hybrid
modeling that combines system dynamics and agent-based modeling methodologies. While
system dynamics models are well-suited for hydrologic structures, agent-based models
can allow for a more complex analysis of the rules that govern decision-making behaviors,
particularly when studying questions with spatial components [53].

4. Conclusions

This study explored the dynamic hypothesis that how and when information from
a transboundary aquifer assessment is reported and perceived impacts the behaviors of
the shared water system. The simulation experiments showed a tradeoff; scenarios with
reduced oscillatory behavior resulted in greater water use. Based on the evidence of the
simulations, we conclude that the explored perception dynamics change the behavior of the
transboundary water system. The simulations conducted in this study produced oscillatory
behaviors that reflect instability in the system. Optimizing the runs to produce more stable
results would mean that both countries receive and perceive water availability information
from assessments on the same timeline and react to that information less aggressively and
with long-term planning foresight. An optimization that accounts for the sensitivity of a
system related to conservation parameters is also a key component in ensuring that the
goals of an assessment are met and that investments are made efficiently. Determining
how to accomplish this optimization within the complexities of human decision-making
behaviors requires further investigation. Transboundary groundwater assessments have
been recognized as key components of effective transboundary groundwater management.
Understanding what impedes the success of assessments and how assessment characteris-
tics impact the overall system are important areas of exploration to ensure that assessments
achieve their intended outcomes. Modeling, as exhibited in this study, serves as a useful
tool with the potential to assist with the prioritization efforts within the data collection and
exchange phase of transboundary aquifer assessments.

Supplementary Materials: The Supplementary Materials are attached separately as part of the
submission. The following are available online at https://www.mdpi.com/article/10.3390/w13192
685/s1, 1: Model Access, 2: Map of Study Site, A map of the study site, as it appeared in Page et al.,
“A Dynamic Hydro-Socio-Technical Policy Analysis of Transboundary Desalination Development,”
Journal of Environmental Accounting and Management 7, no. 1 (2019). 3: Model Documentation.
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