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Mitja Janža, Joerg Prestor, Simona Pestotnik and Brigita Jamnik

Nitrogen Mass Balance and Pressure Impact Model Applied to an Urban Aquifer
Reprinted from: Water 2020, 12, 1171, doi:10.3390/w12041171 . . . . . . . . . . . . . . . . . . . . . 79

Carly M. Maas, William P. Anderson Jr. and Kristan Cockerill

Managing Stormwater by Accident: A Conceptual Study
Reprinted from: Water 2021, 13, 1492, doi:10.3390/w13111492 . . . . . . . . . . . . . . . . . . . . . 95

Sadaf Teimoori, Brendan F. O’Leary and Carol J. Miller

Modeling Shallow Urban Groundwater at Regional and Local Scales: A Case Study in 
Detroit, MI
Reprinted from: Water 2021, 13, 1515, doi:10.3390/w13111515 . . . . . . . . . . . . . . . . . . . . . 113

Weicheng Lo, Sanidhya Nika Purnomo, Bondan Galih Dewanto, Dwi Sarah and Sumiyanto

Integration of Numerical Models and InSAR Techniques to Assess Land Subsidence Due to
Excessive Groundwater Abstraction in the Coastal and Lowland Regions of Semarang City
Reprinted from: Water 2022, 14, 201, doi:10.3390/w14020201 . . . . . . . . . . . . . . . . . . . . . 137

Cristian-S, tefan Barbu, Andrei-Dan Sabău, Daniel-Marcel Manoli 
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1. Introduction

Urbanization is a pervasive phenomenon of our time, and sustainable urban develop-
ment is one of the greatest challenges faced by the contemporary world. The subsurface
plays a range of roles in such developments through the complex processes of urbanization,
including building developments, constructing roads, providing water-supply, drainage,
sanitation and even solid-waste disposal.

For most cities, the groundwater system represents a ‘linking component’ between
various elements of the urban infrastructure. Since urban processes have an influence on
groundwater and groundwater conditions have an impact on the urban infrastructure,
groundwater systems thus exhibit a close relationship with the processes of urbanization,
and this continuously changes with the urban development cycle. Consequently, cities
around the world face issues related to urban hydrogeology, requiring attention at least as
much as those provided by other planning-related problems in urban areas.

Urban groundwater problems are usually predictable. However, they are not pre-
dicted early enough, as action usually responds to emergencies rather than to planning.
Consequences resulting from a lack of accurate and detailed knowledge of the underground
environment and the interaction between the urban groundwater and urban infrastructure
are faced by cities across the entire world in economic, environmental, social, legal and
political terms.

The lack of data and planning, as well as poor communication between the scientific
community and city managers, exacerbate the difficulties of solving urban hydrogeology
problems. To provide the necessary understanding, experts have to use robust datasets
of urban fabric, infrastructure networks, groundwater and geothermal energy systems at
the city scale. Furthermore, this knowledge and understanding must also be accessible to
urban planning processes.

In recent decades, progressive advances in the scientific understanding of urban
hydrogeological processes and the groundwater regimes of a substantial number of cities
have been documented. This extensive array of subsurface challenges which cities have to
contend with lies at the core of the sustainability of the urban water cycle. This is threatened
by the increasing scale and downward extent of urban subsurface construction, including
utilities (cables, sewage, drainage), transportation (tunnels, passages) and storage (cellars,
parking lots, thermal energy). The cumulative impact of this subsurface congestion on the
surrounding geology, and especially the groundwater system, has to be constantly studied
and addressed.

In this volume, key connections amongst the urban hydrogeology activities are identi-
fied consistent with scientific results and good practices in relationship to subsurface data
and knowledge of sub-surface systems. The volume supports a useful dialogue between
the providers and consumers of urban groundwater data and knowledge offering new
perspectives on the existing research themes.

Water 2022, 14, 1819. https://doi.org/10.3390/w14111819 https://www.mdpi.com/journal/water1
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2. Summary of This Special Issue

The opening article [1] defines a context for policy development and proposes steps
for integrating groundwater into the urban water and land management context. On the
basis of a strategic assessment of the major trends perceived in 10 world spread developing
cities, Professor Stephen Foster analyzes the benefits both to water users and to the broader
community of groundwater use. Associated risks considering resource sustainability, built
infrastructure, public-health hazards and the economic distortion of water-sector invest-
ments are evidenced. This is developed further in the article of Mielby and Henriksen [2]
that outlines the crucial need of using cross-disciplinary methodologies to develop adaptive
design and resilience in urban planning and management. On the basis of several hydrogeo-
logical studies performed in Odense, Denmark, the authors identify needed improvements
in standardized data and modelling to promote strategic planning and decision making in
order to diminish the environmental consequences of city infrastructure developments.

The main directions of the current research worldwide in urban hydrogeology are well
balanced in this Special Issue. Three papers [3–5] describe different research experiences
in quantitative urban groundwater studies with case studies in Detroit, USA, and Nantes,
France, the third one being a laboratory study. The qualitative urban groundwater nucleus
of this volume is represented by three other papers of three distinct cases studies that
describe distinct groundwater contamination problems. These are located in Ljubljana,
Slovenia [6]; North Carolina, USA [7]; and Belgium [8].

A study [3] in the Great Lakes Basin in Detroit, USA, provides an improved under-
standing of urban groundwater focusing on two approaches: the regional and local areas.
A regional groundwater model that encompasses four major watersheds has been defined
to outline the large-scale groundwater characteristics. On this basis, the local-scale model
has been developed to analyze the local urban water budget with subsequent groundwater
simulation. Both regional- and local-scale models can be further used to evaluate and
mitigate urban environmental risks.

Using experimental data recorded on a small urban catchment, a model has been built
to simulate the groundwater seepage into the sewer network in Nantes, France [4]. The
experimental analysis revealed a strong correlation between groundwater levels and sewer
base flow. The authors mentioned that the total groundwater volume drained by the sewer
system represents 42% of the total rainfall annually.

The third [5] article focuses on the effects of artificial groundwater barriers made of
cutoff walls. The authors underline the necessity of building effective, strong, flexible and
low-permeability cutoff walls. Their study proposes a methodology to choose optimum
construction materials. Based on laboratory results, their approach focuses on assessing the
viscosity and representation of the Water–Cement–Bentonite components and presents an
improved method for materials composition.

Ljubljana, the capital of Slovenia, considered the greenest city of the world, is the cho-
sen study area [6] to model groundwater nitrogen loads coming from agriculture and leaky
sewer system. The estimated total nitrogen load has been used to simulate the distribution
of nitrate concentration into the aquifer using a groundwater contaminant transport model.
The model, quantifying the impact of pressures from different contamination sources, can
be further used in groundwater quality management activities.

In cold urban environments, unplanned natural raised wetlands represent one solution
to reduce the impact of road salt contamination in surface water and groundwater. A
study [7] was conducted in northwestern North Carolina, USA, on the capacity to control
the timings and reduce peak concentrations of road salt into a stream of an accidental raised
wetland. The study, based on the modelling of multiple meltwater and summer storm
event scenarios, indicates that accidental wetlands improve stream water quality, and they
may also reduce peak temperatures during temperature surges in urban streams.

Abandoned industrial sites represent a strong environmental threat in many areas
worldwide. A study case [8] has been developed in Belgium to investigate the hydro-
chemical processes controlling groundwater mineralization through the characterization of
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the backfill and groundwater chemical composition. The analysis focuses on groundwa-
ter pollution, due to a mixture of chlorinated solvents with mainly 1,1,1-trichloroethane
(1,1,1-TCA) at high concentrations.

Nowadays, remote sensing techniques are increasingly used to identify subsidence
due to groundwater overexploitation. The volume also has a paper dedicated to the mon-
itoring and modelling of subsidence as consequence of groundwater overexploitation
in Semarang City, the capital of Indonesia [9]. A study integrating numerical modeling
and synthetic aperture radar interferometry (InSAR) is presented. The models, simulat-
ing the hydromechanical coupling of groundwater flow and land subsidence, describe
groundwater management measures to reduce the rate and affected area of subsidence.

Green infrastructure is one of the most important responses to urbanization, and a
large-scale study based on a set of infiltration experiments [10] carried out in three swales
completes this volume. In Holland, in the municipality of Dalfsen, a research project
analyzed infiltration rate variation under extreme climate events. The study contributes to
a better understanding of infiltration processes in this type of drainage system.

Urban planning should consider both above-ground and underground infrastructure
development, including accurate groundwater management. Radutu et al. [11] highlight
the need for accurate studies to properly discriminate the phenomena and processes
generating subsidence. Satellite remote sensing used with a methodology characterizing
the study area, demonstrates a major concordance between the groundwater level and
the vertical displacements. With the purpose of understanding the connection between
the cities’ development and urban groundwater, the article reviews the urban plans in
Romania, analyzes the strategic and planning framework of Bucharest city and discerns
the role of groundwater as one of the main subsidence-triggering factors.

The future of our cities will increasingly need to rely on the sustainable use and reliable
management of urban groundwater. This volume addresses this for groundwater and
geotechnical specialists, civil engineers, infrastructure developers, land-use planners and
geodetic experts. In addition, city managers and experts involved with various sectors of
municipal utilities and environmental departments could use this Special Issue to improve
their understanding of urban hydrogeology as a basis for accurate subsurface management.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Urbanisation is the predominant global phenomenon of our time. This overview provides
an assessment of the trends in both public and private use of groundwater for urban water-supply in
10 developing cities and their policy implications, which is based on the global experience during
2001–2012 of the World Bank—Groundwater Management Advisory Team (a multi-disciplinary team
of groundwater specialists working long-term for the World Bank, with special funding principally
from the Netherlands Government supplemented by the United Kingdom and Denmark), together
with subsequent follow-up enquiries. The strategic assessment analyses both the benefits to water users
and the broader community of groundwater use, and the associated risks in terms of (a) compromising
resource sustainability, (b) impacting the built infrastructure, (c) public-health hazards arising from
widespread groundwater pollution and (d) the economic distortion of water-sector investments.

Keywords: urban development; developing cities; groundwater policy; integrated management

1. Objective of This Overview

In the course of providing data analysis and investment advice to potential World Bank-funded
urban water-supply and water-resource projects worldwide, the World Bank—Groundwater
Management Advisory Team (GW-MATe) collected extensive evidence of fast-increasing dependence
upon groundwater (for public and/or private water-supply) with both benefits and hazards to
water users and the broader community, in the 10 developing cities that are the focus of this paper
(Table 1). The detailed results of the GW-MATe technical surveys and policy diagnostics are available
elsewhere [1,2] and thus the primary objective of the present paper is to provide a concise global
overview of the results of that work, without entering into detail about each of the 10 cities nor about
the methodologies employed.

Table 1. Summary of groundwater concerns and management approaches in 10 cities assessed.

CITY Country
POPULATION *

Utility Water-Supply
MAIN ISSUES AND

CONCERNS
MANAGEMENT APPROACH

BANGKOK Thailand [3] 8 million; 1200 Ml/d
(5%–10% groundwater)

Municipal groundwater use
constrained but massive private
waterwell construction into the
1990s, causing land subsidence

and other impacts

Water utility groundwater use
drastically reduced; groundwater
resource regulator empowered to

control private waterwell use

Water 2020, 12, 456; doi:10.3390/w12020456 www.mdpi.com/journal/water
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Table 1. Cont.

CITY Country
POPULATION *

Utility Water-Supply
MAIN ISSUES AND

CONCERNS
MANAGEMENT APPROACH

LUCKNOW India [1] 3 million; 500 Ml/d
(50% groundwater)

Declining water-table/well yields;
in-situ sanitation causing high

nitrate levels in a shallow aquifer;
uncontrolled private waterwell

drilling

Accidental/incidental conjunctive
use by the water-service utility
since 1973 but groundwater use
requires adequate planning and

new protected sources

AURANGABAD India
[1]

1 million; 150 Ml/d
(0% groundwater)

Poor utility water-service led to
excessive private waterwell

drilling in an aquifer of limited
storage and polluted by universal

in-situ sanitation

Supplementary water source
needed; water-service utility

needs to embrace private
waterwell use (30+Ml/d) and
prioritise the sewerage system

LIMA Peru [2] 8 million; 1100 Ml/d
(30% groundwater)

Declining groundwater
levels/reserves and increasing
saline intrusion from excessive

water utility/industrial abstraction
in the 1980s–1990s

The government commissioned a
water utility who successfully

controlled public/private
waterwell use and implemented

conjunctive management

BUENOS AIRES
Argentina [1]

4 million; 500 Ml/d
(20% groundwater)

(reduced since 1990)

Utility/industrial waterwell use
reduced in the late 1980s (due to

pollution fears); strong water-table
rebound caused groundwater

flooding

Multi-stakeholder task-force on
urban groundwater needed; some

water-utility pumping must be
maintained for

water-supply/drainage purposes

NATAL Brazil [1] 1 million; 280 Ml/d
(100% groundwater)

In-situ sanitation causing
groundwater nitrate pollution
widely to 50+mg/L; seawater

intrusion concerns

Water utility prioritising sewage
for aquifer protection and

harmonising private waterwell
use (45 Ml/d)

RIBEIRÃO PRETO Brazil
[4]

1 million; 500 Ml/d
(100% groundwater)

Groundwater levels have fallen by
50+m since 1970, with increased

pumping costs and some pollution
risks

Institutional agreement on urban
waterwell drilling ban; improved

monitoring and protection
measures for public water-supply

sources

ADDIS ABABA Ethiopia
[5]

3 million; 400 Ml/d
(50% groundwater)

Severe water-supply shortage
being partly met by new deep

wellfield development

Improved monitoring and
management of limited

groundwater resources needed to
avoid conflicts

DAR-es-SALAAM
Tanzania [5]

5 million; 350 Ml/d
(10% groundwater)

Surface-water sources decreasing
in reliability; major private

waterwell use (80+Ml/d) but
aquifer widely polluted by in-situ

sanitation

Developing major new municipal
wellfields in rural areas with

favourable groundwater
conditions to the south

NAIROBI Kenya [5] 4 million; 500 Ml/d
(10% groundwater)

Surface-water sources decreasing
in reliability; major private

waterwell drilling (90–280 Ml/d)
but groundwater levels have

fallen by 50+m

Metering/charging of private
waterwells, with a moratorium on

drilling and licensing new
waterwells

* approximate figure for water-service area (political boundaries render census data inappropriate).

2. Context for Policy Development

2.1. Drivers of Urban Groundwater

Dependence on groundwater for public and/or private water-supply is a fast-increasing
phenomenon in developing cities [6–9], which is occurring in response to population growth,
accelerating urbanisation, higher ambient temperatures, increasing per capita usage and reduced
security of river intakes (due to increased pollution). This global trend has been facilitated by the
reducing (and generally modest) cost of waterwell construction [10]. Today many cities—from across
the EU and USA to Brazil, China, India, Mexico, Nigeria, Pakistan and Vietnam—exhibit a high level
of dependence on groundwater for urban water-supply.
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2.2. Major Issues Relating to Increased Groundwater Use

Those urban centres underlain and/or surrounded by high-yielding aquifers (e.g., Bangkok,
Lima, Lucknow, Natal and Ribeirão Preto/Table 1) usually have better public water-service levels.
However, there are rarely sufficient groundwater resources within urban areas themselves to satisfy the
entire water demand of larger cities, and resource sustainability often becomes an issue with serious
localised aquifer depletion, potentially causing quasi-irreversible side-effects (such as induced seepage
of contaminated water, land subsidence and coastal saline intrusion) [1,11].

This situation is often exacerbated by groundwater quality deterioration due to inadequately
controlled urban sanitation, given the close connection of wastewater handling, disposal and re-use
with underlying shallow groundwater (e.g., Lucknow and Natal/Table 1). It is thus critical that
groundwater quality is systematically monitored, and the risks posed by pollution carefully assessed
and acted upon [10].

The use of groundwater is not restricted to cities with ready access to high-yielding aquifers,
but also occurs widely where the public water-supply is imported from distant surface-water sources
of low reliability and high cost (e.g., Aurangabad, Dar-es-Salaam and Nairobi/Table 1). In this situation,
private in-situ waterwell construction often mushrooms, and self-supply from groundwater widely
represents a significant proportion of water ‘actually received’ by users (widely 20%–30% of total
water-supply and well above 50% in extreme cases).

3. Urban Interactions with Groundwater

Urbanisation modifies the groundwater flow and quality regime in underlying shallow aquifers by:

• substantially increasing recharge rates—since the reduction of infiltrating rainfall through
land-surface impermeabilisation almost always is more than compensated for by water-mains
leakage, infiltrating pluvial drainage and the incidental ‘return’ of wastewater from in-situ
sanitation and sewer leakage, especially where the municipal water-supply is ‘imported from
external sources’.

• greatly increased subsurface contaminant load, mainly from in-situ sanitation (in developing
cities), and to lesser degree from sewer leakage and casual spillage/disposal of industrial and
community chemicals.

These modifications are in continuous evolution. The processes combine to present numerous
threats and some benefits for urban groundwater resources [8]—with the threats being more severe
where shallow aquifers are used for private in-situ self-supply. In one sense, groundwater systems
under cities represent ‘the ultimate sink’ for urban pollutants (with nitrates from wastewater and some
synthetic hydrocarbons being very persistent), but in practice the extent to which the contaminant load
impacts groundwater will vary widely with the vulnerability of the aquifer system.

In turn, man-made modifications to groundwater regimes can seriously impact urban
infrastructure, with the impacts becoming more serious under unstable groundwater conditions:

• falling water-table due to excessive groundwater extraction, leading to land subsidence, building
damage and increased surface-water flood risk (e.g., Bangkok/Table 1);

• water-table rebound, if groundwater use is abandoned for some reason such as serious pollution
(e.g., Buenos Aires/Table 1), causing basement damage, groundwater flooding to transportation
routes, malfunction of septic tanks and excessive inflows to deep collector sewers.

All of these problems can be very costly and surprisingly persistent—and while most are
‘predictable’ in theory, they are rarely ‘predicted’ in practice because of the widespread absence of an
institution charged with the oversight and management of urban groundwater.
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4. Integrating Groundwater into Urban Water and Land Management

Groundwater is far more significant in the water-supply of fast-developing cities than is widely
appreciated, and is also the ‘invisible link’ between various facets of the urban infrastructure. Regretfully,
many organisations concerned with urban water-supply and environmental management have a poor
understanding of groundwater as a component of the urban water-cycle and one that always needs to
be integrated into decisions on urban infrastructure planning and investment, whatever its status.

4.1. Conserving Groundwater Reserves for Water-Supply Security

In future, it will be important for the major groundwater storage of most aquifers to be used to
improve urban water-supply security, as part of a strategy to cope with the pressures generated by
urban growth and climate change.

First and foremost, there is widely a need to introduce effective demand management measures to
constrain unnecessary use and to reduce ‘unaccounted for water’, and these need to be accompanied
by managed aquifer recharge (from roof-drainage soakaways, permeable pavements and injection of
excess surface water via lagoons or large wells) to maximise urban aquifer replenishment. All of this
will require a ‘resource culture’ to be cultivated within water utilities.

Where existing groundwater development is excessive and beginning to cause land subsidence
that may threaten the stability of urban infrastructure, there is a need to employ risk assessment
techniques to identify potential problems [12,13].

It is important that schemes of conjunctive use of groundwater and surface-water sources (Figure 1)
be pursued imaginatively, since most so-called ‘conjunctive use’ currently practised in developing
cities amounts to a ‘piecemeal coping strategy’ rather than the more ‘optimised approaches’ that have
been successfully implemented in Lima and Bangkok (Table 1).

Figure 1. Planned and spontaneous conjunctive use for urban water-supply.

The development of external wellfields for utility water-supply (e.g., Addis Ababa, Dar-es-Salaam
and Ribeirão Preto/Table 1) is another much needed policy response for the strategic use of groundwater.
Investment in such wellfields and water delivery-mains requires insurance through declaring their
‘capture areas’ as drinking-water protection zones [14,15]. This often encounters administrative
impediments related to fragmented powers between the municipalities comprising ‘metropolitan
areas’, and improved governance arrangements and economic incentives need to be explored to
overcome this problem.

Given the continuous evolution of groundwater use in ‘urban aquifers’, and some hydrogeologic
uncertainty in predicting their precise behaviour, it is desirable to adopt an ‘adaptive management
approach’ to urban groundwater resources. This should be based on continuous monitoring of
groundwater levels and quality, and guided by a (periodically updated) numerical aquifer model.
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4.2. Incorporating Groundwater into Sanitation and Drainage Planning

The groundwater–sanitation nexus is extremely relevant in developing nations, where extensive
in-situ sanitation presents a significant groundwater quality hazard (Figure 2). It may be decades before
the full extent of pollution becomes fully apparent because contamination of large aquifers is a gradual
and insidious process. Thus, it is critically important to recognise the incipient signs of groundwater
pollution through shallow aquifer monitoring and to put in place groundwater protection measures.

Figure 2. Groundwater relations within the urban water-cycle.

In most settings (except for shallow and vulnerable aquifers), there will be sufficient attenuation
capacity to eliminate faecal pathogens from percolating wastewater, but the hazard increases markedly
with inadequate waterwell construction and/or poor septage management, which are typical of
anarchical fast-growing cities. However, troublesome levels of nitrogen compounds and dissolved
organic carbon will arise to varying degrees, depending on the population density served by in-situ
sanitation. For municipal water-supply, the problem is often dealt with by dilution through mixing,
but this requires a secure source of high-quality water and also has absolute limitations because some
wastewaters contain a wide array of pharmaceutical residues and industrial chemicals.

An integrated approach is required to reduce the cost and improve the security of the urban water
infrastructure. There are numerous practical measures that can be taken to improve the sustainability
of groundwater use, including:

• prioritisation of recently-urbanised districts for sewerage cover to protect their good-quality
groundwater from gradual degradation;

• establishment of groundwater protection zones around utility waterwells favourably located to
take advantage of parkland;

• imposition of better controls for the handling and disposal of industrial effluents and solid wastes
to reduce the risk of aquifer pollution.

Groundwater pollution can be reduced by deploying dry (eco-sanitation) units, in which urine
is separated from faeces, with both being recycled. The latter installations are recommended for
new urban areas overlying shallow aquifers, but they are not the universal solution to groundwater
contamination because large-scale retro-installation in existing dwellings is very costly.

An important corollary is making better use of increasing wastewater resources generated by
wider sewer coverage—this could be through reuse for amenity and agricultural irrigation that is
spatially planned and appropriately controlled so as to minimise public health hazards, including
incidental pollution of groundwater in potable use [16].
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4.3. Private In-Situ Groundwater Use—Reducing Risks and Improving Benefits

Private capital investment to access groundwater in situ for urban self-supply often mushrooms
during periods of inadequate utility water-supply [1,17]. This is essentially a ‘coping strategy’ by
multi-residential properties, and commercial and industrial enterprises. Water users tend to take
their supply from multiple sources according to their availability and relative cost, with much more
expensive tankered water as the last resort.

Private self-supply from groundwater is then likely to continue by many users as a ‘cost-reduction
strategy’ when the availability of the utility supply improves. Although the ‘economy of scale’ can
be poor, the cost of water-supply from this type of source often compares favourably with the tariffs
implied by full cost-recovery for new utility surface water-supply schemes. Whether private residential
groundwater use presents a serious threat to users will depend on the type of anthropogenic pollution
(or natural contamination) present and the type of water-use concerned.

An emerging policy question is under what circumstances the risks or inconveniences of private
residential self-supply from urban groundwater justify attempts to ban the practice. Many private
waterwells are, at best, unregulated and at worst illegal. In the longer run, this is counterproductive
for the private user and the public administration but can be regularised by management interventions
such as:

• using advances in geographical positioning and data capture to locate waterwells;
• registering commercial/industrial users and residential use for apartment blocks/housing estates,

and charging for groundwater use by waterwell pump capacity or metering discharges to sewers;
• issuing water-quality use advice and health warnings to private waterwell operators, and if

pollution is severe, declaring sources unsuitable for potable use;
• gaining civil-society commitment through effective participatory mechanisms and incentives

for ‘self-monitoring’.

4.4. Groundwater in Decentralised Urban Water-Service Provision

Given the escalating rates of urbanisation globally, new paradigms for water-service provision
need to be found. ‘Closed-loop’ operations for suburbs of 10,000–50,000 population on a ‘decentralised
basis’ would appear to be an attractive alternative, either managed by the water utility or a community
organisation. Such systems can be operated to minimise infrastructure costs, energy use and water
losses, since they reduce the distance between household use and water treatment [18]. They can also
promote energy and nutrient recovery by converting the current liability of wastewater treatment
into assets, through urine/faeces separation and re-use of the former as a fertiliser and the latter for
energy generation.

The natural drought resilience and quality protection of deep waterwells means that they are well
suited to be the water-supply source for decentralised closed-loop water-service systems. Since these
systems treat wastewater as a resource, their installation should substantially reduce the urban
subsurface contaminant load, and thus one major groundwater pollution threat. Nevertheless, it will
also be necessary to put more local attention and effort into on-the-ground inspection and control
of other forms of urban land and groundwater contamination (such as gasoline stations, small-scale
motor shops, dry-cleaning laundries, etc.) to prevent the pollution and loss of key waterwell sources.

5. Filling the ‘Institutional Vacuum’ in Urban Groundwater

There is a clear need for groundwater considerations to be integrated into decision-making on
infrastructure planning and investment, but institutional capacity to take the lead is often limited
because:

• water-resource agencies rarely have the capacity to cope with urban development dynamics;
• urban water utilities are often ‘resource illiterate’ despite increasing groundwater dependence;
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• urban land and environment departments have a poor understanding of groundwater.

As a consequence, the strategic importance of urban groundwater is not yet reflected by sufficient
investment in management and protection of the resource base. Urban groundwater tends to affect
everybody but is often the responsibility of ‘no body’. Municipal, provincial or state, and national
governments need to find the political will and practical means to:

• constrain groundwater demand and limit abstraction by socio-economic and regulatory measures,
so as to avoid excessive aquifer depletion and degradation;

• encourage the spread of groundwater abstraction for municipal water-supply over larger land
areas, through the declaration of special conservation and/or protection areas;

• plan urban sanitation better and regulate the storage of industrial chemicals and handling of
industrial effluents in the interest of much improved groundwater quality protection.

Governments, from national to local level, need to seek realistic policies and effective institutions
to proactively manage urban groundwater resources. They will require political leadership and the
engagement of major stakeholder groups. In pursuing these policies, it will be essential to make a
critical appraisal of the actual and desirable roles of national/state water-resource and environment
agencies, municipal water-service utilities, and municipal government offices responsible for land-use
and industrial licenses—as well as the avenues of consultation and communication between them.
This is required to address split institutional interests and responsibilities, and identify a mechanism
for long-term periodic review and systematic action on urban groundwater.

Moreover, the dynamics of urban development and its relationship with groundwater are such as
to merit the formation of a ‘cross-sector urban groundwater consortium’ (or standing committee) of
all major stakeholders and regulatory departments/agencies. Such consortia should be tasked with
communicating groundwater issues at the political and executive levels, and must be empowered and
financed to define and implement a ‘priority action plan’. They must also be provided with a sound
technical diagnosis from an appropriate group of institutional and university specialists.

Funding: The writing of this review received no external funding.

Acknowledgments: The author would like to acknowledge stimulating interaction with the following people on
urban groundwater issues: Ricardo Hirata (Brazil), Ken Howard (Canada), John Chilton (UK) and Radu Gogo
(Romania), and the anonymous reviewers of this paper who made valuable suggestions for its improvement.

Conflicts of Interest: The author declares no conflict of interest.

References

1. Foster, S.; Hirata, R.; Misra, S.; Garduño, H. Urban Groundwater Use Policy–Balancing the Benefits and Risks
in Developing Nations; GW-MATe Strategic Overview Series 3; World Bank: Washington, DC, USA, 2011.
Available online: www.un-igrac.org (accessed on 1 September 2019).

2. Foster, S.; van Steenbergen, F.; Zuleta, J.; Garduño, H. Conjunctive Use of Groundwater and Surface
Water—From Spontaneous Coping Strategy to Adaptive Resource Management; GW-MATE Strategic Overview
Series 2; World Bank: Washington, DC, USA, 2010. Available online: www.un-igrac.org (accessed on
1 September 2019).

3. Buapeng, S.; Foster, S. Controlling Groundwater Abstraction and Related Environmental Degradation in Metropolitan
Bangkok, Thailand; GW-MATe Case Profile Collection 20; World Bank: Washington, DC, USA, 2008.
Available online: www.un-igrac.org (accessed on 1 September 2019).

4. Foster, S.; Hirata, R.; Vidal, A.; Schmidt, G.; Garduño, H. The Guarani Aquifer Initiative—Towards Realistic
Groundwater Management in a Transboundary Context; GW-MATe Case Profile Collection 9; World Bank:
Washington, DC, USA, 2009. Available online: www.un-igrac.org (accessed on 1 September 2019).

5. Tuinhof, A.; Foster, S.; van Steenbergen, F.; Talbi, A.; Wishart, M. Appropriate Groundwater Management Policy
for Sub-Saharan Africa in Face of Demographic Pressure and Climatic Variability; GW-MATe Strategic Overview
Series 5; World Bank: Washington, DC, USA, 2011.

11



Water 2020, 12, 456

6. Howard, K.W.F. Urban Groundwater—Meeting the Challenge; IAH Selected Paper Series 8; Taylor & Francis:
Oxford, UK, 2007.

7. Taniguchi, M.; Dausman, A.; Howard, K.; Polemio, M.; Lakshmana, T. Trends and sustainability of
groundwater in highly stressed aquifers. In Proceedings of the Symposium HS. 2 at the Joint Convention
of the International Association of Hydrological Sciences (IAHS) and the International Association of
Hydrogeologists (IAH), Hyderabad, India, 6–12 September 2009; Taniguchi, M., Dausman, A., Howard, K.,
Polemio, M., Lakshmana, T., Eds.; IAHS Press: Wallingford, UK, 2009.

8. Foster, S.; Hirata, R. Groundwater use for urban development: Enhancing benefits and reducing risks.
Water Front 2011, 21–29.

9. Foster, S.; Bousquet, A.; Furey, S. Urban groundwater use in Tropical Africa-a key factor in enhancing water
security? Water Policy 2018, 20, 982–994. [CrossRef]

10. Resilient Cities and Groundwater. IAH Strategic Overview Series. Available online: https://iah.org/wp-
content/uploads/2015/12/IAH-Resilient-Cities-Groundwater-Dec-2015.pdf (accessed on 1 September 2019).

11. Morris, B.L.; Seddique, A.A.; Ahmed, K.M. 2003 Response of the Dupi Tila Aquifer to intensive pumping in
Dhaka-Bangladesh. Hydrogeol. J. 2003, 11, 496–503. [CrossRef]

12. Lyu, H.M.; Sun, W.J.; Shen, S.L.; Arulrajah, A. Flood risk assessment in metro systems of mega-cities using a
GIS-based modeling approach. Sci. Total Environ. 2018, 626, 1012–1025. [CrossRef] [PubMed]

13. Lyu, H.M.; Shen, S.L.; Zhan, A.; Yang, J. Risk assessment of mega-city infrastructure related to land subsidence
using improved trapezoidal FAHP. Sci. Total Environ. 2019, 135310. [CrossRef] [PubMed]

14. Foster, S.; Hirata, R.; D’Elia, M.; Paris, M. Groundwater Quality Protection—A Guide for Water-Service Companies,
Municipal Authorities and Environment Agencies; GW-MATe Publication; World Bank: Washington, DC, USA,
2007. Available online: www.un-igrac.org (accessed on 1 September 2019).

15. Sun, R.; Jin, M.; Giordano, M.; Villholth, K. Urban and rural groundwater use in Zhengzhou—China:
Challenges in joint management. Hydrogeol. J. 2009, 17, 1495–1506. [CrossRef]

16. Foster, S.S.D.; Chilton, P.J. Downstream of downtown–urban wastewater as groundwater recharge.
Hydrogeol. J. 2004, 12, 115–120. [CrossRef]

17. Gronwall, J.T.; Mulenga, M.; McGranahan, G. Groundwater and Poor Urban Dwellers—A Review with Case
Studies of Bangalore and Lusaka; IIED Human Settlements Working Paper 25; International Institute for
Environment and Development: London, UK, 2010.

18. Vairavamoorthy, K.; Tsegaye, S.; Eckart, J. Urban water management in cities of the future: Emerging areas
in developing countries. Water Front 2011, 42–48.

© 2020 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

12



water

Article

Hydrogeological Studies Integrating the Climate,
Freshwater Cycle, and Catchment Geography for the
Benefit of Urban Resilience and Sustainability

Susie Mielby * and Hans Jørgen Henriksen

Geological Survey of Denmark and Greenland (GEUS), 8000 Aarhus C, Denmark; hjh@geus.dk
* Correspondence: smi@geus.dk; Tel.: +45-2055-5310

Received: 10 September 2020; Accepted: 19 November 2020; Published: 26 November 2020

Abstract: Today, there is an increasing need to understand how to link the management of the surface
and subsurface to avoid disasters in many urban areas and/or reduce the likelihood of future risks.
There is a need for thorough investigation of subsurface processes. This investigation should entail an
analysis of water security, flood risks, and drought hazards in urban areas that may affect long-term
sustainability and the ability to recover from disturbance, e.g., a capacity for resilience. In this context,
as part of this analysis, potential biophysical and hydro-meteorological hazards need to be studied
and subdivided according to geological, hydrogeological, man-made, and climatic origin, and by
their characteristic temporal scales and site specific characteristics. The introduction of adaptive
design and resilience in urban and suburban planning and management requires a shift towards more
organic, adaptive, and flexible design and management strategies. This leads to the use of a complex
cross-disciplinary methodology. We consider data collation, modelling, and monitoring designed
to fit typical urban situations and complexity. Furthermore, implementation of strategic planning,
decision-making to manage the consequences of future infrastructure and constructions are considered.
The case studies presented are experiences from different hydrogeological studies performed in
Odense, Denmark. Rising population and densification is affecting Odense, and there is risk of
raised seawater level, groundwater, and surface-water flooding. The anthropogenic modification
of subsurface structures and increased climate changes enhance the risk of hazards and the risk of
coinciding impacts.

Keywords: urban; resilience; sustainability; hazards; subsurface; water cycle; land-use; infrastructure;
planning; catchment; hydrogeology

1. Introduction

Under ‘natural’ conditions, the hydrological water cycle is in a state of balance. In numerous
ways, however, basins are being artificially modified by land use changes and urban development.
These modifications affect natural processes and can result in increased flood or drought risk, due
to reduced storage and faster runoff, as well as numerous other impacts reducing the value of the
ecosystem services that healthy aquifers and river basins can provide [1] (p. 31).

Cities and their residents can be particularly vulnerable to the negative impacts of man-made
river basin processes and future changes resulting from climate change.

1.1. Urban Needs

Cities need to improve their understanding of how river basin management and nature-based
measures can be hydrogeologically, ecologically, and socially constructed to create benefits in urban areas.
There may also be competition in use of subsurface areas and water resources. These challenges are of
increasing importance in light of the abovementioned issues of global population growth, increased

Water 2020, 12, 3324; doi:10.3390/w12123324 www.mdpi.com/journal/water
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urbanization, and potential climate change impacts [1] (p. 31), and planning and management must
focus on the consequences in order better to protect current and future interests [2].

1.2. State of Focus on Implementation

The International Water Associations (IWA) initiative on river-basin connected cities has primarily
been focused on surface activities and runoff. However, IWA notes that catchments are predominantly
defined by surface topography and that groundwater systems are defined by geological basin geometry
and climate. Consequently, the involvement of the groundwater, with its 3D complexity, is seen as
a possibility for improving the planning of water resilience and sustainability [1] (p. 39). As the
subsurface is an important constituent of the physical environment of cities, better urban subsurface
knowledge and communication of this knowledge to decision-makers have been the focus for the
COST Action TU1206 Sub-Urban [3,4]. This COST Action TU1206 Sub-Urban, comprised a study
of 26 cities (with participating geoscientists in 31 countries), to identify common knowledge and
communication gaps between subsurface experts, urban planners, and decision-makers [5]. They
stated that “the only possible way to bridge this gap is to provide the right type of subsurface
information in the right format and at the right time and to ensure that decision makers and urban
planners are able to understand and use this information to make decisions”. The need is to better
understand where in the planning hierarchy and processes different types of information are needed [6].
Other recent projects (NORDRESS [7,8]) have focused on societal security in relation to personal,
community, infrastructural, and institutional resilience—with resilience being defined as “an integrated,
learning-based approach to management of human-ecological interactions, with explicit implications
for planning interventions and resulting design forms” [9]. This means that urban designs and
interventions must be adaptive and resilient to a change that cannot be predicted with certainty or
controlled completely. Resilience therefore, is a broader concept than simply managing infrastructure
failure and damage levels (for example due to flooding) guided by a single discipline or expertise.
Instead, meaningful community engagement in the planning and adaptive design process is necessary.
Key issues include the ability to learn and to make collective decisions, and the ability for different actors
to influence risk management. No single country, region or city has achieved complete competency on
all four points [8].

For interacting systems like urban landscapes and groundwater the long-term sustainability,
and health of landscape and their underlying groundwater has three major dimensions—environmental,
economic, and social. Social-ecological research argues that these dimensions should not be addressed
by ‘silo’ approaches. Instead, emphasis must be on system level characteristics such as resilience or
adaptive capacity of human–technology–environment systems [10], where management and adaptation
are adaptive, resilient, and reflective, honoring the catchment and subsurface that sustain the city [11].

1.3. Strategy for the Work Achieving Resilience and Sustainability

The implementation of Sustainable Development Goals (SDGs) implicitly calls for a system of
models and plans, which target research toward something more durable (long lasting and longsighted),
more diverse (with different properties and scales), and more robust (with the ability to deliver replicable
solutions and assessments). SGD 6, among others, deals with access to clean water, prevention of
pollution, integrated water resource management, and protection and reestablishment of ecosystems.
SDG 11 deals with inclusive and sustainable cities, protection of culture and nature, reducing impacts of
disasters, and increased access to green areas. SDG 13 deals with resilience against climate related risks
and hazards, sharing of knowledge. SDG 17 deals with partnering for shared knowledge, development,
technology, and monitoring.

We argue for the importance of providing and enhancing specific knowledge about all conceived
needs and potential hazards of the water cycle from an early stage in order to avoid later surprises.
It has been the tradition for many years to elaborate new models in order to solve emerging problems,
which implies that the bases for planning and management rely on different data and thus are often
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not comparable. Therefore, a more systematic mapping and modelling of the landscape and urban
subsurface must be based on the characteristics in the geographical area; the climate and predicted
changes in that area, the degree of subsurface stability (abstraction and infiltration), land use, drainage,
etc. But, the mapping and modelling must also consider the broader aspects of resilience connected to
human-technology-environment systems [10–14].

1.4. Aim of the Paper

In this paper, we first focus on a study of geological and hydrological processes and man-made
impacts including the relevant parts of integrated planning (such as construction, economy, green areas,
occupation, infrastructure, water environment, etc.) [2]. Then, we consider the use of technical solutions
for enhanced and cohesive decision and planning support. We mainly build our understanding on years
of studies and experience. This is gained from existing hydrogeological models and monitoring projects
in the Danish municipality of Odense, along with the selected ‘sustainability’ indicator (e.g., depth
to shallow groundwater table), elaboration of a monitoring strategy, and the consequences tolerated
for individual indicators inspired by the Monitor–Data–Indicator–Assess–Knowledge chain (MDIAK)
(see Figure 1, modified after The European Environmental Agency (EEA), [15]). Furthermore, we
build on the understanding of the person–community–infrastructure–institutional societal resilience
framework developed in NORDRESS [7,8] in order to minimize risks from hazards and integrate
scientific knowledge.

Figure 1. The Monitoring–Data–Indicator–Assess–Knowledge (MDIAK) reporting chain leading to
knowledge, understanding, and action (on the right-hand side the same chain can be used to design
assessments, communicate results and support the monitoring).

Odense City is used as example. Odense City has a risk of impacts from man-made activity and,
due to its position near the bottom of Odense River catchment and the coast, it is at risk of groundwater
flooding, surface-water flooding, and raised sea-level. This implies, associated with climate change
modifications, that there is an increased possibility of areas with various coinciding hazards.
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2. Analysis of Natural and Man-Made Processes in Regard to Urban Studies

To be able to perform knowledge-based decisions in urban planning, all important natural and
anthropogenic processes must be taken into account. These processes have to be characterized and
analyzed if their impacts are costly or represent a threat to health, cultural heritage, or ecosystems.

Key elements that have to be considered include climate, the water cycle, and natural and
man-induced hazards. Table 1 compares the size and extension of natural and man-made hazards in
the urban landscape. In addition, common relationships between the climate and man-made impacts
have to be studied. The use of data, modelling, and monitoring have to be considered for improved
planning and management.

Table 1. Estimated spatial extension of urban processes related to climatic, geological, and man-made
hazards (capital bold letters indicate the main spatial regime). Modified after The PanGeoProject [16].

Hazard Driver Processes
Local Unit

(Construction)
City

Quarter
City

Landscape
Metropole

Hydrological
Basin

Meteorologically
Induced event

Climate Change
Cloudbursts
Droughts
Sea level Rise
/Storm Surges

x x X

Geologically Induced
Deep Ground
Movement

Earthquakes
Tectonic Movements
Salt Tectonics
Volcanic
Inflation/Deflation

x X x

Geologically Induced
Ground Instability

Land Slide
Soil Creep
Ground Dissolution
Collapsible Ground
Running
Sand/Liquefaction

X x

Geologically Induced
Ground Movement

Shrink-Swell Clays
Compressible Ground X X

Man-made
Ground Instability

Shallow Compaction
Peat Oxidation
Groundwater
Abstraction
Mining
Underground
Construction
Artificial Ground
Oil and Gas Production
Surface Excavation

X X x

2.1. Natural Hydrological Processes Impacting Urban Freshwater Cycle

The hydrological cycle is based on an equilibrium state between precipitation, evaporation, surface
runoff, infiltration, and groundwater flow. Any modification in the hydrological catchment results
in changes towards a new state of equilibrium. Precipitation, wind, and temperature are important
meteorological drivers of the hydrological cycle that have to be considered. In Denmark, increasing
precipitation has been observed within the last century and further climate changes are predicted in
years to come that will increase water levels, facilitate cloudbursts with floods, and produce dryer
summers with droughts. Moreover, a rise in sea level is expected.

Increased precipitation intensity can nearly instantaneous induce streamflow alterations but
no corresponding impact on groundwater is detected. Whereas, long-lasting meteorological events,
such as droughts or wet seasons, can be associated by similar changes in groundwater levels identified
by the regional monitoring and need to be taken into account in urban planning.
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2.2. Geological Processes in Urban Areas

The landscape form and ground permeability of near-surface layers largely control runoff and
infiltration. A terrain characterized by steep slopes combined with high clay content in the upper
soil layers usually results in a large amount of surface runoff. On the contrary, infiltration into the
ground increases, if the land-slope is gentle and near-surface layers have a higher permeability. Thus,
geological mapping provides important knowledge for the characterization of an area (See Tables 1
and 2).

Table 2. Natural hydrological processes in the freshwater cycle affecting urban planning (capital bold
letters indicate impact magnitude).

Hydrological Processes
Groundwater
Re-/Discharge

River Basin Groundwater System

Meteorology
(net precipitation) X x

Surface runoff X X

Soil and Unsaturated
zone percolation X X

Stream flow X x

Groundwater flow x X X

Urban geology drastically influences city development, as well as its freshwater cycle [4] (pp. 39–41).
Within the urban subsurface, the occurrence of even smaller thicknesses of organic deposits or
sensitive clays can cause geotechnical problems for the foundations of buildings and cultural heritage.
Such problems increase with changes in the groundwater level, as can be seen in e.g., Denmark and
The Netherlands. Another example, relating to some of the Mediterranean countries, is tectonic and
volcanic activity released forces resulting in uplift, changing flow directions in streams and aquifers.

2.3. Anthropogenic Deposits Resulting from Urban Evolution

Urban anthropogenic deposits are a consequence of urban growth, land-use changes,
and technological development. These deposits consist of buildings, bricks, pipes, tunnels and
fills and they reflect anthropogenic history. These deposits need to be judiciously studied as they
impact traditional hydrogeological modelling. To understand and interpret urban geology, it is
necessary to include a mapping procedure for the anthropogenic elements, and the developments over
time [17] have to be taken into consideration. For example, the vast majority of Danish cities have
developed in the past 200 years (see Table 3). Consequently, the city center will have a sequence of
subsurface layering affected by all historical activities, while only recent ones will occur in the youngest
parts of the city.

Man-made activities are able to affect groundwater levels, superficial groundwater runoff,
and surface runoff. In Table 4, examples of man-made urban impacts affecting the hydrological
cycle within the last 200 years are summarized and classified. In addition to the originally targeted
purpose of constructions, unwanted and often unforeseen impacts can also occur (e.g., blocking and
intersection of aquifer flow [18,19]). Lowering of the groundwater tables can result, simultaneously
with declining groundwater quality due to infiltration from contaminated sources—for example,
in Odense [20,21] and Copenhagen [20–23] pollution from surface water and saltwater intrusion, have
occurred, and pyrite-oxidation with increased sulphate concentrations in groundwater related to
the unsustainable drawdown of groundwater levels near wellfields [22,23]. Furthermore, lowering
of the water table in several cities has resulted in a compaction of the subsurface, inducing a land
subsidence as a result (e.g., in Shanghai [24]). Stopping or reducing groundwater abstraction can result
in groundwater level and quality changes, as has been seen in Odense [20,25].
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Table 3. Activities in Danish urban areas; historical evolution within the last 200 years (Compilation of
the evolution of urban areas based on Cartographic maps from Odense).

Man-Made Action Main Activity Years

Densification of the cities. –Now

Anthropogenic deposition (especially during the first 100 years), along
with urbanization. 1840–1940

Increasing pollution related to the industrialization process. 1840–1980

Moving of rural population into the cities 1840–Now

Piping of natural streams and draining wetlands. 1870–1980

Increasing fortified areas and infrastructural constructions. 1900–Now

Increasing groundwater abstraction of groundwater for households and
industry, until groundwater pollution from industries and human
activities reduced groundwater abstraction.

1940–1970
1970–Now

Subsurface construction with the technological development. 1940–Now

Introduction of Danish Planning Act, intended to subdivide cities into
separate areas for trade, industry, and dwellings. 1970–Now

Initiating extensive cleaning of industrial sites and landfills. 1982–Now

Table 4. Examples of man-made urban impacts affecting the hydrological cycle within the last 200
years (Table based on authors experience from Odense and other places).

Man-Made Activity Urban Impacts

Increased pavement extension, especially within the
past 200 years.

Modifying infiltration and evaporation, as well as
increasing surface runoff.

Establishing large construction works (buildings,
pipelines, tunnels, roads, etc.)

Inducing modification of surface runoff and of
groundwater flow levels.

Groundwater abstraction Affecting both groundwater flow and level.

Draining of wetlands Increasing surface runoff.

Land surface draining Lowering of groundwater level.

Laying water pipes and sinks in trenches filled with
sand and gravel.

Local change of upper groundwater flow direction
and velocity (convergence with ‘channels’ and sinks).

Sustainable Drainage Systems (SuDS) established to
reduce excess rainwater. Local increase of ground water level.

The land surface near shallow groundwater stratum can also be affected by regulation of ditches
and watercourses, which affect surface runoff. Abstraction in the upper end of the catchment can affect
runoff in the summer seasons, which will be of special importance for the ecosystems.

2.4. Climatic Impacts on the Hydrogeological Catchment Related to Anthropogenic Activity

When considering the effect of man-made activities in a catchment, it is also necessary to include
the impact of expected climate change. Climate changes can result in a change of sea level due to
melting polar ice, and modifications of the precipitation and evapotranspiration regimes in terms of
quantity and distribution. Identification of potential impacts on existing buildings, cultural heritage
areas and ecosystems is the main focus of climatic-change studies It is important to provide a common
understanding of the likelihood of impacts from other man-made processes. Mitigation and adaptation
will typically require a coherent sequence of assessments in order to clarify:

• Where in the catchment climate change will have an (unacceptable) effect on surface runoff and
groundwater levels?
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• Where is it technically possible to reduce and delay these unacceptable impacts?
• Where in the catchment should potential adaptation and mitigation solutions have an acceptable

influence on groundwater levels and surface runoff?

In Denmark, implementation of SuDS (Sustainable Drainage Systems) is commonly used to
separate rainwater from grey water. The challenge of using SuDS in these areas is to infiltrate
excess water into the subsurface. If infiltration is possible, it must be checked that raising
groundwater levels in the infiltration area and surrounding land are acceptable. An example is
Vinkælderrenden/Skibhuskvarteret in Odense; after a detailed mapping and hydrological modelling,
it was realized that the groundwater level elevated unacceptably in the neighboring areas. Therefore,
an alternative solution had to be found.

2.5. Influences of Human Settlements

For millennia, our ancestors have accessed water bodies for drinking water, fishing, and easy
transport. Many cities were, therefore, founded near rivers and near the coastline, and thus at
the bottom of hydrological catchments. Activities in the entire upstream catchment thus require
consideration, with its boundary often situated at considerable distance from the city and its peri-urban
areas—because man-made activities at the top end of the catchment can have downstream impacts.
The management of rural areas situated upstream of cities is usually done with a different perspective
with agriculture being the main focus. In general terms, the draining of agricultural land, watercourse
straightening, and crop cutting, together with increasing paved areas, all tend to increase surface runoff
and flood risk in downstream urban areas. Extreme flooding events are expected to increase with
predicted climate change with more warm and wet winters, and more intense cloudburst events in
the summer. A further complication arises, when catchment areas cross authority boundaries and the
management of these upstream areas is the responsibility of another authority. Thus, the management
structure and relative position of a city and its boundaries are of importance for determining resilience
and sustainability.

2.6. Essential Added Knowledge for City Management and Planning

Traditionally, urban planning and management have been based on thematic maps containing
information about constructions, infrastructure, occupation, and land-use. Since urban areas also have
a buried infrastructure (cultural and archaeological sites, subsurface constructions etc.), such topics as
aquatic ecosystems, aquifer vulnerability, thermal and mineral resources, ground stability, and waste
disposal all require hydrogeological consideration for hazard identification and risk management.
For hydrogeological planning and management purposes, there is a need for a regularly repeated
process (for each planning period) that also includes relevant urban issues, rather than site-specific
projects covering only one specific problem. There is a need for stepwise knowledge building—starting
with: existing maps and data sets, new data capture and data collation, and basic hydrogeological
model building, assessments, and use of knowledge in planning (Figure 2). This requires building
relevant and conceptualized information—for example, temporal and geographical scale, history,
demography, infrastructure, land-use, and hydrogeology—to be represented in three dimensions and
visualized with integrated GIS at a higher level than previously.

The process contributes to a large amount of data and flexible use of selected information is
needed in order to avoid starting over again whenever new situations arise. Thus, there is a need
to determine which information should be made digitally available, and how this can be performed
by which digital processes. The evaluation of existing, digitally-available hydrogeological data and
models from previous studies, and the evaluation of supplementary data, are important parts of the
analytical process and working methods for determining increased resilience and sustainability.
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Figure 2. Urban hydrogeology system with step-wise knowledge building process: from screening
existing data to development of decision-making tools and plans.

Urban management and planning, involving natural and anthropogenic processes requires a
systemic focus on the following data:

• Basic hydrogeological information system (including climate, hydrogeology, surface-water
catchment and sea level, and potential changes to them);

• Drinking water-supply and waste water plans;
• Urban infrastructure and environment (including issues to support infrastructure development,

cultural, and environmental risk assessment);
• Planning hierarchy and its management.

What is important is that urban management and planning activities require a good understanding
of current hydrogeological and hydrological conditions, a good comprehension of their evolution
over a long time, and a reliable estimation on the consequences of potential changes expressed in
terms of modelling scenarios. It involves natural and anthropogenic processes from two viewpoints,
contributing to greater resilience and sustainability:

• A geoscientific urban perspective that includes new model building, monitoring, and assessment;
• An adaptive planning and governance perspective that handles the necessary information and its

correct use.

3. Hydrogeology in Odense (Denmark)—Methods of Mapping and Assessment

Odense Municipality (Denmark) is a good basis for a practice example, since the water supply,
the municipality, and the former county authority (the Danish counties were closed in 2007 as a result
of a local (municipalities) and regional (counties) governmental reform) have had a long tradition of
data collection and groundwater mapping. Therefore, data and experience are available for further
knowledge building.

3.1. Subsurface Mapping and Assessments

It is important to use a robust hydrodynamic subsurface model (anthropogenic and geological)
and relatable time series that can define indicators to assess the groundwater dynamics of selected
aquifers. One of the keys to replicable scientific work in Odense is using common public databases
with relevant, standardized, and correct datasets that are easy to access. This ensures that the same
basis for decision-making and for information updating are used. The foundation for this work was the
development of a ‘new’ city-scale 3D geological and hydrogeological model that provides a coherent
and updated basis for the urban water cycle analysis and for management of the urban subsurface.
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Depending on the specific situation, one must select hydraulic assessment models that are built
on these datasets (see Figure 1). The connection with the work performed in knowledge-building
(from data collation to hydrodynamic model) is important for the following hydrological assessments
and monitoring. Dealing with hydrogeological modelling we differentiate between existing project
situations and a new municipality model with a year-by-year updating. Figure 3 illustrates the four
steps consisting of Subsurface data, Hydrodynamic subsurface modelling, Hydrological assessment
and Monitoring.

Figure 3. The four steps: Subsurface urban data, Subsurface modelling, Assessment, and Monitoring.

Requirements of a City Scale Concept Hydrodynamic Model Framework

First, a city-scale concept is required to allow the combination of anthropogenic and hydrogeological
information. It is essential that the modelling, in selected areas, is based on detailed knowledge of
natural and man-made processes and their potential impacts. When the modelling of subsurface
knowledge is extended to the entire municipality systematic mapping rather than a project-based
approach is mandatory. This is a cross-disciplinary process with several challenges:

• The established hydrogeological model is based on heterogeneous information from the existing
boreholes, geophysics, maps, and models of varying quality and age;

• The anthropogenic man-made deposits beneath the cities differs in age, scale and origin from
geological deposits. Collation of data and modelling on anthropogenic deposits are related to the
urban history and deviates very much from hydrogeological processes;

• A workflow for interlinking and merging different kinds of models has to be designed;
• A definition of due care in regard of the maintenance of the modelling is necessary, and has to be

defined from the outset;
• A design of information output has to be defined.

3.2. Development of ‘New’ City Scale Hydrogeological 3D-Model

In Odense, the national geological survey, the municipality, and the local water utility found in
2012 that most geological and hydrogeological mappings was in rural areas, but similar activity for
the urban areas was lacking. Thus, a goal was established to produce one model at a municipality or
city scale, which, through sustained maintenance and development, could be improved year-on-year
with the introduction of new geological and hydrogeological data and information on anthropogenic
changes. The focus was put on groundwater and surface water, the connection between deep and
shallow aquifers, the secure use of existing models all relevant data, large-scale overview mapping,
and detailed small-scale mapping, and based on the selected typical work situations (see Table 5 and
Figure 4). A hydrogeological 3D municipality model project was established through a pilot study
(‘Development of a 3D Geological/Hydrogeological model as basis for the urban water cycle’ [25–31]).
The pilot-project was completed in 2015 with a report [25–31], and the developed model was selected
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as one of the examples of good practice of urban modelling by the European COST Action TU1206
Sub-Urban project ([6,32] (pp. 64–74)).

Table 5. Adaptive ‘real’ planning and governance projects chosen for design of the ‘new’ urban
hydrogeological model in Odense.

Management and Planning Situation Study Test Location

Early project evaluation for major construction
planning, green/blue solutions, and prospects for
geothermal plants

Potential areas for infiltration
and runoff

Odense new
University Hospital

Adaptive planning project for re-urbanization after
the abandonment of a four-tracked road through the
heart of the city

Collection and use of old and
new geotechnical data and
visualization

Thomas B.
Thriges Gade

Well-field study of the effect of stopping urban
groundwater abstraction and potential use of ditches
for surface run-off

Mapping of existing
low-lying areas with poor
possibilities of surface runoff

Sanderum Tørvehave

Residential area project to increase the water
infiltration into soil due to high surface runoff

Collection and use of new
detailed data and modelling
(see [25])

Vinkælderrenden—a
part of City quarter
Skibhuskvarteret.

 

Figure 4. Location of projects used for development of a conceptual design of The Odense Model.
(SK/VR) Skibhuskvarteret/Vinkælderrenden, (TBT) Thomas B. Thrigesgade, (ST) Sanderum Tørvehave,
(New OUH) New Odense University Hospital (for descriptions see Table 5).

The following four case-studies illustrate several important technical aspects for the Odense urban
subsurface and hydrogeological model:

The first case-study focuses on the design of a hydrodynamic model area for the entire municipality
level area and some separate detailed areas. Analysis has been performed on the current and potential
planning and management activities (see Table 5) that were compared with existing data and models.
The analyses searched for optimal solutions. This model should be able to operate on a municipal level
and in selected areas (constructions and up to city-quarter, see Table 2) with a detailed discretization.
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Consequently, the Municipality model had to be built on existing digitized data and include the
following elements: deep and shallow aquifers, deep and shallow geology, man-made deposits,
and constructions. Figure 5 shows a view of the resultant conceptual model.

 

Figure 5. Conceptual frame for the hydrodynamic municipality model [25,29]: Yellow layer indicates
anthropogenic origin; blue line is estimated hydraulic groundwater level, and red box indicates a
detailed modelling area. Scale in meters.

The second case-study focuses on hydrogeological modelling beneath cities. The existing data
from Odense city revealed areas with only limited or old data (see Figure 6). The lack of sufficient
site-specific data [33] caused difficulty in making sound decision-making and assessing uncertainty,
and led to the need for gathering supplementary data. The operation of assembling data, especially of
geotechnical and cadastral types, proved to be time consuming, and data updating and modelling
required professional administrative governance.

Modelling of the urban anthropogenic layer represents the third case-study. This layer consists
of bricks, buildings, constructions, pipes, roads, excavations, urban fill, and many other materials
of different age. The modelling process includes cadastral data coming from the municipality, data
characterizing the sewer system and water supply network (from the local water utility, VCS Denmark),
as well as borehole logs and geophysical surveys (from GEUS and VCS Denmark).

The information is frequently updated as result of urban dynamics. A rule based data handling
procedure was chosen to process and update systematically the huge amount of data—GeoScene3D
Software (www.GeoScene3D.com) being selected for data processing. Finally, a detailed voxel model
for the anthropogenic layer of the Thomas B. Thrigesgade (Odense City) has been obtained, which is
illustrated in Figure 7.
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Figure 6. Variations in data density in the subsurface information in Municipality model on west–east
profile [25,29]. The western side of the urban area is shown with a comprehensive groundwater
mapping illustrated by the ‘colored’ results of the geophysical survey (Odense Vest model). The city
center is located in the middle profile and has many shallow boreholes, and on the eastern side limited
groundwater interests are illustrated by restricted data availability.

 

Figure 7. Visualization of detailed voxel modelling of an urban area [25,30] with buildings, and
transecting boxes for roads and, pipes converted to clay-sand % and combined with different soil types.

Defining the procedure of working with different models and model scales stays as the fourth

case-study. Urban modelling often requires the use of information from other sources in order to
augment model information or regional trends. To combine geological models and anthropogenic
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models a common workflow is required. Figure 8 illustrates the anthropogenic data, the resulting
anthropogenic layer and the combined anthropogenic-geological model. Figure 9 shows a workflow
for merging a municipality model and a detailed anthropogenic model.

Figure 8. Visualization of Thomas B Thriges District (in dark purple). On the left is anthropogenic
data; in the middle the anthropogenic layer; on the right the combined geological and anthropogenic
model [25,30].

Figure 9. Workflow for the combined geological and anthropogenic model [25] of the urban area.

3.3. ‘New’ Approach for Monitoring Groundwater Levels in Odense

Monitoring of shallow groundwater levels offers important information in urban hydrogeological
studies, especially if they are part of long time-series. The monitoring data can offer a valuable
picture of the spatial and temporal evolution of groundwater levels and urban groundwater dynamics.
The monitoring of complementary parameters, such as water temperature and quality, can offer
valuable additional knowledge.
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In Denmark, observation of groundwater levels mainly takes place in three types of monitoring
wells. At the national level, monitoring is normally performed in boreholes outside urban areas and is
used to study natural processes (e.g., changes in winter net precipitation on groundwater level) in areas
that are not affected by abstraction and other man-made influences. The second level relates to licenses
for groundwater abstraction, and the monitoring wells are situated near wellfields. Finally, the third
level relates to the collation of additional data for hydrogeological surveys, for example for detailed
modelling of groundwater levels due to the infiltration of excess rainwater (as seen in Vinkælderrenden
in Odense) [34]. Groundwater monitoring for the preservation of ecosystems, and the cultural heritage
is not a standard procedure.

In Odense City, comprehensive monitoring networks, which were established in the mid-1960s for
wellfields, were later abandoned. Today, this information would have been useful for detailed urban
studies, but a valuable picture of the evolution of groundwater levels since the 1950s is given by the
national monitoring system (See Figure 10).

 

Figure 10. Illustration of development of groundwater level in surroundings of Odense. The figure
shows annual precipitation (mm on left-hand axis, blue columns) compared with groundwater depth
in the three national monitoring wells (in m below ground level on right-hand axis) (Vejstrup 165.34,
Morud 136.34 and Måre 155.84) [35]. Data from Geological Survey of Denmark and Greenland and
Danish Meteorological Institute, processed by the local water utility (VCS Denmark).

Earlier urban monitoring focused on the impacts of groundwater abstraction on neighboring
wells and drinking water quality, but today there is a tendency to focus on the impacts of changes in
groundwater abstraction patterns and their impacts of subsurface constructions and infrastructure.

The frequency of monitoring in national monitoring wells has been improved in time. In early
days, this monitoring was performed by discrete observations (just a few times per year) but this was
later improved to monthly readings, and today, data-loggers measure groundwater levels remotely up
to several times a day (for studying the relation between shallow aquifers water-level and wetlands).

3.4. Urban Groundwater Studies on the Interaction of Hydrological Events

A master study of the Nordic Centre of Excellence on Resilience and Societal Security
(NORDRESS) [36] illustrated that the forced infiltration of rain-water from paved areas (as investigated
in Skibhuskvarteret), leads to a marked increase in groundwater levels close to the infiltration basins.
The local geology appears to exert a major influence on this phenomenon, since high hydraulic
conductivity is needed to ‘spread’ the infiltrated water. Increases of groundwater level of up to 1 m,
are modelled in the Odense area due to increased winter precipitation, and an increased sea-level of a
similar magnitude occurs near the Odense River and Fjord (due to global warming and sea level rise
and storm surges), which challenges water management activities for climate change adaptation and
risk reduction.
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Another NORDRESS master study [37] evaluated previous assessments of Odense flooding risks
and established that without adaptation work, flood damage at Odense will increase from 3.9 million of
Danish kroners in 2010 to 9.3 million of Danish kroners by 2100. The study [37] revealed a projection of
239 million of Danish kroners for the expected increase in damage costs resulting from climate change
by the year 2100 and highlighted the need for a cost–benefit analysis of potential adaptation options.

The need for adaptation is further challenged by the expected increase of maximum runoff of
the Odense River. Several reports [37,38] suggest a 40% increase in the daily maximum 100-year
return period runoff event in Odense River by year 2100. The NORDRESS study [37] highlighted that
the inundation resulting from concurrent events from storm surges and river flooding could result
in damage costs of some 833 million of Danish kroners for publically owned properties. This does
not include critical infrastructure damage costs nor the potential interruption of commerce due
to inaccessibility.

In Odense (Figure 11 [37]), the interacting impacts from different hazards are important for
urban planning strategy. It is critical to manage disaster risk reduction, climate change adaptation,
and water-supply security in an integrated and adaptive way.

 

Figure 11. Scenario of potential climatic coincidence of increased runoff in Odense River and increased
sea level in Odense Fjord. Resultant flooding (yellow to red) is observed along downstream part of
Odense River [37].

3.5. ‘New’ Concept of Adaptive Planning and Governance

Classical modes of planning were grounded in rationalistic, authoritarian planning model where
politically described goals were translated into plans implemented by the administration. Contrary,
to this adaptive planning and governance is grounded in neo-institutionalism, social-science based
approaches which consider governance, collective action, informal rules and the redefinition of spatial
planning toward “place” governance. Instead of focus on scientific-rational development plans, in the
new concept, focus is on communicative determination of needs, the joint development of plans in
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participatory processes and the activation of citizens to participate in spatial planning [39]. Adaptive
planning and governance therefore focus on polycentric governance e.g., cross-sectoral and multi-level
coordination with focus on learning capacity and adaptability of plans and actor networks. The main
advantage of the new concept compared to the old classical mode of planning is that it enhances
adaptability and capacity for self-organization and learning [40]. Learning here is understood in
different types e.g., reflexive social learning, instrumental, political, and symbolic learning [39] which
can be regrouped into institutional and individual learning [41].

As in many other cities, Odense has an increasing need to use its subsurface efficiently, in order to
balance conflicting uses and avoid natural and man-made hazards, reduce the likelihood of future
climate change risk, and to safeguard its ecosystem services. The city needs to be able to adapt, plan
and manage according to transparent governance principles at the water catchment, city, and street
dimensions. This means that adaptation plans and measures should be prepared, implemented,
and followed-up regularly [11]. City management cannot wait for additional measuring, collating,
and processing fundamental information before acting. Thus, leadership is important. From the outset,
this work must be systematic and well described to a level fit-for-purpose.

3.5.1. Towards a More Resilient and Sustainable Urban Area

In Odense [21,25], historical development has illustrated on several occasions the consequences of
man-made activities years previous, which were unforeseen or negative.

In the COST Action TU1206 Sub-Urban Project [42], it was important to make a correct inventory
of problems (screening the problem to solve it), to have proper mapping (screening of required data
and processes), and then to be able to make use of this mapping. Thus, hydrogeological and geological
characterization had to be based on geoscientific skills and expertise with a focus oriented towards the
required scale, depth, land-use, and timing, with upscaling of the expected impacts on surface-water
and groundwater. Planning and management had to be based on mapping of the history of urban
development, as well of its geology.

3.5.2. Strategic Elements for Management of Urban Subsurface

The strategic elements in the European Environmental Agency’s Monitor-Data-Indicator-
Assess-Knowledge (EEA MDIAK) decision chain are given in Figure 1. This contains useful tools for
integration and management of the urban subsurface. Focus is put on parts of planning, modelling,
monitoring, and mapping that deviate from traditional hydrogeological techniques for rural areas—and
they include city planning (construction, city quarter, city landscape, metropole, and state), the planning
of a drinking water-supply (well–field and local abstraction, and future development), and integrated
resource planning.

Modelling enables us to study the relevant processes and forecast the consequences for the
environmental planning. Relevant issues and data must be integrated to a level that fit the individual
case of each area, as no model fits all cases. The catchment scale must be decided upon, since models need
to be very detailed for urban areas (e.g., for modelling constructions and city quarters). The coherence
between hydrogeological modelling, hydrological modelling, and monitoring is important because
their methodologies complement each other.

It is not possible to manage properly if there are too few data compared to problems solved.
Therefore, monitoring is the first important step towards achieving a more resilient and sustainable
urban area. For example, it is necessary to study, for dry summers, how and when the processes evolve
and register their impacts (Figure 1). Selected parameters have to be mapped in terms of their time
of appearance, frequency and duration, and size. Choice of the limiting value for each indicator is
important. Monitoring is thus a key issue for management [43–47].
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3.5.3. Operationalizing Resilience

An investigation of social resilience in the NORDIC countries, including Denmark [8] shows that
there is a general focus on the co-production of knowledge, with an emphasis on mapping resilience,
producing territorial level indicators of adaptive capacity, vulnerability, and social learning as part of
good and transparent governance. These factors can facilitate adaptive urban design and resilience to
natural hazards by allowing flexible responses and adaptation to changing contexts, and acting as
potential drivers for increased societal resilience.

Enhanced information sharing at the local, national, international and cross-border levels were
identified to facilitate information sharing [8]. However, dealing with uncertainty and especially
ambiguity as part of knowledge co-production is still in its infancy. This means that that there is not
yet full acknowledgement of subjectivity and proportionality, and there are multiple ways of knowing,
especially when it comes to handling emergent groundwater management challenges. In many
smaller Danish municipalities with only one or few persons dealing with groundwater management
(and because municipalities are the authority responsible for climate change adaptation and urban
planning [47]), co-production capacity may be limited.

As part of environmental governance, and as described with these examples from Odense,
adaptive planning and governance of the urban subsurface and water resources need to be coordinated
with the other types of planning, e.g., ecosystems, infrastructure, housing, cultural heritage protection,
etc. This is especially in order to address the environmental challenges and problems at hand, which
are often wicked or complex and thus has a very high degree of uncertainty. Furthermore, similar to
spatial planning projects or adaptive measures dealing with environmental issues, such require policy
responses that are cross-sectoral, rethinking of norms, territories (or places), and policy levels.

3.6. Use of Data Outcomes

A nationwide comprehensive groundwater mapping (in years 1998–2015) based on airborne
geophysical surveys, boreholes, mathematical/physical groundwater models, chemical analyses, etc.,
were performed as basis for local action plans for protecting the drinking water resources. The collated
data and results contribute to the national hydrogeological databases and is used as valuable 3D
hydrogeological input to the nationwide water resource model, DK-model [48–50].

The proposed workflows in this paper are based on comprehensive data collations and 3D
modelling exercises that are not dealt with earlier. Besides, the work processes also generate a
considerable amount of data to be synthesized in the strategic planning and decision-management.
For this purpose, automatized data handling with the use of indicators, remote sensing, modelling,
and monitoring ease the access to visualizing valuable information in the urban area and its subsurface.

As described earlier (e.g., in Section 2) urban areas require more detailed and exact mapping
due to more intensive land use and impacts on the hydrogeological catchment. Typically, in urban
planning and management purposes we are looking for places suitable for specific land-use/cover
characteristics such as nature based solutions (e.g., extended green/blue areas), areas with negative
impacts due to man-made or natural induced hazards or results of combined land-use just causing a
negative evolution.

Typical indications for critical impacts are unwanted changes in land-use/cover or terrain levels,
unwanted changes in groundwater level or groundwater depth below terrain, or unwanted changes
of the frequency of flooding. Mapping of change detection can be based on results of assessments
or monitoring of groundwater levels in boreholes, but it can also be detection of changes in specific
features in cartographic maps, geophysical or satellite information, etc.

The synthesizing of outcomes can be performed as a part of the data collation, as satellite
land-use/landcover mapping, as change detection on land/geology and as a mapping of the impacts on
the groundwater or surface-water. GIS-suitability analysis (or impact analysis) exploits unacceptable
and acceptable differences between normal and changed situation. A part of this analysis is weighted
overlay of GIS-layers.
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4. Results

This paper focuses on the urban hydrogeological studies that have to be implemented in the
activity of cities planning, decision making and management in order systematically to support their
resilience and sustainability. Besides focus is on improvement of the following topics: assessment of
sustainability and resilience, the importance of subsurface conditions, hydrogeological/hydrological
conditions and the need of comprehensive planning.

4.1. Natural and Man-Made Processes

The meaning of using sound knowledge of subsurface conditions is clear. The freshwater
cycle with all its components and external influences plays an important role in decision-making.
The location, amount, density, and spatial and temporal scales (Tables 1–4) highlight how much natural
and man-made environments have changed and their impact.

In Odense, observations during the last few hundred years show a strong anthropogenic influence
on the natural water system in urban areas, whose consequences are first understood many years after
their implementation [25]. It is also observed that the effect of non-governed actions (groundwater
abstractions, drainage, piping, infrastructures, etc.) likewise influence the hydrological system.
These actions initially individually seem to be small or unimportant, but over a time-span of years, it is
realized that they amount to a significant impact.

Improved quality and access to information improves urban hydrogeological information and
results in improved decision-making and management to support the city resilience and sustainability.

The present conceptual urban model for Odense is based on selected typical projects in Odense
(see Figure 4). Since the urban modelling in Odense started, several new projects have arisen covering a
broad variety of natural and man-made processes (protection of wellfields, impacts of climate changes,
city-quarters with SuDS, new big subsurface constructions etc.). These forewarn on groundwater
flooding or sea level rise and confirm the need and rationale behind a more permanent and integrated
city urban model solution. As example of development: As some of the wells in the city were
abandoned a new well field west of Odense were established. This action induces a new situation
with a mapping project aiming to protect the catchments of both the remaining wells in Odense and
the new wells established in recreational surroundings outside the city. This new mapping is already
under realization.

4.2. ‘New’ Urban Model Design

This paper concentrates on providing an evaluation of improvements in urban modelling
from standardized data and modelling. Procedures includes modelling of the hydrogeological and
anthropogenic layers and methodologies to work with different models and model scales. Additionally,
an example of an assessment combining the climate related impacts of increased runoff from Odense
River Catchment, a sea level rise in Odense Fjord and flooding in Odense River is provided.

A part of the process, development in future urban monitoring is important, but often affected by
several artificial processes, and requires supplementary regional data and limiting values.

4.3. Integrated Urban Hydrogeological System

For the technical part of the solution, we have described a design to deal with hydrogeological
and hydrological conditions (see Figure 12). The purpose is to contribute with data, model, assessment,
and knowledge based decision support to the planning and management. Visualization of data
outcomes, whether they appear just in collated form, as impact results of models or results of GIS
analysis is an important part of the dissemination of the integrated system.
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Figure 12. Interaction between Urban Planning System and hydrogeological studies in a City-Scale
Hydrogeological Framework. Urban planning contributes with requirements, and hydrogeologists
deliver consequences—in a continuous Driver-Pressure-State-Impact-Response (DPSIR) loop until a
solution is found.

4.4. Planning for Increased City Resilience and Sustainability

Urban hydrogeological studies of the groundwater level evolution requires data to establish
trends and assess limitations. Assessments must determine the climate changes forcing impacts and
trends from monitoring data. The accuracy of urban area modelling is determined by data density,
coverage, and connection to other models.

Planning and management must be based on the urban assessments and evaluate the evolution.
To achieve a resilient and sustainable management of urban areas, the approach must be both strategic
and operational. Operational resilience requires involvement, co-production, risk awareness and
information, and must be built on well-defined processes, indicators and modelling.

5. Discussion and Conclusions

In the introduction of this paper, we argued that urban resilience and sustainability must be based
upon our handling of the hydrogeological environment. This must be based on sound knowledge of
natural conditions and man-made processes and their temporal and spatial regimes. Meteorological
and geological hazards have different development periods. For example, response of surface runoff is
much faster and more visible than that of deep groundwater (which makes it natural for city planners
to be aware and react to the former but not the later).

We should encourage urban planning based on sufficient knowledge and analyses and knowledge
of subsurface and surface-water cycles to achieve a high city sustainability and resilience. Adaptive
planning and governance of the urban subsurface and water resources need to be coordinated
with other types of planning (such as that of ecosystems, infrastructure, housing, and protection of
cultural heritage).

An analysis of territorial governance in the Nordic Countries [8] reveals a difference in the
management structures of Denmark and Norway, which are more centrally managed, while Finland is
more guided. Municipalities in Denmark, Norway, and Sweden are ultimately responsible for risk
and vulnerability assessments, while the municipalities in Finland and Iceland produce more specific
assessments for limited risk areas.
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It is fundamental that all the expected processes of natural and artificial changes are identified
and described according to their importance. Impacts on selected ‘sustainability’ indicators require
estimation, elaboration of a monitoring strategy, and a definition of the consequences tolerated for the
individual indicators.

The upper hydrogeology in the Odense case study area consists mainly of glacial moraine
layers consisting of clayey till and sandy aquifers that is intersected by systems of buried valleys.
This complicated geology forms the basis for the abstracted groundwater for drinking water supply.
Furthermore, climate change adaptation has to work on top of this complex subsurface when identifying
suitable adaptation measures in city center area with existing infrastructure and when planning for
new infrastructure in city center and peri-urban areas.

The elaboration of reliable information takes time, and thus it makes good sense to do this work
continuously and regularly. Urban areas are a focus of concentrated activity, with numerous people
involved, and thus are more intensively used. We need to learn more about the ground beneath them
(including the interactions between geology, man-made ground, groundwater, surface water, and urban
drainage systems) since the existing information for decision-making is not sufficient. Information
on the subsurface needs to be organized and supplementary data needs collation and availability for
others to use. Often, available data are site-specific, and it is important to differentiate between the
required spatial and temporal scales. There is a lack of awareness and experience in mapping the
effects of how subsurface usage develops and interacts in urban areas over time and space (e.g., sewage
renovations, the use of drainage systems, start/stop groundwater abstractions, greening of cities, etc.).

This illustrates the complexity of urban hydrogeology, and the basis for sustainable and resilient
planning and decision-making will require more systemic integration of the entire water cycle of our
cities, founded on urban history and more continuous monitoring. Building knowledge based on
coherent hydrogeological modelling and monitoring allows the possibility of cross-disciplinary and
multi-project assessment of the relevant processes, but it also demands capturing information in a
general physical framework and using indicators to place restrictions on development in specific areas.

In urban areas, there are three typical management and planning levels—Level 1 is small
construction. Level 2 is large and expensive construction (e.g., New Odense University Hospital),
and Level 3 is the city quarters (e.g., Skibhuskvarteret). In all cases, it is important that management
and planning are based on all existing data and maps, since they cannot wait the long time needed
for implementing new mapping. Furthermore, it is important that the data handling procedure is
standardized and documents the evaluation (of the sufficiency of existing usable information and the
need for supplementary data and inventories) to ensure that the final decision is adequately informed.
Hydrogeological data handling and integration supporting decision-making enable the cities to reduce
the impact of relevant hazards in an enhanced planning and management process. Catchment areas
sometimes extend beyond the borders of the urban authority, and will require effective liaison with
neighboring municipalities. This situation is likely to occur if the catchment is large compared to the
governance area and is of importance for the resilience and sustainability.

A review of recent initiatives [8] regarding early warning and monitoring systems suggests that
there is great potential for adding more participatory approaches. A benefit of participatory early
warning and monitoring systems is the increased awareness about the risks related to natural hazards
and improved preparedness and responses. The key to increased resilience and successful adaptation
in response to problems with high groundwater levels is the implementation of efficient monitoring
programs and communication strategies that deal with the entire water cycle in urban areas. A proper
understanding of local conditions by, and effective engagement of, professional stakeholders and
citizens will be important.

Author Contributions: Conceptualization, S.M.; Methodology, S.M. and H.J.H.; Investigation, S.M. and H.J.H.;
—Original Draft Preparation, S.M.; Writing—Review and Editing, H.J.H. and S.M.; Project Administration, S.M.
All authors have read and agree to the published version of the manuscript.

Funding: This research received no external funding.

32



Water 2020, 12, 3324

Acknowledgments: This paper is partly built on the results of the project ‘Development of a 3D
geological/hydrogeological model as basis for the urban water cycle’ [26] and the NORDRESS project (‘Nordic
Centre of Excellence for Resilience and Societal Security’ funded by the Nordic Societal Security Programme,
http://nordress.hi.is/, [51]). Further, this paper is partly based on the work from the COST Action TU1206
Sub-Urban—‘A European network to improve the understanding and use of the ground beneath our cities’ [4].
Many participants have contributed, with their own expertise and experience, to these three projects, and the
authors wish to acknowledge them all for their contributions. We especially thank Professor Radu Gogu and
Stephen Foster for valuable comments, and the contributors of illustrations to the cases used in this paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. IWA International Water Association. Basin-Connected cities: Principles and Case Studies. In Proceedings of
the IWA World Water Congress & Exhibition, Basin-Connected Cities Forum, Tokyo, Japan, 20 September
2018; p. 49. Available online: www.worldwatercongress.com (accessed on 19 November 2020).

2. Van Leeuwen, C.J.; Frijs, J.; van Wezel, A.; van de Ven, F.H.M. City Blueprints: 24 Indicators to Assess the
Sustainability of the Urban Water Cycle. Water Resour. Manag. 2012, 26, 2177–2197. [CrossRef]

3. Venvik, G. The Ground beneath Our Cities. In Proceedings of the 54th ISOCARP Congress, Bodø, Norway,
1–5 October 2018; p. 12.

4. COST Action TU1206 Sub-Urban—A European Network to Improve the Understanding and Use of
the Ground Beneath Our Cities. Available online: http://sub-urban.squarespace.com/ (accessed on
19 November 2020).

5. Van der Meulen, M.; Campbell, S.D.G.; Lawrence, D.; Lois Gonzáles, R.C.; van Campenhout, I.P.A.M.
Out of Sight Out of Mind? Considering the Subsurface in Urban Planning–State of Art. COST
Action TU1206 Sub-Urban Report; T1206-WG1-001. 2016, p. 45. Available online: https:
//static1.squarespace.com/static/542bc753e4b0a87901dd6258/t/570f706201dbae9b1f7af3bf/1460629696046/
TU1206-WG1-001+Summary+report+Out+of+sight+out+of+mind.pdf (accessed on 19 November 2020).

6. Mielby, S.; Eriksson, I.; Campbell, D.; De Beer, H.; Bonsor, H.; Le Guern, C.; van der Krogt, R.; Lawrence, D.;
Ryzynski, G.; Schokker, J. Opening up the Subsurface for the Cities of Tomorrow. Considering the Access to Subsurface
Knowledge-Evaluation of Practices and Techniques. COST Action TU1206 Sub-Urban Report; TU1206-WG2-001.
2016, p. 119. Available online: http://sub-urban.squarespace.com/s/TU1206-WG2-001-Opening-up-the-
subsurface-for-the-cities-of-tomorrow_Summary-Report.pdf (accessed on 19 November 2020).

7. Henriksen, H.J.; Roberts, M.J.; van der Keur, P.; Harjanne, A.; Egilson, D.; Alfonso, L. Participatory early
warning and monitoring systems: A Nordic framework for web-based flood risk management. Int. J. Disaster
Risk Reduct. 2018, 31, 1295–1306. [CrossRef]

8. Van Well, L.; van der Keur, P.; Harjanne, A.; Pagneux, E.; Perrels, E.; Henriksen, H.J. Resilience to natural
hazards: An analysis of territorial governance in the Nordic countries. Int. J. Disaster Risk Reduct. 2018, 31,
1283–1294. [CrossRef]

9. Holling, C.S. ‘Buzz’. The resilience of terrestrial ecosystems: Local surprise and global change. In Sustainable
Development of the Biosphere; Clarck, W.C., Munn, R.E., Eds.; Cambridge University Press: Cambridge, UK,
1986; pp. 292–320.

10. Berkes, F.; Colding, I.; Folke, C. (Eds.) Navigating Social-Ecological Systems. In Building Resilience for
Complexity and Change; Cambridge University Press: Cambridge, UK, 2002.

11. Lister, N.M. Insurgent ecologies: (Re) Claiming ground in landscape and urbanism. In Mohsen Mostafavi and
Gareth Doherty; Ecological Urbanism; Lars Müller Publisher: Baden, Switzerland, 2016; pp. 550–561.

12. EEA European Environment Agency. Climate Change Adaptation and Disaster Risk Reduction in Europe:
Enhancing Coherence of the Knowledge Base, Policies and Practices; EEA Report No. 15/2017; EEA European
Environment Agency: Copenhagen, Denmark, 2017.

13. CODATA Task Group. Next Generation Disaster Data Infrastructure. In Linked Open Data for Global Disaster
Risk Research (LODGD); White Paper; CODATA: Paris, France, 2019; p. 26.

14. Makropoulos, C.; Savic, D.A. Urban Hydroinformatics: Past, Present and Future. Water 2019, 11, 1959.
[CrossRef]

15. EEA European Environment Agency. Digest of EEA Indicators; EEA Report No. 8/2014; EEA: Copenhagen,
Denmark, 2014; p. 44.

33



Water 2020, 12, 3324

16. PanGeo Project 7FP. 2013. Available online: http://www.pangeoproject.eu (accessed on 26 November 2020).
17. Mielby, S.; Schokker, J.; de Beer, J.; Sandersen, P.B.E.; Pallesen, T.M. Byen og dens Undergrund-Beliggenhed,

Udvikling, Klimaforandringer og Bygeologi. In Geoviden-Geologi og Geografi 4; Geocenter Danmark:
Copenhagen, Denmark, 2017; p. 20. Available online: https://www.geocenter.dk/wp-content/uploads/
2018/07/geoviden-4-2017.pdf (accessed on 2 December 2020). (In Danish)

18. Pujades, E.; López, A.; Carrera, J.; Vázquez-Suñé, E.; Jurado, A. Barrier effect of underground structures on
aquifers. Eng. Geology 2012, 145, 41–49. [CrossRef]

19. Wu, Y.X.; Shen, S.L.; Yuan, D.J. Characteristics of dewatering induced drawdown curve under blocking effect
of retaining wall in aquifer. J. Hydrol. 2016, 539, 554–566. [CrossRef]

20. Hinsby, K.; Troldborg, L.; Purtschert, R.; Corcho Alvarado, J.A. Integrated Dynamic Modelling of Tracer Transport
and Long Term Groundwater/Surface Water Interaction Using Four 30 Year 3H Time Series and Multiple Tracers for
Groundwater Dating; International Atomic Energy Agency: Vienna, Austria, 2006; pp. 73–98.

21. Laursen, G.; Mielby, S. Odense. TU1206 COST Sub-Urban WG1 Report, TU1206-WG1-011.
2016, p. 37. Available online: https://static1.squarespace.com/static/542bc753e4b0a87901dd6258/t/
57330a2e7da24f10a9dfdd46/1462962771253/TU1206-WG1-011+Odense+City+Case+Study.pdf (accessed
on 19 November 2020).

22. Gejl, R.N.; Rygaard, M.; Henriksen, H.J.; Rasmussen, J.; Bjerg, P.L. Understanding the impacts of groundwater
abstraction through long-term trends in water quality. Water Res. 2019, 156, 241–251. [CrossRef] [PubMed]

23. Gejl, R.N. Assessing Sustainable Groundwater Abstraction: An Evaluation of Impacts on Groundwater
Quantity and Quality. Ph.D. Thesis, Danish Technical University, Kongens Lyngby, Denmark, September 2019.

24. Zhang, Y.; Wu, J.; Xue, Y.; Wang, Z.; Yan, Y.; Yan, X.; Wang, H. Land subsidence and uplift due to long-term
groundwater extraction and artificial recharge in Shanghai, China. Hydrogeol. J. 2015, 23, 1851–1866.
[CrossRef]

25. Mielby, S.; Laursen, G.; Linderberg, J.; Sandersen, P.B.E.; Jeppesen, J. Udvikling af en 3D Geologisk/Hydrogeologisk
Model som Basis for det Urbane Vandkredsløb. Delrapport 1—3D Modellen som Basis for det Urbane Vandkredsløb,
Special ed.; GEUS: Copenhagen, Denmark, 2015; p. 64. Available online: https://www.geus.dk/media/7768/
urban_vandkredsloeb_del1.pdf (accessed on 19 November 2020). (In Danish)

26. Mielby, S.; Jespersen, C.E.; Ammitsøe, C.; Laursen, G.; Jeppesen, J.; Linderberg, J.; Søndergaard, K.;
Kristensen, M.; Hansen, M.; Jensen, N.-P.; et al. Udvikling af en 3D Geologisk/Hydrogeologisk Model som
Basis for det Urbane Vandkredsløb—Syntese Rapport, Special ed.; GEUS: Copenhagen, Denmark, 2017;
p. 52. Available online: https://www.geus.dk/media/7766/urban_vandkredsloeb_syntese.pdf (accessed
on 19 November 2020). (In Danish)

27. Kristensen, M.; Sandersen, P.B.E.; Mielby, S. Udvikling af en 3D Geologisk/Hydrogeologisk Model som Basis for
det Urbane Vandkredsløb. Delrapport 2—Indsamling og Vurdering af Data, Special ed.; GEUS: Copenhagen,
Denmark, 2015; p. 82. Available online: https://www.geus.dk/media/7769/urban_vandkredsloeb_del2.pdf
(accessed on 19 November 2020). (In Danish)

28. Laursen, G.; Mielby, S.; Kristensen, K. Udvikling af en 3D Geologisk/Hydrogeologisk Model som Basis for det Urbane
Vandkredsløb. Delrapport 3—Geotekniske data til Planlægning og Administration, Special ed.; GEUS: Copenhagen,
Denmark, 2015; p. 32. Available online: https://www.geus.dk/media/7770/urban_vandkredsloeb_del3.pdf
(accessed on 19 November 2020). (In Danish)

29. Sandersen, P.B.E.; Kristensen, M.; Mielby, S. Udvikling af en 3D Geologisk/Hydrogeologisk Model som Basis for det
Urbane Vandkredsløb. Delrapport 4—3D Geologisk/Hydrostratigrafisk Modellering, Special ed.; GEUS: Copenhagen,
Denmark, 2015; p. 106. Available online: https://www.geus.dk/media/7771/urban_vandkredsloeb_del4.pdf
(accessed on 19 November 2020). (In Danish)

30. Pallesen, T.M.; Jensen, N.P. Udvikling af en 3D Geologisk/Hydrogeologisk Model som Basis for det Urbane
Vandkredsløb. Delrapport 5 – Interaktiv Modellering af Antropogene Lag, Special ed.; GEUS: Copenhagen, Denmark,
2015; p. 58. Available online: https://www.geus.dk/media/7772/urban_vandkredsloeb_del5.pdf (accessed on
19 November 2020). (In Danish)

31. Hansen, M.; Wiese, M.B.; Gausby, M.; Mielby, S. Udvikling af en 3D Geologisk/Hydrogeologisk Model som Basis
for det Urbane Vandkredsløb. Delrapport 6—Teknisk Håndtering og Lagring af Data og Modeller, Special ed.;
GEUS: Copenhagen, Denmark, 2015; p. 22. Available online: https://www.geus.dk/media/7773/urban_
vandkredsloeb_del6.pdf (accessed on 19 November 2020). (In Danish)

34



Water 2020, 12, 3324

32. Schokker, J.; Sandersen, P.; De Beer, H.; Eriksson, I.; Kallio, H.; Kearsey, T.; Pfleiderer, S.;
Seither, A. 3D Urban Subsurface Modelling and Visualization—A Review of Good Practices
and Techniques to Ensure Optimal Use of Geological Information in Urban Planning.
COST Action TU1206 Sub-Urban Report; WG2.3-004. 2017, p. 92. Available online:
https://static1.squarespace.com/static/542bc753e4b0a87901dd6258/t/58c021e7d482e99321b2a885/
1488986699131/TU1206-WG2.3-004+3D+urban+Subsurface+Modelling+and+Visualisation.pdf (accessed on
19 November 2020).

33. Mielby, S.; Ammitsøe, C. Need for a hydrogeological management framework as a basis for the urban
water resources? In Proceedings of the 9th annual meeting of Danish Water Forum, Copenhagen, Denmark,
29 January 2015.

34. Jeppesen, J. Udvikling af en Urban-Hydrologisk Model til Simulering af nye Innovative LAR-Løsninger til Lokal
HåNdtering af BåDe Regnvand og Grundvand (LARG); VTU-Project; Alectia: Aarhus, Denmark, 2014; Volume 29.
(In Danish)

35. Mielby, S.; Christensen, J.C.; Greve, C.; Lauritsen, L.; Laursen, G.; Müller-Wohlfeil, D.-I. Kortlægning
af Grundvandsressourcerne–Status for Vandressourcekortlægningen 2005; Miljø- og Arealafdelingen: Funen,
Denmark, 2005; p. 151. (In Danish)

36. Hole, Ø. Hydrological Modeling of the Urban Environment in Odense and the Impact of Forced Infiltration
and Climate Change. Master’s Thesis, Copenhagen University, Copenhagen, Denmark, 2 September 2016;
p. 77.

37. Negus, A.R.A. Building Resilience to Extremity and Climatic Changes Investigating the Phenomena of
Compound Events. Case Study: Odense, Denmark. Master’s Thesis, Copenhagen University, Copenhagen,
Denmark, 14 October 2016; p. 177.

38. Henriksen, H.J.; Pang, B.; Olsen, M.; Sonnenborg, T.O.; Refsgaard, J.C.; Madsen, H. Klimaeffekter
på ekstremværdi afstrømninger. In Fase 2 Usikkerhedsvurdering; Danmarks og Grønlands Geologiske
Undersøgelse: Copenhagen, Denmark, 2014; p. 38. (In Danish)

39. Schmitt, P.; Wiechmann, T. Unpacking spatial planning as the governance of place. disP Plan. Rev. 2018, 54,
21–33. [CrossRef]

40. Folke, C.; Hahn, T.; Olsson, P.; Norberg, J. Adaptive governance of social-ecological knowledge. Annu. Rev.
Environ. Resour. 2005, 30, 441–473. [CrossRef]

41. Schmitt, P.; Van Well, L. Revisiting territorial governance: Twenty empirically informed components.
In Territorial Governance across Europe: Pathways, Practices and Prospect; Routledge: London, UK, 2016;
pp. 221–237.

42. Mielby, S.; Eriksson, I.; Campbell, S.D.G.; Lawrence, D. Opening up the subsurface for the cities of tomorrow.
The subsurface in the planning process. Procedia Eng. 2017, 209, 12–25. [CrossRef]

43. Madsen, H.; Arnbjerg-Nielsen, K.; Mikkelsen, P.S. Update of regional intensity-duration-frequency curves in
Denmark: Tendency towards increased storm intensities. Atmos. Res. 2009, 92, 343–349. [CrossRef]

44. Van Loon, A.F. Hydrological droughts explained. WIRES Water 2015, 2, 359–392. [CrossRef]
45. Van Loon, A.F.; Stahl, K.; Di Baldasarre, G.; Clark, J.; Rangecroft, S.; Wanders, N.; Gleeson, T.; van Dijk, A.I.J.M.;

Tallaksen, L.M.; Hannaford, J.; et al. Drought in a human-modified world: Reframing drought definitions,
understanding, and analysis. Hydrol. Earth Syst. Sci. 2016, 20, 3631–3650. [CrossRef]

46. Bertule, M.; Bjørnsen, P.K.; Constanzo, S.D.; Escurra, J.; Freeman, S.; Gallagher, L.; Kelsey, R.H.; Vollmer, D.
Using Indicators for Improved Water Resources Management-Guide for Basin Managers and Practitioners; UN
Environment-DHI Centre: Horsholm, Denmark, 2017; p. 73.

47. Jørgensen, L.F.; Villholt, K.G.; Refsgaard, J.C. Groundwater management and protection in Denmark:
A review of pre-conditions, advantages and challenges. Int. J. Water Res. Dev. 2016, 33, 23. [CrossRef]

48. Stisen, S.; Højberg, A.L.; Troldborg, L.; Refsgaard, J.C.; Christensen, B.S.B.; Olsen, M.; Henriksen, H.J. On the
importance of appropriate precipitation gauge catch correction for hydrological modelling at mid to high
latitudes. Hydrol. Earth Syst. Sci. 2012, 16, 4157–4176. [CrossRef]

49. Højberg, A.L.; Troldborg, L.; Stisen, S.; Christensen, B.B.S.; Henriksen, H.J. Stakeholder driven update and
improvement of a national water resources model. Environ. Model. Softw. 2013, 40, 202–213. [CrossRef]

50. Henriksen, H.J.; Troldborg, L.; Højberg, A.L.; Refsgaard, J.C. Assessment of exploitable groundwater
resources of Denmark by use of ensemble resource indicators and a numerical groundwater–surface water
model. J. Hydrol. 2008, 348, 224–240. [CrossRef]

35



Water 2020, 12, 3324

51. Nordic Societal Security Programme–The NORDRESS project (Nordic Centre of Excellence for Resilience
and Societal Security. Available online: http://nordress.hi.is/ (accessed on 19 November 2020).

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

36



water

Article

Understanding Groundwater Mineralization Changes
of a Belgian Chalky Aquifer in the Presence of
1,1,1-Trichloroethane Degradation Reactions

Youcef Boudjana 1,*, Serge Brouyère 1, Pierre Jamin 1, Philippe Orban 1, Davide Gasparella 2 and

Alain Dassargues 1

1 Hydrogeology and Environmental Geology, Urban and Environmental Engineering, University of Liège,
Sart Tilman B52, 4000 Liège, Belgium; serge.brouyere@uliege.be (S.B.); pierre.jamin@uliege.be (P.J.);
p.orban@uliege.be (P.O.); alain.dassargues@uliege.be (A.D.)

2 AECOM, Maria-Theresiastraat 34 A, 3000 Leuven, Belgium; davide.gasparella@aecom.com
* Correspondence: y.boudjana@doct.uliege.be or boudjanayoucef@gmail.com

Received: 22 August 2019; Accepted: 23 September 2019; Published: 27 September 2019

Abstract: An abandoned industrial site in Belgium, located in the catchment of a chalk aquifer
mainly used for drinking water, has been investigated for groundwater pollution due to a mixture of
chlorinated solvents with mainly 1,1,1-trichloroethane (1,1,1-TCA) at high concentrations. The observed
elevated groundwater mineralization was partly explained by chemical reactions associated with
hydrolysis and dehydrohalogenation (HY/DH) of 1,1,1-TCA in the chalky aquifer. Leaching of soluble
compounds from a backfilled layer located in the site could also have influenced the groundwater
composition. In this context, the objective of this study was to investigate the hydrochemical processes
controlling groundwater mineralization through a characterization of the backfill and groundwater
chemical composition. This is essential in the context of required site remediation to define appropriate
remediation measures to soil and groundwater. Groundwater samples were collected for chemical
analyses of chlorinated aliphatic hydrocarbons, major ions, and several minor ones. X-Ray Diffraction
Analysis (XRD), Scanning Electron Microscopy (SEM) and a leaching test according to CEN/TS 14405
norm were carried out on the backfill soil. δ34S and δ18O of sulphate in groundwater and in the backfill
eluates were also compared. Both effects influencing the groundwater hydrochemistry around the site
were clarified. First, calcite dissolution under the 1,1,1-TCA degradation reactions results in a water
mineralization increase. It was assessed by geochemical batch simulations based on observed data.
Second, sulphate and calcium released from the backfill have reached the groundwater. The leaching
test provided an estimation of the minimal released quantities.

Keywords: hydrochemistry; chalk aquifer; 1,1,1-trichloroethane; degradation; sulphate; backfill;
leaching test

1. Introduction

Chlorinated aliphatic hydrocarbons (CAHs) are among the most common pollutants in industrial
sites because of their intensive use as cleaning and degreasing products [1]. CAHs in groundwater is a
major concern because of their harmful effect on human health [2]. They may undergo different natural
degradation pathways in groundwater. Physicochemical and geochemical data help to identify actual
degradation reactions that occur naturally in groundwater [3–5]. Degradation reactions of CAHs in
groundwater influence the hydrochemistry and may modify the physicochemical conditions [6,7].
This explains the interest given to enhanced monitoring and investigations about physicochemical
parameters and groundwater hydrochemistry in cases of CAHs pollutions [8]. Identification of
redox conditions, electron donors and acceptors and the source of carbon within the groundwater
contamination plume improve the assessment of destructive biodegradation of CAHs [9].

Water 2019, 11, 2009; doi:10.3390/w11102009 www.mdpi.com/journal/water

37



Water 2019, 11, 2009

1,1,1-trichloroethane (1,1,1-TCA) is often detected with other CAHs at contaminated sites
because of their common use in industry [10]. In groundwater, both biotic and abiotic natural
degradation reactions of 1,1,1-TCA are possible [11,12]. Although abiotic degradation of 1,1,1-TCA
by hydrolysis and dehydrohalogenation (HY/DH) occurs independently of redox conditions in
groundwater [13], it influences the pH that would impact the groundwater mineralization. In this
case, a hydrogeochemical investigation including major ions analysis allow a direct link between
degradation reactions and mineralization changes, as long as no additional pollution source influencing
groundwater mineralization can be identified.

On the other hand, artificial man-made ground (i.e., backfill soil) represent a potential threat to
the quality of shallow groundwater in urban context (e.g., [14–17]) as unwelcome chemical compounds
can be leached and contaminate groundwater. Then, a remediation of the groundwater quality, in order
to be compliant with drinking water standards, can be a very difficult task [18].

In Belgium, the past intensive industrial activities have caused environmental problems, especially
for soil and groundwater. Most cases of local pollution, including the use of uncontrolled backfilling,
are a legacy of past practices when the question of the environmental and health consequences of
human activities was scarcely considered [19].

At an abandoned industrial site in Wallonia (South of Belgium), a chalky aquifer intensively used
for drinking water supply [20] has been locally contaminated by a mixture of CAHs. Local changes
in groundwater mineralization have been observed compared to the background composition of
groundwater in the aquifer. During the investigations of Palau et al. [21], an increase of Ca2+, HCO3

−,
Cl− and SO4

2−was observed within the plume of dissolved CAHs. Sulphate concentrations even exceed
the EU drinking water standard (250 mg/L) [22] in some places, reaching concentration levels as high
as 5 times the background concentration. During the investigations of Palau et al. [21], mineralization
changes has been first explained by 1,1,1-TCA degradation reactions by HY/DH. However, the presence
of a backfill layer at the site has allowed to presume the leaching of different chemical compounds
with water infiltration that may also affect groundwater composition.

In this context, the general objective of the investigation is to better characterize and to quantify
the hydrochemical processes controlling groundwater mineralization, through a combined approach
of groundwater chemistry investigation with backfill soil characterization. This is essential in order to
avoid overestimation of degradation reactions through their effect on groundwater mineralization
and to define appropriate remediation measures to soil and groundwater in the context of required
site remediation.

More specifically, the aim of the study is (1) to improve the understanding of hydrochemistry in the
chalky aquifer in a context of 1,1,1-TCA degradation by hydrolysis and dehydrohalogenation, and (2)
to identify and quantify processes influencing the hydrochemical changes in groundwater in the study
area. The used method is based on groundwater analyses, laboratory backfill soil characterization and
the study of sulphate isotopic signature in groundwater, along with the one in backfill eluates.

2. Study Area

The study area is located around an industrial site where the subsurface is polluted by a mixture
of CAHs. They have been detected with high concentrations, not only in the unsaturated part of the
soil but also in the underlying chalky aquifer [21]. The aquifer is unconfined, made of Cretaceous chalk
with an average thickness of about 30 m in the study area. A summary of the local geology is given
in Table 1.

38



Water 2019, 11, 2009

Table 1. Local geology in the study area.

Geological
Material

Top of Formation
(m Below Surface)

Bottom of
Formation (m

Below Surface)
Description Comments

Backfill layer 0 1.5

Loamy and sandy soil, with
recycled construction

materials, shale and coal
waste

Heterogeneous backfill only
at the industrial site

Loess 1.5 4.8/10 Loess, sandy and
clayey loess

Variable thickness, higher
thickness in piezometers

located out of the
contamination site

Flint conglomerate 4.8/10 10/18
Flint conglomerate in loamy

and/or sandy and/or
clayey matrix

/

Chalk 10/18 - White chalk with observed
fractured chalk in boreholes

Locally, the bottom of chalk
was not reached. Average

thickness 30 m from regional
data mapping

In this aquifer, the hydraulic conductivity values of the chalk formation varies from 10−8 m/s for
the chalky matrix [23] to values as high as 10−4 m/s for fractured chalk [24]. Hydraulic conductivity
values ranging between 3 × 10−6 and 3 × 10−4 m/s were obtained from pumping tests near the study site.
The effective (transport) porosity varies between 1 and 2% [25–27]. The importance of the immobile
water on solute transport through matrix diffusion was studied in this chalk [28], with immobile
water porosity values ranging between 8 and 42% and first-order transfer coefficients ranging between
9.8 × 10−8 and 10−6 s−1 were determined [24].

The overlying loess layer induces a delay for the transfer of pollutants that infiltrate from the land
surface with water towards the saturated zone. The mean transfer velocity through the unsaturated zone
was estimated at 1 m/year [23]. Locally, at the study site, depth to groundwater varies spatially between
17.16 and 28.60 m (in March 2013) with interannual fluctuations that can reach 5 m. Groundwater flow
direction is from the South-East towards the North-West direction.

Since the first detection of the contamination in 1987, many investigations have been carried out
with installation of a network of 30 wells to delineate and monitor the groundwater pollutants plume,
and, more recently, the establishment of a combined venting-air sparging remediation (see here under).
Various aliphatic organochlorines have been detected in groundwater, including mainly 1,1,1-TCA,
1,1-dichloroethene (1,1-DCE) and trichloroethene (TCE). The maximum concentrations recorded in the
campaign of Palau et al. [21] in March 2013 were 7400 μg/L for 1,1,1-TCA, 4200 μg/L for 1,1-DCE and
2000 μg/L for TCE.

Between May 2013 and August 2016, a combined venting-air sparging program was undertaken to
remediate the source zone of CAHs. Air sparging consists of injecting air into the saturated zone of an
aquifer. Along the pathways of air bubbles towards the unsaturated zone, contaminant stripping occurs
by volatilization of the chlorinated aliphatic hydrocarbons. A total mass of around 800 kg was extracted
from the loess layer and the unsaturated upper chalk during this operation. For dissolved CAHs in
groundwater, the ongoing monitoring indicates that the plume is currently shrinking. In addition to
CAHs contamination, the monitoring program has highlighted significant increase in groundwater
mineralization change compared to regional background groundwater composition in the chalk aquifer.

Figure 1 shows Stiff diagrams from groundwater samples taken in the plume in March 2013
(orange) compared to samples taken around before the contamination (blue). The highest concentrations
of calcium, bicarbonate, chloride and sulphate are observed near the pollution source and they
progressively decrease to the natural background as we move downgradient from the industrial site.
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Figure 1. Stiff diagrams for groundwater samples: comparison between the contaminated area in
March 2013 (orange diagrams) and the groundwater quality before contamination (blue diagrams) in
the aquifer. The 1,1,1-TCA concentrations are taken Palau et al. [21].

3. Groundwater Quality Investigations

In March 2017, around 7 months after the end of the remediation, a new sampling campaign was
carried out in the scope of this research, on the existing monitoring network to assess the groundwater
quality and investigate other potential sources resulting on mineralization changes. In addition,
analyses results were used to perform hydrogeochemical simulations in PHREEQC [29] to evaluate the
increase of calcite dissolution resulting from 1,1,1-TCA degradation reactions in the aquifer.

3.1. Sampling and Analysis

On the existing monitoring network, 22 wells were sampled to analyze chlorinated solvents
and among those wells, 13 were also sampled for a more detailed hydrochemical characterization of
groundwater. Wells are screened in the upper part of the chalk except for the well ‘S’ equipped with a
double casing allowing two sampling levels (25 m and 40 m below surface).

The sampling procedure was carried out by pumping at least 3 times the volume of water in
the sampled well and monitoring of temperature, pH, electrical conductivity, redox potential, and
dissolved oxygen. All these parameters were monitored using a multi probe handheld meter (WTW
multi 350i, Weilheim, Germany) except dissolved oxygen that was measured by a luminescent DO
probe (Hach Lange, Düsseldorf, Germany).

Samples for CAHs analyses were collected in 40 mL glass vials filled and acidified with sulphuric
acid (H2SO4) at pH ≈ 2. 180 mL polypropylene bottles were used for the analysis in the lab of a
standard package of major elements (Ca2+, K+, Mg2+, Na+, Cl−, SO4

2−, HCO3
−) analyses and several

minor chemical compounds (NH4
+, Li+, Sr2+, NO3

−, PO4
3−, Br−, F− and SiO2). 100 mL bottles were

filled using 0.45 μm filter and acidified (37% HCl) to analyze dissolved iron and manganese. Before
being analyzed, all samples were kept refrigerated at 4 ◦C and protected from light.
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At the laboratory, the chemical analyses were carried out using the following methods:

• Ion chromatography for K+, Mg2+, Na+, NH4
+, Li+, Sr2+, PO4

3−, Br− Cl−, F−, NO3
− and SO4

2−;
• Titrimetric method for Ca2+;
• Flame atomic absorption for Fe3+, Mn2+ and SiO2;
• The Carbonate speciation between CO2, HCO3

−, CO3
2− is obtained from pH and total alkanity;

according to Rodier’s formula [30];
• Gas chromatography coupled with mass spectrometry (GC/MS) for the CAHs.

For the organic CAHs compounds, results show that three CAHs are dominant: 1,1,1-TCA,
1,1-DCE and TCE, with maximum concentrations of 1100 μg/L, 820 μg/L and 550 μg/L respectively.
Concentrations have decreased of 85.13%, 72.5% and 80.47% respectively compared March 2013,
before the beginning of remediation operations of the CAHs source. Other aliphatic hydrocarbons
such as 1,1,2-TCA, tetrachloromethane, 1,2-dichloroethane and cis-1,2-DCE are detected with lower
concentrations. Results showed also a decrease of concentrations of all CAHs in groundwater compared
to the concentrations observed in March 2013.

Along the plume centerline, the sum of molar concentrations of the three dominant CAHs are
presented in a same graph with the molar percentage of each (Figure 2) Despite the general decrease in
CAHs concentrations, their spatial distribution is quite similar to that from Palau et al. (2016) obtained
in March 2013 on this site. Along the centerline, concentrations (of the sum of 1,1,1-TCA + 1,1-DCE +
TCE) show a decreasing trend from 20.66 μmol/L at well (E) to 1.28 μmol/L at well (Q). For almost
all wells along the plume centerline, 1,1-DCE molar fraction is closer to the one of 1,1,1-TCA, with a
slightly lower fraction for TCE.

Figure 2. Total concentration (sum of 1,1,1-TCA, 1,1-DCE and TCE) (right y-axis, line) and concentration
of 1,1,1-TCA, 1,1-DCE and TCE normalized by the total concentration (left y-axis, bars).

Results of chemical analyses of the inorganic elements in March 2017 are given in Table 2. Wells
are listed according to the increasing distance from the source of the CAHs. Well labels are shown in
Figure 1.
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The measured average temperature is 11.90 ◦C. The presence of dissolved oxygen with
concentrations between 1.04 mg/L and 4.71 mg/L confirms the dominance of aerobic conditions
in the aquifer. At most of the sampled points, the in situ measured pH is lower than 7. These values are
mainly explained by HY/DH degradation reactions of 1,1,1-TCA that slightly increase water acidity due
to the release of hydrochloric and acetic acids. The electrical conductivity is relatively high, ranging
from 787 to 1847 μs/cm. Concentrations in major ions such as Ca2+, HCO3

−, SO4
2− and Cl− decrease

downgradient along the groundwater flow direction. Na2+ and Mg2+ concentrations also show a
decrease, but their concentrations are relatively low. Ca2+ concentrations decrease from 310.09 mg/L to
168.39 mg/L, downgradient from the source. Cl− concentrations also decrease from 160.97 mg/L to
48.30 mg/L in the plume. Near the source area, the SO4

2− concentration exceeds the drinking water
limit of 250 mg/L set by the European Directive [22]. It decreases from 343.63 mg/L at the well (G) to
93.06 mg/L at the well (Q) located farthest from the source area. HCO3

− concentrations are decreasing
from 528.95 to 298.28 mg/L with a spatial distribution quite similar to Ca2+ concentrations. NO3

−
concentrations are higher than 50 mg/L in all sampled wells with a different spatial distribution than for
the other elements. NO3

− has a distinct origin, related to intense agricultural activities with fertilizers
that diffusely impact this aquifer [31]. Compared to data before remediation (March 2013), a general
slight decrease in concentrations is observed for Ca2+, HCO3

−, SO4
2−, Cl−, Na+ and Mg2+.

Changes of physicochemical properties and concentrations can be investigated using different
groundwater characteristics and tools (i.e., diagrams, graphs) (e.g., [32,33]). From our results, calcite SI
were calculated with PHREEQC, using the PHREEQC database. They range between −0.58 and 0.52,
indicating that groundwater can be considered in equilibrium with calcite.

In Piper diagram (Figure 3), a comparison of the relative compositions of groundwater was
performed based on data: before pollution detection (October 1993), before source remediation
(March 2013) and after source remediation (March 2017).

Figure 3. Piper Diagram for data collected in March 2017 compared to data in March 2013 and to initial
(non-polluted) groundwater composition.

Historical groundwater data (reflecting unpolluted groundwater status) in the vicinity of the site
show typical Ca-HCO3 hydro-chemical facies. The situation in March 2013, at the industrial site and in
the direct surroundings the showed that groundwater composition was evolving progressively towards
a Ca-SO4 facies, with a clear SO4

2− enrichment. At the same period, the groundwater composition was
tending progressively back to its initial (unpolluted) composition further downgradient. In March 2017,
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after the CAHs source remediation, the relative chemical composition in Piper diagram seems almost
similar to that of March 2013.

Figure 4 shows a comparison between 1,1,1-TCA, Ca2+ and SO4
2− spatial distributions for both

campaigns of March 2013 and March 2017. As a first observation, the spatial distribution of 1,1,1-TCA
(like other CAHs) is quite different than for Ca2+ and SO4

2−. It can be seen mainly at the industrial site
where the highest concentrations of 1,1,1-TCA are detected in the north-eastern part of the industrial
site (around well E), while the highest concentrations of Ca2+ and SO4

2− are observed in wells: A, B, F,
G, P and S of the industrial site (i.e., where a backfill layer exists). This could be a sign of a difference
between the source zone of the CAHs plume, and the actual source area of the Ca2+ and SO4

2− plumes.
This observation is confirmed by data from both campaigns (i.e., 2013 and 2017).

Figure 4. Spatial distribution of concentrations of 1,1,1-TCA, Ca2+ and SO4
2− for data of March 2017

and March 2013.

In order to confirm the calcium sulphate input in the groundwater, and to distinguish it from
calcite dissolution in the chalk aquifer, both data of March 2013 and March 2017 were used to
analyze the evolution of non-carbonated calcium (Ca2+-HCO3

−) concentrations as a function of SO4
2−

concentrations (Figure 5). A similar approach was used by Kimblin [34] to investigate gypsum
dissolution gypsum in the aquifer of Triassic Sherwood Sandstone Group (UK). The alignment of data
points along a line close to the 1:1 line indicates a direct supply of calcium sulphate to the aquifer.

The presence of a backfill layer at the industrial site, above the observation wells that show the
highest concentrations of sulphate and calcium, indicates that the backfill is the most probable source
of the external input of calcium sulphate in groundwater.

44



Water 2019, 11, 2009

Figure 5. Concentrations (meq/L) of non-carbonate calcium vs sulphate; non carbonate calcium is
Ca2+-HCO3

−, for samples of March 2017 and March 2013.

3.2. Simulation of Calcite Dissolution under Degradation Reactions

Geochemical batch simulations were performed to quantify the increase of calcite dissolution in
the presence of 1,1,1-TCA degradation reactions:

CH 3CCl 3 → CH2 = CCl 2 + H+ + Cl− (DH reaction)
1, 1, 1− TCA 1, 1−DCE

(1)

CH 3CCl 3 → CH3COOH + 3H+ + 3Cl− (HY reaction)
1, 1, 1− TCA Acetic acid

(2)

these two reactions show different yields due to the kinetics of HY, which is about 2.7 times faster than
that of DH [35]. According to Palau et al. [36], the DH yield is about 27%. By using it with the molar
balance, 1 mol of 1,1,1-TCA produces about 2.46 mol of HCl.

On the other hand, the degradation of 1,1,1-TCA by HY/DH are influenced by temperature [37].
Field temperatures enable the estimation of 1,1,1-TCA degradation rate according to Arrhenius equation:

k = A .exp(−Ea/RT) (3)

where k is the first order degradation constant (s−1), A is the frequency factor (s−1), R is the perfect
gas constant (8.314 × 10−3 kJ mol−1K−1), Ea is the activation energy (kJ mol−1) and T the temperature
(K). From Gauthier and Murphy [38], the constants Ea and A are assumed to be 122.8 kJ mol−1 and
8.7 × 1013 s−1 respectively. These values were obtained from several previous studies.

The quantity of HCl released in groundwater can be estimated for a given degradation time, using
observed field concentrations, the reaction yields of Palau et al. [36], and the degradation rate obtained
by the Arrhenius equation.

In order to quantify Ca2+ and HCO3
− required to reach the equilibrium with calcite, the chemical

composition of an assumed unpolluted sample is used by adding the estimated HCl quantity. Then,
the solution is assembled with the calcite assuming equilibrium conditions in PHREEQC [29].

The half-life time was calculated from the Arrhenius equation (Equation (3)) with an average
temperature of 11.92 ◦C obtained from observations in March 2017 (n = 27). The half-life time
is 11.57 years, this means that for 1 year, 4.3% of the amount of 1,1,1-TCA degrades via HY/DH.
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The estimated groundwater pH changes with degradation of 1,1,1-TCA by HY/DH is summarized
in Table 3.

Simulation results (Table 4) show that, for a degradation over a period of 1 year, and in the
presence of only 200 μg/L of 1,1,1-TCA, the pH decreases by 0.46 units from the reference composition.
Consequently, a supplement of 17.65 mg/L calcium and 53.64 mg/L bicarbonate must be released to
maintain the solution in equilibrium with calcite. A concentration of 500 μg/L can decrease the pH
by 0.75 unit and the equilibrium with calcite is obtained with a release of 48.14 mg/L of calcium and
146.50 mg/L of bicarbonate. To reach equilibrium with calcite for the maximum concentration 1100 μg/L
of 1,1,1-TCA (observed in March 2017), the pH decreases by 0.98 unit and the dissolution of calcite
increases groundwater concentrations of calcium by 95.28 mg/L and bicarbonates by 289.93 mg/L.

Using 1,1,1-TCA concentrations with observed field temperatures, these simplified simulations
provide an estimation of Ca2+ and HCO3

− releases in the presence of HY/DH of 1,1,1-TCA in the
chalk aquifer.

Table 3. Estimation of pH changes in groundwater with degradation of 1,1,1-TCA by HY/DH.

1,1,1-TCA 1,1,1-TCA Half Life Degradation Time
Coefficient of HCl

for 1 mol of
1,1,1-TCA

Concentration of
Hydrochloric Acid

Initial pH
pH with

Degradation

μg/L mol/L year year - mol/L - -

200 1.50×10-6 11.57 1 2.46 × 0.043 1.59×10-7 7.07 6.61
300 2.25×10-6 11.57 1 2.46 × 0.043 2.38×10-7 7.07 6.49
500 3.75×10-6 11.57 1 2.46 × 0.043 3.96×10-7 7.07 6.32

1100 8.25×10-6 11.57 1 2.46 × 0.043 8.72×10-7 7.07 6.02

Table 4. Results of batch simulations with concentrations of Ca2+ and HCO3
− after equilibrium

with calcite.

1,1,1-TCA pH after Degradation pH Equilibrium Ca2+ HCO3
− Δ Ca2+ Δ HCO3

−

μg/L - - mg/L mg/L mg/L mg/L

Unpolluted
water 7.07 - 149.40 309.98 - -

200 6.62 6.76 167.05 363.62 17.65 53.64
300 6.49 6.70 178.11 397.24 28.71 87.26
500 6.32 6.60 197.54 456.48 48.14 146.50
1100 6.02 6.42 244.68 599.91 95.28 289.93

4. Tests and Analyses on Backfill Soil in the Source Area

In December 2016, after remediation of the CAHs source, the backfill layer of the source zone
was excavated over an area of approximately 1034 m2 and an average depth of 1.5 m. During this
excavation, a backfill sample of 35.2 kg was taken in the center of the excavated zone over an area of
about 10 m2 to perform two laboratory tests: (1) A leaching test according to CEN/TS 14405: 2004 [39]
and, (2) a mineralogical analysis by X-ray diffraction (XRD) and scanning electron microscopy (SEM).

4.1. Leaching Test

A column leaching test was performed to characterize the backfill soil and study the release of
inorganic substances. The test was carried out according to CEN/TS 14405: 2004 that is similar to
ISO/TS 21268-3: 2007 [40]. After homogenization of the sample by quartering, crushing to a grain
size of less than 10 mm was carried out, 4 samples were used to carry out a similar test on 4 columns.
The average dry mass of one column is 3875 ± 43 g.

Due to the grain size (27.73% of the mass represents grains exceeding 10 mm), an inner diameter
of 10 cm was selected for the column. The filled height for each column is about 32 cm with a quartz
filtration layer (1 cm thick) and a filter paper (pores size <8 μm) at both extremities of the column.
Demineralized water (0.1 μS/cm) is used as eluent, the flow in the column is ascending with a linear
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velocity of 15 ± 2 cm/day. Equilibrium time (i.e., the time at rest between the column saturation and
the beginning of the test) was 96 h to reach the equilibrium between the solid grains and the water.

The collected ‘liquid to solid fractions’ (L/S) were: 0.1 ± 0.02, 0.2 ± 0.04, 0.5 ± 0.08, 1 ± 0.15, 2 ± 0.3,
5 ± 0.4, and 10 ± 1 L/kg. Eluates were filtered off-line with 0.45 μm membrane filters and analyzed
for the same hydrochemical elements and using methods described in Section 3.1. The pH and the
electrical conductivity were measured twice for each L/S fraction, first during the test and second
during the chemical analyses.

For each analyzed element, the results are expressed as an average (on the 4 columns) with
standard deviation (Figure 6). After a 96-h period, equilibrium conditions (pH difference < 0.5 unit)
were reached without the need for water recirculation. pH and electrical conductivity measured
during the test are shown in Figure 6a,b. The pH values are ranging between 7.38 and 8.7 with a slight
increase from the beginning to the end of the test. Electrical conductivity decreases significantly from
1585 μS/cm to 92.35 μS/cm due to the depletion of leachable elements of the backfill during the test.

Figure 6. Parameters: (a) pH and (b) EC with concentrations of (c) SO4
2− and (d) Ca2+ as a function of

the liquid-to-solid ratio of the backfill soil. Cumulative releases of: (e) SO4
2− and (f) Ca2+ as a function

of liquid-to solid ratio for the backfill soil.
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For each analyzed element, a decrease in concentrations was observed during the test with very
low concentrations in the last L/S fractions.

Figure 6c,d shows the average concentrations of SO4
2− and Ca2+ in mg/L. The maximum

concentration of SO4
2− was 984.62 mg/L, it was obtained for the first fraction of one of the columns.

Although this concentration is below the inert waste acceptance limit of the European Directive
2003/33/EC (1500 mg/L for the 0.1 L/kg fraction) [41], it is significant in the present case because the
tested samples were taken on site where the backfill was exposed to a partial leaching by the natural
infiltration water for years (before being excavated).

In the beginning of the test, between 0.1 and 1 L/kg fractions, the relative chemical composition of
eluates shows that (in meq/L) sulphate dominates the anions while calcium dominates the cations.
Sulphate concentration declines from 844.26 mg/L to 126.80 mg/L. After 1 L/S fraction, it decreases
following a different slope to reach 3.68 mg/L in the final test fraction. Calcium concentrations
decrease from 276.48 mg/L at the beginning of the test to a concentration of 11.71 mg/L at the final test
fraction. The other elements show lower concentrations compared to sulphate and calcium. HCO3

−
concentrations decrease from 96.61 mg/L for the first fraction to 38.60 mg/L at the end of the test.
Whereas Na+ concentrations decrease from 76.68 to 0.35 mg/L. The other elements, not presented in
this section, show lower concentrations that have limited influence on the global ionic balance.

Ca-SO4 is the dominant hydrochemical facies in eluates between fractions 0.1 and 1 L/kg. Further,
eluates are less charged with SO4

2− and the facies changed into a calcium bicarbonate Ca-HCO3.
The average cumulative releases in mg/kg are shown in Figure 6e,f. Values are obtained using the

equation [39]:
Ui = (Vi ×Ci)/m0 (4)

i: index of the eluate fraction, Ui: average cumulative released quantity of a component per mass of
the sample at the fraction i, expressed in milligram per kilogram of solid mass (mg/kg solid mass); Vi:
volume of the eluate fraction i expressed in liters (L), Ci: concentration of the component concerned in
the eluate fraction i (mg/L), mo: solid mass of the test sample expressed in kilogram (kg).

The most important quantities of sulphate are released during the first four fractions.
The cumulative quantities gradually increase from 85 mg/kg for the 0.1 L/S fraction to 302.5 mg/kg for
the 1L/kg fraction. Further, the increase is less important, and the cumulative value reaches 400.06
mg/kg at the end of the test. This value is lower than the inert waste acceptance limit for sulphate
waste according to European Directive 2003/33/EC (1000 mg/kg for L/S = 10 L/kg) [41] but it remains
considerable for a backfill layer that was placed 40 years ago.

The calcium evolution is different from that of sulphate. After the fraction 1 L/kg, the slope is
steeper than before, meaning that more calcium is dissolved at the end of the test with a final released
quantity of 235.01 mg/kg for the last fraction.

Application at the Site Scale

To contextualize the results of the test, we estimated the actual time required to reach the L/S
ratios, the total mass released from the entire backfill and the concentration in the recharge water for
SO4

2− and Ca2+ (Table 5). Cumulative release estimated from the test were used for extrapolation at
the scale of the entire backfill using the following data: an area of 1034 m2, an average thickness of
1.5m, a bulk density of 1500 kg/m3, an average infiltration of 260 mm/year [26].

Considering an average recharge of 260 mm/year, the 0.1 L/kg ratio is reached after a period of
around 0.86 year. Based on the calculation assumptions made for this specific site, for this ratio, the
total mass of SO4

2− leaching from the backfill is approximately 198 kg and the concentration in the
infiltrated water is about 849.79 mg/L. Ca2+ quantity is about 66.45 kg and its concentration in the
groundwater is about 285.62 mg/L. The 2 L/kg ratio is reached after 17.18 years and the cumulative
total leaching mass is 806.83 kg for SO4

2− and 303.05 kg for Ca2+. At this time, the corresponding
average concentrations in infiltration water is decreased to 173.40 mg/L and 65.13 mg/L respectively.
The last fraction of the test (10 L/kg) corresponds to a period of 85.88 years. The cumulative leached

48



Water 2019, 11, 2009

mass is then 930.71 kg for sulphate and 546.76 kg for calcium. Concentrations in infiltration water are
low for this fraction because it is the one with the lowest dissolved solutes, with 40 mg/L of SO4

2− and
23.5 mg/L of Ca2+.

Table 5. Estimation of the total released quantities of SO4
2− and Ca2+ with average concentrations in

recharge water (the different liquid to solid ratios are considered).

L/S Ratio
(L/kg)

Estimated
Time (Year)

SO4
2− Released

Quantity (mg/kg)
from the Test

SO4
2− Total Mass

(kg)

SO4
2−

Concentration in
Water Recharge

(mg/L)

Ca2+ Released
Quantity (mg/kg)

from the Test

Ca2+ Total
Mass (kg)

Ca2+

Concentration in
Water Recharge

(mg/L)

0.1 0.86 84.98 197.70 849.79 28.56 66.45 285.62
0.2 1.72 146.67 341.23 733.36 47.20 109.81 236.01
0.5 4.29 238.71 555.35 477.41 78.58 182.81 157.15
1 8.59 302.52 703.82 302.52 104.39 242.87 104.39
2 17.18 346.80 806.83 173.40 130.26 303.05 65.13
5 42.94 381.85 888.37 76.37 175.91 409.25 35.18

10 85.88 400.05 930.71 40.00 235.01 546.76 23.50

During the four first fractions (from 0.1 to 1 L/kg) which correspond to a duration of about
8.6 years, practically 76% of the total sulphate mass is leached and the rest is leached over a period of
about 77 years.

The results of this test, mainly for the four first fractions, have confirmed that the backfill is
potentially an important source of calcium and sulphate that can be released in the infiltrating water
to reach the saturated zone. Transport time in the unsaturated loess layer, between the backfill layer
and the saturated zone (1 m/year, see above), is not considered in this assessment. This means that,
on the one hand, pollutants has got enough time to be transferred by infiltration through the whole
thickness of the unsaturated zone (about 18 m), and on the other hand, the released quantities were
most probably higher in the past than what we estimated from the leaching tests (i.e., performed on
recent and somehow depleted backfill samples).

4.2. Mineralogical Analysis

A mineralogical analysis was carried out to identify the main mineral phases that are present
in the backfill. First, XRD analyses were carried out. After quartering, 4 sub-samples of few grams,
crushed and sieved to less than 150 μm, were placed in a sample holder by simple pressure to
limit any preferential orientation of the minerals according to the Moore and Reynolds method [42].
The diffraction spectrum is recorded for diffraction angles between 2 and 70◦ 2 theta on the Bruker
D8-Advance diffractometer (copper Kα1 radiance, λ = 1.5418 Å). Mineral identification was done by
using the EVA 3.2 software and is then quantified via Topas the Bruker’s software using Rietveld’s
refinement method [43].

Second, to complete the XRD analysis, SEM analysis were performed on one sample obtained
after quartering and crushing to less than 1000 μm. A sample of few grams was used to obtain a
polished section impregnated in an epoxy resin. Initially, an optical microscope analysis was carried
out with the Zeiss Axio Imager.M2m microscope to pre-select areas of interest for advanced analysis
of minerals under the electronic microscope (SEM). The individual stoichiometry of minerals was
determined with a SEM (Zeiss Sigma 300) equipped with two energy dispersive spectrometers (EDS,
Silicon Drift Detector XFlash by Bruker, 30 mm2) with operating conditions: 20 keV, ~200 μA and a
work distance of 8.5 mm.

For the four backfill samples, XRD results show almost identical diffractograms. The detected
minerals are quartz, calcite, silicates (micas, plagioclase, chlorite, orthoclase, kaolinite, amphibole)
and hematite. No sulphate nor sulphide minerals have been detected. Table 6 summarizes mineral
quantification for the four analyzed samples.
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Table 6. Relative quantification of minerals (in %) based on XRD analysis of backfill soil samples.

Samples Quartz Micas Calcite Plagioclase Chlorite Orthoclase Kaolinite Hematite Amphibole

% % % % % % % % %

1 53.1 12.7 7.3 10.3 4.6 5.3 3.7 1.2 1.9
2 49.7 15.4 10.8 8.2 5.6 4.3 4.4 1.6 0.0
3 49.7 14.4 11.6 8.9 5.0 5.1 4.0 1.3 0.0
4 48.1 14.8 12.3 8.3 5.2 5.6 4.3 1.4 0.0

Average 50.2 14.3 10.5 8.9 5.1 5.1 4.1 1.4 0.5
Standard error 0.9 0.5 1.0 0.4 0.2 0.2 0.1 0.1 0.4

Minerals proportions are very similar in all samples; the standard error is less than 1% for all
detected minerals. Quartz is the dominant mineral with an average quantity of 50.2%, followed by 38%
of silicates (including 14.3% of micas). Detected calcite quantity is 10.5%, and hematite corresponds to
1.4%. The presence of calcite can be explained by the recycled construction materials in the backfill
layer and by the nature of the underlying loess that may also contain calcite. Micaceous shales are
present in local Carboniferous formations locally called ‘Houiller’ formations [44]. Those formations
were intensively exploited in the past for coal production, producing a lot of shaly waste at that time
(i.e., often used as backfill materials in different places). In addition, micaceous sandstones have been
widely used in construction [45]. The presence of mica in the backfill is therefore most likely from
those ‘Houiller’ shales wastes and from recycled construction materials.

SEM results showed traces of pyrite with an advanced oxidized state surrounded by iron oxide
(Figure 7). This explains the detection of hematite (Fe2O3) in backfill samples by XRD. The presence of
Hematite in cases of pyrite oxidation under room temperature conditions were reported in different
studies [46].

 

Figure 7. Traces of oxidized pyrite observed by SEM in the backfill analyzed sample.

Our results confirm that the backfill shales contained initially pyrites that oxidized in the presence
of oxygen and infiltrating water, releasing sulphate in the environment (Reaction (5)):

2FeS2(s) + 7O2 + 2H2O→ 2FeSO4 + 2H2SO4 (5)

Gypsum is often associated with recycled construction materials in Belgium [47]. In our case,
even if gypsum was not detected, it could be initially present in the backfill within the recycled
construction materials. On the other hand, it can be formed in the presence of SO4

2− ions (Reactions (7)
and (8)) and calcite in acidic conditions (Reaction (6)) created by pyrite oxidation and by HY/DH of
1,1,1-TCA (Reactions (1),(2) and (5)). In addition, the presence of a clear input of calcium and sulphate
in groundwater (see Section 3.1) also supports this interpretation.

Acidity neutralization by calcite dissolution:

CaCO3(s) + H+ → Ca2+ + HCO−3 (6)
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Gypsum resulting from reaction between sulphuric acid and calcite:

H2SO4 + CaCO3(s) + 2H2O→ CaSO4.2H2O + CO2 (7)

Gypsum formation from sulphate and calcium ions:

Ca2+ + SO2−
4 + 2H2O→ CaSO4.2H2O(s) (8)

The dominance of sulphate in the ionic balance of the leaching test eluates and the significant
released quantities, combined with XRD results, allow to conclude that it is very likely that some
sulphate in the backfill existed under an amorphous form that is not identifiable correctly by
mineralogical analyses.

5. δ34S and δ18O of SO4
2− in Backfill Eluates and in Groundwater

The isotopic composition of dissolved sulphate (δ34S et δ18O de SO4
2−) was studied to identify

the origin of sulphate concentration increases in the study area. This was done by performing analyses
on groundwater samples as well as on backfill eluates.

For groundwater, 8 points were sampled in December 2016 near the CAHs source zone. In March
2017, during the measurement and sampling campaign presented in Section 3.1, 11 samples were
collected from the monitoring network. For backfill eluates, analyses were performed on the first
four fractions (0.1, 0.2, 0.5, and 1 L/kg), taken from the same column. Polyethylene vials of 500 mL
were used with a pinch of zinc acetate to stabilize the solution. Isotopic analyses were carried out in
the laboratory of the Centre for Environmental Research Leipzig (UFZ). The method is based on the
precipitation of BaSO4 first, and then analyzing each isotopic ratio in this BaSO4 precipitate. For the
sulphur isotope, BaSO4 is converted to SO2 by a continuous flow combustion technique coupled with
isotope ratio mass spectrometry (delta S, Thermo Finnigan). The result is expressed in ‰ of δ34S of the
deviation from Cañon Diablo Troilite (CDT). For the oxygen isotope, the used technique consists in a
pyrolysis at high temperature (1450 ◦C) in a TC/EA connected to a delta plus XL mass spectrometer
(Thermo Finnigan, Bremen, Germany). The result is expressed in ‰ of δ18O of the deviation from the
Vienna Standard Mean Ocean Water (VSMOW) standard. The analytical error is ±0.3‰ for δ34S and
±0.5‰ for δ18O.

The results showed that for the eluate, δ34S is quantified between 2.1 and 2.6‰ while δ18O is the
same for the 4 samples at 6.5‰. For groundwater in December 2016, δ34S ranged between 1.2 and
2.6‰ while δ18O ranged between 3.6 and 5.2‰. For March 2017 campaign, δ34S was between 0.9 and
2.9 ‰ while δ18O varied between 2.4 and 4.4‰.

δ34S results versus δ18O for all analyzed samples are shown in Figure 8a where they can be
compared to typical domains of known sulphate sources reported by Mayer [48]. Results are also
shown with regards to sulphate concentrations in Figure 8b (where the point size represents the
relative sulphate concentration). The isotopic signature of leachate sulphate from the backfill eluates
is close to that observed in groundwater. Compared to Mayer’s sulphate sources [48], groundwater
samples match with the ‘soil SO4 ’ zone, which includes organic (ester and CS-mineralization) and
inorganic sulphides. The eluate samples from the backfill are within the anthropogenic source zone of
atmospheric deposition near the boundary of the ‘soil SO4 ’ zone.

As described previously, the studied backfill soil may be highly heterogeneous: a mixture of
sandy loamy soil with recycled construction and mining wastes that contain shale and coal in small
quantities. The isotopic signature of sulphate in this backfill therefore represents the signature of
different anthropogenic sources.

In an urban context, Bottrell et al. [17] studied, using isotopes, sulphate sources around the city of
Birmingham. Sulphate isotopic signature, for a group of wells in the city center and some industrial
sites, was quite similar to our study results with δ34S between 0.2‰ and 3.2‰ and δ18O between 2.8‰
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and 7.73‰. This isotopic signature was interpreted as from SO4
2− urban pollution resulting from

artificial (made ground) soils and/or from wastewater.

 

Figure 8. δ34S versus δ18O values of sulphate from groundwater and eluates samples compared
to typical values depending on: (a) Sulphate sources and (b) with regards to SO4

2− concentrations.
The isotopic composition for the sulphate sources are taken from Mayer [48]. Concentration of SO4

2−
in groundwater versus: (c) δ34S and (d) δ18O.

The isotopic signature obtained in our study reflects a mixture between background sulphate in
the aquifer and additional sulphate released from the backfill layer. In the study by Jurado et al. [49], the
isotopic signature of SO4

2− in the same aquifer for points with low sulphate concentrations (between
34.54 and 71.49 mg/L) was between −2.08‰ and −0.13‰ for δ34S, and between 2.1‰ and 4.3‰ for
δ18O. These results are similar to our sampling points with low SO4

2− concentrations, and therefore
we can consider these values as the natural background signature of sulphate in the chalk aquifer.

Locally, in the study area, the higher the sulphate concentrations increase, the more we have an
enrichment of SO4

2− in groundwater at δ34S and δ18O, and a trend towards the isotopic signature of
backfill eluates Figure 8c,d. Sampling wells showing the highest SO4

2− concentrations are located
below the backfill of the industrial site.

The increase in sulphate concentration is clearly accompanied by an increase of δ34S-SO4.
For δ18O-SO4, this trend is not so evident because of the background isotopic signature of sulphate in
groundwater comes mainly from the mineralization of organic matter which causes a depletion in
δ18O-SO4 but not of δ34S-SO4 which does not show significant fractionation through this process [50].

6. Synthesis of Process Leading to Groundwater Mineralization Changes

The main processes explaining groundwater mineralization changes that occurs at the industrial
site are conceptually summarized in Figure 9:
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Figure 9. Conceptual scheme summarizing the obtained results with the main process controlling the
groundwater mineralization under the industrial site (Scale not respected).

The investigated backfill layer had been in place for more than 40 years prior the present study. It is
made of a mixture of materials with considerable calcium sulphate release capacity. The detected traces
of oxidized pyrite with hematite indicate that the backfill soil contained pyrite in the past. Gypsum was
also present, either with recycled building materials or formed as a result of calcite reaction to acidity.
Some sulphate in the backfill soil were in amorphous form. In addition, the improper handling of
products containing CAHs has produced a contamination of soil and groundwater. The mixture of
pollutants had enough time to percolate across the unsaturated zone with the infiltrated water to reach
the saturated zone.

The current groundwater hydrochemistry changes have resulted from the combination of an
increase of calcite dissolution along with the migration of calcium and sulphate from the backfill soil,
as verified by the correlation of sulphate concentrations with non-carbonated calcium (Ca-HCO3).
Furthermore, isotopic analyses results confirm the mixing between the sulphate released from the
backfill soil with the background sulphate in the aquifer.

Considering the leaching test results for the first 4 fractions, where easily leachable components
are leached quite extensively, calcium and sulphate are the dominant compounds in the backfill eluates.
Results extrapolation at the field scale shows that for a period between 0.86 to 8.59 years, the infiltrated
water passing through the backfill layer produces leachate with sulphate concentrations between 9.2
and 3.3 times the background concentrations of sulphate in the aquifer. While for calcium, for the
same duration, concentrations in infiltrated water correspond to values between 1.9 and 0.7 times the
background concentration of calcium in the aquifer.

On the other hand, geochemical simulations provided an assessment of calcite dissolution in
groundwater in the presence 1,1,1-TCA degradation reactions. Results showed that for the maximum
concentration of 1,1,1-TCA (1100 μg/L) observed in groundwater, HY/DH degradation reactions
decrease the pH by a value of 1.01 units for a 1-year degradation time. Consequently, the calcite
dissolution produces an additional amount of 0.64 times the background calcium concentration, and
0.93 times the background bicarbonates concentration.
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7. Conclusions

Through this study, the understanding of a pollution problem in the considered chalky aquifer was
improved. Using a combination of tests on the backfill material extracted from the site and groundwater
quality analyses, the mechanisms that lead to changes in groundwater mineralization at this site was
clarified. These changes are mainly due to two sources. The first is the increase in calcite dissolution
as a buffer reaction to the acidity released by the degradation of 1,1,1-TCA by HY/DH. Geochemical
simulation results showed that calcite can release up to 95.28 mg/L of calcium and 289.93 mg/L of
bicarbonate during one year of 1,1,1-TCA degradation.

The backfill layer at the industrial site represents a second source that affected the hydrochemistry
by releasing calcium sulphate that migrated to the saturated zone with recharge water. Leaching test
results showed that for a period between 0.86 and 8.59 years, the average concentration in backfill
leachate is 302.52 mg/L for sulphate and 104.39 mg/L calcium.

Thus, in the present case study, the improper backfill materials quality caused an additional
pollution source influencing groundwater mineralization. A better control of backfilling materials would
have prevented a part of the groundwater contamination. Furthermore, the advanced characterization
of backfill soil and groundwater hydrochemistry provided an appropriate estimation of the effect of
1,1,1-TCA degradation reactions on the hydrochemistry compared to backfill leachates effect, leading
to a more correct conceptual site model that will improve the remediation plan.

The current research demonstrated also the benefits of analyzing major inorganic chemical
elements in cases of local pollution with organic pollutants such as CAHs. These analyses not only
make it possible to identify other potential pollutions, but also to improve the understanding of CAHs
degradation reactions in groundwater.
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Abstract: Sewer systems affect urban soil characteristics and subsoil water flow. The direct connection
observed between baseflow in sewer systems under drainage infiltrations and piezometric levels
influences the hydrological behavior of urban catchments, and must consequently be considered in
the hydrologic modeling of urban areas. This research studies the groundwater contribution to sewer
networks by first characterizing the phenomenon using experimental data recorded on a small urban
catchment in Nantes (France). Then, the model MODFLOW was used to simulate the infiltration
of groundwater into a sewer network and model dry weather flows at an urban catchment scale.
This application of MODFLOW requires representing, in a simplified way, the interactions between
the soil and the sewer trench, which acts as a drain. Observed average groundwater levels were
satisfactorily simulated by the model while the baseflow dynamics is well reproduced. Nonetheless,
soil parameters resulted to be very sensitive, and achieving good results for joint groundwater levels
and baseflow was not possible.

Keywords: groundwater; urban hydrology; drainage; modeling; sewer; baseflow

1. Introduction

Urbanization modifies land use and affects soil, sub-soil and subsurface processes in different
ways. Urban features as well as surface and underground infrastructure can have a strong impact
on groundwater levels. Some causes explaining a reduction in groundwater include an infiltration
decrease due to additional imperviousness, groundwater pumping for various urban water uses,
and groundwater flow into drainage trenches [1]. On the other hand, leakage from water supply
and waste water networks becomes a source of recharge for urban groundwater [2–5]. Furthermore,
leakage from waste water systems is also a possible source of groundwater contamination [6]. Despite
aquifer levels and stream flow having proved to be related in various rural contexts [7,8], few studies
have focused on examining this relationship in urban catchments [5,9–11]. Soil water infiltration in
sewers, however, is a phenomenon affecting urban hydrology, sewerage and waste water treatment
plant management [12,13]. Initially, the presence of soil water in wastewater sewerage was revealed
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by [14,15], when flow variations in separate wastewater sewerage during wet weather periods were
commonly attributed to inappropriate or irregular stormwater runoff connections. These authors
showed that groundwater seep into the sewers through defective cracks once the water table level
reaches the depth at which sewers are buried. This phenomenon has been recently reinforced by [13]
for several Flemish catchments; some interesting stable isotopes methods have been used to detect
and estimate groundwater intrusions in sewers in Nancy, France [16] and in Brussels, Belgium [17]
and temperature-based methods in Trondheim, Norway [18]. Similarly, [9] showed that soil water
may explain the variations of runoff coefficients observed on a small urban catchment in the city of
Nantes, France, as groundwater drainage flow becomes significant once the water table exceeds a
given threshold. The flowrate in sewers is the sum of runoff during rain events, wastewaters from
housing (for separative wastewater or combined sewers), and a groundwater infiltration component,
representing the baseflow in sewers; this component is often part of “extraneous” water in sewers.
Interestingly, [19] suggest the appropriate terminology of urban “karst” to denote the multiple water
soil and pipe interactions below the surface. Despite the relevance of improving our understanding of
the impact of groundwater drained by urban sewer systems, only a few efforts are currently devoted
to the problem. Groundwater drainage by sewers is often noted in literature [20], although is rarely
quantified when assessing the urban water budget. Only a few papers deal with the determination
of the urban water budget, likely due to the lack of reliable data of all the water budget components
(i.e., rainfall, evapotranspiration, surface and groundwater flow rates). This lack of knowledge
must be addressed as urban stormwater practices increasingly consider innovative infiltration-based
technologies and approaches to mitigate the hydrological impacts of urbanization [21]. Thus, a better
understanding and quantification of the fate of urban soil water becomes essential [22,23].

The first attempts to represent the interaction between surface water and the aquifer in urban
integrated hydrological models were simple and conceptual. Aquacycle [24] and the Storm Water
Management Model (SWMM, [25]) are examples of such models. In a comprehensive review of ten
stormwater models, [26] identified the models able to simulate the groundwater baseflow component,
mostly through a conceptual linear reservoir. Some of the more recent physically-based modeling
efforts consider soil drainage by sewers. An integrated sewer-aquifer model was developed [27] to
test the effects of future buried drains on both groundwater flow and sewer infiltration phenomena.
This integration proved to be relevant to describe the groundwater-sewer interactions. The Network
Exfiltration and Infiltration Model (NEIMO) model [28] was developed in close connection with already
available groundwater models such as MODFLOW [29] or FEFLOW [30], to simulate infiltration and
exfiltration processes. This modeling approach requires developing an integrated modeling framework
like Urban Volume and Quality (UVQ) developed by CSIRO, Australia [31,32]. MODFLOW was
used [33] to analyze the relevant infiltration parameters at a local scale, and compared a 1D-infiltration
approach and a MODFLOW modeling approach to model groundwater infiltration at a larger scale.
Overall, coupling groundwater models with the simulation of infiltration/exfiltration processes is
a major challenge, especially due to the high uncertainty associated with these models [34]. The
coupling of a hydraulic model was realized by [35] with both a groundwater model and a sewer failure
estimation approach to identify the sections potentially affected by infiltration in coastal urban areas.
Satisfying results were obtained by [11] with regard to the groundwater infiltration by coupling two
commercial models MIKE URBAN for simulation of sewer flow and MIKE SHE for simulation of
groundwater transport. The Urban Runoff Branching Structure Model (URBS-MO) [36] was developed
to represent surface and subsurface water flows while focusing on the impact of sewer networks.
Although the model simulates groundwater drainage by sewer, real observations at a local scale to
test this component of the model were not available. Finally, [5] coupled the hydrological/water
management WEAP model and MODFLOW to verify a strong stream-aquifer interaction in areas
with shallow groundwater, as well as quantify the local recharge associated with pipe leaks and
inefficient urban irrigation. Overall, the literature review shows that much more experimental data
and modeling using comprehensive 3D modeling tools such as MODFLOW, are needed to better
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understand and quantify the impact of groundwater infiltration and groundwater levels on low flows
in urban environments.

This study investigates the interactions between urban groundwater and baseflow in wastewater
and stormwater sewer systems, and its first goal is to better understand their role on the hydrological
budget of an urban catchment. These interactions are analyzed and quantified using a field study
conducted in the “Pin Sec” catchment, located in the city of Nantes (France) [37]. The second objective
consists of testing the ability of a groundwater modeling tool to mimic these interactions. The results
are used to build a numerical model focused on simulating the hydrological behavior of the urban soil
and low flows in the sewer system. The outline of this paper is as follows: the next section presents
the case study and the methods adopted in this work, which focus on using MODFLOW to model
baseflow and interactions between the sewer systems and groundwater at catchment scale. The results
section presents and compares observed and simulated groundwater levels and baseflow discharges.
Finally, the last section summarizes our results and highlights the main conclusions.

2. Materials and Methods

2.1. In-Situ Interactions Between Baseflow and Groundwater Levels

2.1.1. Case Study

The experimental area is part of the Observatoire Nantais des Environnements Urbains (ONEVU)
initiative, devoted to long-term monitoring of water and pollutant fluxes and soil-atmosphere exchanges
in urban settings [37]. The Pin Sec catchment is located in the East of Nantes (France) between the
Loire and the Erdre rivers. The area is under an oceanic climate, with frequent but not very intense
rainfalls. The Pin Sec neighborhood developed between 1930 and 1970 is mainly composed of single
and multi-family housing (Figure 1). This 31 ha catchment (called urban catchment) belongs to a larger
hydrogeological catchment of 120 ha, both of them are represented on Figure 1. This catchment has
a gentle slope, the highest altitude of the catchment is 28 m asl and the lowest is 13 m. The Pin sec
catchment has an imperviousness of 45% and is equipped with a 50 years old separate sewer network.
The wastewater and stormwater sewer systems have total lengths of 7.3 and 4 km, and mean depths
of 2 and 2.9 m respectively. Although the wastewater sewer network is denser than the stormwater
system, both are mainly superimposed, and both present cracks or faulty sealing joints. Both system
outlets, while collecting water from the same geographic area, are not located in the same place. The
stormwater system is connected to the Gohards river, whereas the wastewater sewer system drains
into a downstream combined sewer system. Gohards river stream is an old river which was buried
between 1945 and 2012 and which has been re-opened through a renovation urban planning of this
area in 2012. It is a perennial stream.

Recorded data include (1) 5 min rainfall records from 1999 to 2010, deduced from the average
of 3 rain gauges covering the study area, (2) 5-min flow discharge records at the outlet of both
the stormwater and the wastewater systems from 1 September 2006 to 31 August 2008, (3) 20-min
groundwater levels measured with pressure sensors in eleven piezometers located throughout the
catchment from 1 September 2006 to 31 August 2008 (one piezometer, PZGN being only used to map
the groundwater level contours), and (4) other meteorological records as well as evapotranspiration
estimated with the Penman method, measured 12 km away from the catchment outlet, from 1999
to 2010. We focus our analysis on the main period between 1 September 2006 and 31 August
2008 (i.e., two hydrological years), but we also used year 2002 for some modeling tests as rainfall
characteristics were representative of the average conditions in the area.
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Figure 1. Pin Sec catchment within the Observatoire Nantais des Environnements Urbains (ONEVU)
territory and location of the piezometers (green circles). The dotted brown and continuous black lines
represent the boundary of the urban catchment and the hydrogeological catchment respectively. The
large arrows represent the main sewer flow directions. By convention, north is placed at the top of the
following maps. PZPS is located 47◦14′43.0′′ N 1◦31′09.1′′ W.

2.1.2. Geology and Hydrogeology

The city of Nantes has developed on the Armorican massif, and especially in the south Armorican
shear zone. The geology is mainly composed of a mica-schists bedrock and a stack of alluvial deposits
along the Loire River. On the Pin sec catchment, the mica-schists bedrock is covered with altered
mica-schists, silty eolian deposits and alluvial deposits along the Gohards stream (Figure 2a) [38,39].
The piezometers are mainly located in the top layers and especially within altered mica-schists, with a
drilling depth varying from 4 to 8 m (Figure 2b); for two of them, the depth was limited due to hard
non altered micaschists. The hydraulic conductivities estimated from in-situ measurements by water
bail tests [40] using the Hvorslev method [41] varies from 8.5 10−8 to 1.810−5 m s−1 [42]. Piezometer
PZGN is out of the hydrogeological catchment and was not considered for further results. From now
on groundwater level will designate the level of the saturated zone, which is equivalent to the local
groundwater level in our case study.

The piezometers were used for mapping the behavior of the water table on the catchment.
Groundwater level contours were interpolated using inverse distance weighting (IDW) techniques with
Vertical Mapper© in Mapinfo platform, and used to determine groundwater main flow directions. The
groundwater levels of the high water table periods are presented in Figure 3. Note that the upstream
condition of the water table is given by two piezometers (PZCRI and PZGO) located at the upper limit
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of the catchment, and that groundwater moves in the northwest-southeast direction towards the stream
outlet following the surface slope. The low water table condition is characterized by a similar profile.

(a) (b) 

Figure 2. (a) Main geological layers on the Pin sec catchment: (non-altered micaschists are not visible
because below the other layers; (b) Soil profiles of the set of monitored piezometers, ordered from
upstream to downstream. Colors representing the geological layers on (a) refer to the Legend in (b).

 
Figure 3. Groundwater level contours (hydraulic heads in m) deduced from the piezometric data
interpolation on 7th March, 2007.

2.1.3. Baseflow in Sewer Networks

Both waste- and stormwater systems outlets are equipped with continuous flow rate measurement
devices that use triangular weirs. Nonetheless, measuring the lowest flow rates within sewers has
proved difficult as dry-weather flows do not necessarily reach the minimum water depth (~3 cm)
needed for proper velocity measurement. Diurnal patterns of the wastewater flow rates show a typical
domestic double-bump flow during dry weather time (Figure 4), and an increase of this flow during rain
weather, due to parasitic waters (due to both wrong sewer connexions and groundwater infiltration).
The stormwater flow rate is typical for urban catchments, with a fast hydrological response related
to the runoff produced by impervious areas. In this study, baseflow is considered on a daily basis.
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Stormwater baseflow is basically the minimum flowrate of each day. Because of the small size of the
catchment, minimum wastewater flows corresponding to water draining from the water table are
assumed to occur in the middle of the night [43–45]. Thus, we assume that the flow rate at 4:00 A.M.
is representative of this drainage flow. Those days in which rain takes place are removed from the
wastewater and stormwater discharge records to assess baseflow at the outlet of both systems during
the study period (i.e., 65% of the time).

 
Figure 4. Dynamics of flowrates in both sewers (wastewater in red and stormwater in blue) during
10 days in May, 2007. The yellow dots show the minimum nighttime wastewater flow, used for the
daily baseflow estimation.

2.2. Groundwater Modeling at the Urban Catchment Scale

Our aim in proposing a model to represent soil-sewer interactions is to improve our understanding
of water fluxes in urban catchments. We use the groundwater model MODFLOW [29] to simulate
these interactions because of (1) its widely-used extensive modeling capabilities [46], (2) its drainage
modeling options to account for soil discontinuities using fine discretizations, and (3) the possibility
of easily linking MODFLOW with other models. Few studies, however, have used the model in
urban groundwater modeling [5,33,47–49], and in doing so, quite large grid resolutions (100–500 m)
are adopted. In our study MODFLOW is used at a much finer resolution to represent sewers or
buried trenches and their discontinuities in detail. Simple application conditions have been retained,
because the use of MODFLOW in an urban context is not frequent and a cautious approach has been
adopted. Moreover, the urban soil is both vertical and horizontal heterogeneous, and therefore not
well documented.

2.2.1. Main Modeling Principles and Assumptions

MODFLOW uses a finite-difference approximation and an implicit scheme [29] to solve the 3D
groundwater flow diffusion equation. In our implementation, the geological features of the catchment
are deduced from the geological characteristics found in the case study (i.e., silt, altered and non-altered
mica-schist). Two soil layers are defined from base to top: (1) a basement layer consisting of non-altered
mica-schists; (2) a topsoil layer consisting of silty eolian deposits and altered mica-schists on the
main part of the area, and alluvial deposits on the downstream part; this topsoil layer contains the
sewer trenches.

Three MODFLOW modeling options were tested to represent the sewer trench, as this element
cannot be explicitly implemented in the model: (1) a basic modification of the hydrodynamic properties
of the cells containing the trench; (2) a field trench parallel to the surface slope with a small drainage
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capacity, using the drain package (DRAIN); and (3) a representation of the sewer network using a river
with the river package (RIV).

A preliminary sensitivity analysis was carried out at a street scale for a 100 × 100 m unit element,
both in steady state and transient conditions (not presented here). This analysis helped to understand
the impact of the modeling configurations (grid resolution and the sewer trench representation option)
on both groundwater levels and flows simulation. Moreover, the influence of the main parameters
used in the model (i.e., sewer trench conductance, hydraulic conductivities, specific yield and specific
storage) was analyzed. The choices about the parameters or configurations described below were
not adopted to replicate experimental results, but to retain realistic characteristics of the subsurface
processes to be represented.

The grid resolution in our analysis varied between 1 and 10 m and affected mainly the water
flows. Finally, a 4 m grid cell resolution was chosen. This size is quite large to represent the sewer
trenches encompassing sewer pipes, but is a good compromise given the area of the study catchment
(120 ha). Along the three tested options, the option using the DRAIN package to represent the sewer
trench proved best to represent the saturated zone drainage by a sewer, because it can better reproduce
the decreasing groundwater near the trench. Specific yields and conductivities are the main sensitive
parameters, influencing both the groundwater levels and the flows. Due to the low impact of anisotropy
in our sensitivity analysis, conductivities are considered homogenous in the three directions. The
water flux increases with the hydraulic conductivities, while the groundwater level decreases. The
initial hydraulic conductivities are estimated from in-situ measurements described above (§2.1.2).
The influence of the specific yield of the topsoil layer is significant for the sewer trench outflow:
the downstream flow reduces by 7% when specific yield decreases from 20% to 5%, which are typical
values assessed by [50].

The field drainage system representing the sewer trench is characterized by a drain hydraulic
conductance (L2/T) (conductance thereafter), which depends a priori on the material and characteristics
of the drain. Since the conductance is usually unknown, it must be estimated by calibration [49,51].
We first assessed the range of variation of the conductance from the sewer baseflow observations. As
discussed by [51], the discharge rate to drain cells may be calculated as the product of the conductance
and the head gradient (h-d), where h is the hydraulic head and d is the elevation of the drain. We
integrated this relation at the whole sewer network scale, which allows estimating a global conductance
associated with the total groundwater flowrate in sewers. Assuming that the baseflow in sewers
is only due to groundwater infiltrations, the application of this relation for the high water level
period during year 2007 and for the total length of flooded sewer pipes generates a conductance of
~0.9 m2/day. This parameter only changes the water flows and its effect on groundwater levels is less
significant. In the end, the specific storage slightly affects the modeling results, as it ranges theoretically
from 3.3 × 10−6 m−1 (rock) to 2 × 102 m−1 (plastic clay) [51]. A medium value of 1 × 10−5 m−1 was
adopted initially.

2.2.2. Urban Groundwater Modeling at the Catchment Scale and Application to the Case Study

The MODFLOW model is used on the Pin Sec catchment to assess soil water-sewer interactions
at the urban catchment scale. Furthermore, certain simplifications not considered in the sensitivity
analysis for the unit element were adopted. The two soil layers are represented in this way: (1) the
basement layer is located in the entire catchment at a mean depth of 18 m, and (2) the topsoil layer
is located in the valley area around the old stream bed, with a mean depth of 2 m. Because both the
stormwater and wastewater systems are often placed within the same trench below the street surface,
both networks have been combined to represent the draining trench in the soil. Thus, the field drain
represents both stormwater and wastewater networks.

Boundary conditions are stipulated as follows and summarized on Figure 5: (1) a zero-flux
condition is defined in the upstream boundary of the hydrogeological catchment by considering
no-flow cells and (2) a river boundary condition representing the Gohards stream is defined as the
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downstream condition by using the River package (RIV) on a 200 m long stream; it is a head-dependant
boundary condition. The combined ‘field drain’, representing the sewer systems, drains into this stream.
A one hydrological year simulation in transient conditions is performed on the catchment using a daily
time step. The transient simulation is initialized using the steady state case calibrated to the field data
observed the first day of simulation. The recharge is calculated on a daily basis using the urban surface
hydrological model URBS-MO, already successfully applied to urban catchments in the area to simulate
the various components of the water budget [36]. The recharge is assumed to be uniform throughout
the catchment, and equal to the infiltration calculated by URBS-MO (i.e., rainfall intensity minus both
the actual evapotranspiration and surface runoff). Rainfall and potential evapotranspiration data
available for the Pin Sec catchment were used with URBS-MO. The initial set of parameters for the
simulation is deduced from the observations and a first steady state simulation conducted on the
catchment (Table 1). Specific yield and specific storage values are the same as those used for the
sensitivity analysis; they vary in space along with the two geological layers defined in this catchment.
Due to the lack of information about the spatial distribution of cracks and faulty sealing joints in sewers
and to an homogeneous age of the pipes, the drain conductance is assumed to be uniform and the
initial value is deduced from the groundwater baseflow observed in the catchment sewers presented
in next section.

 

Figure 5. Main boundary conditions applied to the catchment scale model. The 4 × 4 m grid is not
perceptible at this scale; the relief is represented with gray elevation contours (altitude asl in m).

The model simulates (1) the hydraulic head and groundwater flux at any grid cell of the domain,
and (2) the drain flux at any point of the field drain system. Special attention is paid to the hydraulic
head at field piezometers and the flow at the outlet of the catchment, where a flow gauge is located
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(Figure 1). The period going from September 2006 to September 2007 is used for calibration, while the
period between September 2007 and September 2008 is used for validation.

Table 1. Parameters used within the catchment modelling for the different layers.

Parameter
Loess and Altered

Mica-Schists
Mica-Schists Alluvial Deposits

Initial values

Hydraulic conductivity (m/s) 1 × 10−6 1 × 10−7 1 × 10−6

Specific yield (%) 20 20 20
Specific storage (1/m) 1 × 10−5 1 × 10−5 1 × 10−5

Drain conductance (m2/day) - 0.9 -

Calibrated values

Hydraulic conductivity (m/s) 1 × 10−4 1 × 10−6 1 × 10−3

Specific yield (%) 5 10 10
Specific storage (1/m) 1 × 10−2 5 × 10−4 1 × 10−2

Drain conductance (m2/day) - 5 -

3. Results

3.1. Groundwater Dynamics and Experimental Relationship Between Groundwater Level and Baseflow

The temporal dynamics of groundwater levels are presented in Figure 6 for two of the piezometers;
more details may be found in [39]. The mean difference between the high and low water table was
approximately 1.7 m during the period 2006–2007, and 1.5 m during the period 2007–2008. This
difference varied from ~3 m upstream to 1 m downstream (Table 2).

Figure 6. Daily dynamics of the groundwater levels in piezometer PZCS (black) and PZD (grey) from
2006 to 2008 on the Pin Sec catchment. The corresponding surface elevations are plotted with black and
grey dotted lines. Bars correspond to monthly rainfall.

Groundwater infiltration in sewer networks depended on several factors such as the location
and shape of the water table, the depth of the sewers, and their conditions (e.g., presence of
defects). [9] collected information in a small urban catchment in the metropolitan area where the
Pin Sec catchment is located, and noticed that groundwater drainage flow became significant once the
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water table reached a depth of 1.5 m below the surface, and increased as the water table rose. In fact,
the mean sewer depth in the area is ~1.2 m below the surface.

Table 2. Main features of the groundwater levels during the studied period (September, 2006 to
September 2008). The piezometers are presented from upstream (left) to downstream (right). Zsoil

is the altitude of the corresponding piezometer; ‘gw depth’ is the groundwater depth from the
surface level; R2(SW) and R2(WW) are the determination coefficient of the polynomial regression
relationship for stormwater and wastewater baseflow, respectively (2006–2007 period) (See Figure 7 for
piezometer PZPS).

PZCRI PZGO PZCS PZAF PZUV PZJV PZD PZCPS PZPS PZG

Zsoil (m) 28.70 26.70 25.50 24.50 23.80 22.14 21.30 21.05 20.00 17.20
Average gw depth (m) 4.14 2.73 2.04 2.24 1.82 2.77 2.09 2.17 3.35 3.35

Minimum gw depth (m) 5.18 4.14 3.16 3.01 3.60 3.52 2.94 2.75 3.72 4.01
Maximum gw depth(m) 2.85 1.65 1.00 1.53 0.10 0.13 1.48 1.66 2.76 2.73

R2(SW) 0.380 0.649 0.640 0.533 0.711 0.609 0.713 0.729 0.817 0.660
R2(WW) 0.250 0.766 0.828 0.646 0.753 0.729 0.802 0.762 0.822 0.640

Figure 7. Relationship between daily groundwater drainage flow Q in (a) stormwater and (b) wastewater
sewers, and the groundwater level H for the 2006–2007 period. The groundwater level is observed on
piezometer PZPS, located on the main sewer intersection. Polynomial regression relationships are y =
0.0112x2 − 0.3693x + 3.0460 (R2(SW) = 0.817) for (a) stormwater and y = 0.0083x2 − 0.2711x + 2.2056
(R2(WW) = 0.822) for (b) wastewater.

The connection between the average groundwater level of the catchment H and daily baseflow Q
in the sewer systems is evident from Figure 7. A specific piezometer (PZPS) located near the main sewer
intersection and representative of the average behaviour of the groundwater level dynamics has been
chosen; it is considered to be in the catchment center according to groundwater main flow directions.
Figure 7a shows a Q~H2 relationship for the baseflow in the storm sewer, which is typical of ideal field
drains used in rural hydrology [52]. Groundwater drainage is observed at the outlet of the stormwater
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network during the entire observation period, which demonstrates that sewer infiltrations take place
all year round. The behavior is similar for the wastewater sewers (Figure 7b). The wastewater baseflow
barely varies during summer when the water table is low (between July and October). Baseflow
becomes substantial again when the groundwater level for this piezometer PZPS exceeds a threshold
value of ~16.75 m (i.e., 3.2 m below the surface). Waste- and storm-baseflows differ because the drainage
density of the wastewater system is higher than that of the stormwater system. This is the reason why
the Q~H2 relationships are more consistent for the wastewater baseflow that the stormwater baseflow,
as revealed by the determination coefficient variation R2(SW) or R2(WW) (Table 2). Additionally, these
relationships are generally more pronounced for the downstream piezometers, closer to the baseflow
monitoring locations.

This observation is confirmed by the map showing the sewer receiving groundwater contributions
during the high water table period of 2007 (Figure 8). This map was realized through the superimposition
of groundwater level contours (Figure 3) and the sewer depth levels deduced from GIS data. The total
sewer length soaked during winter is 2.6 km for the wastewater sewers and 1.1 km for the stormwater
sewers. Finally, the annual subsurface water volume drained into both sewer systems deduced from
the sum of daily base-flows between September 2006 and August 2007 is 28% (wastewater sewer)
and 14% (stormwater sewer) of the total rainfall respectively. This result proves that the base flow
discharges in artificial sewer systems can be a major component of the urban water budget, as 42% of
the total annual rainfall is drained to the sewer systems.

 

 

Figure 8. Sewer pipe network affected by groundwater during winter (2007/03/07): (a) stormwater
network and (b) wastewater network. Black and light gray sewer pipes are located 1 m below and
above the groundwater table respectively. Dark gray sewer pipes are between them.
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3.2. Comparison between Modeling Results and Observed Data at the Catchment Scale

Three metrics were adopted for the evaluation of the model: the root mean square error (RMSE),
a Bias error, and the determination coefficient R2:

RMSE =

√√√
1
n

n∑
i=1

[V2(t) −V1(t)]
2

(1)

Bias error =

n∑
i=1

V2(t) −V1(t)

n∑
i=1

V1(t)
(2)

R2 =

(
n∑

i=1
[V2(t) −V2][V2(t) −V1]

)2

n∑
i=1

(
V1(t) −V2

)2 n∑
i=1

(
V1(t) −V1

)2
(3)

where n is the number of time steps involved, V1 and V2 are the observed and simulated values, V1

and V2 the temporal average of V1 and V2.
Absolute error (m) was used as well to estimate the difference between simulated and observed

groundwater levels in specific piezometers.

3.2.1. Implementation and Calibration of MODFLOW at the Catchment Scale

In the MODFLOW model of the catchment, we first calibrated the hydraulic conductivity, specific
yield and specific storage of each soil type by minimizing the global bias error between observed
and simulated groundwater levels. Then we calibrated the drain conductance by maximizing the
coefficient of determination R2 between observed and simulated combined baseflows (i.e., stormwater
+wastewater sewers baseflows) at the outlet of both sewer systems. The final calibration presented
in Table 1 is achieved through a trial and error method. The obtained hydraulic conductivities are
two orders of magnitude higher than the observed hydraulic conductivities using the piezometers.
This result is consistent with previous statements following the application of other models to
ditch-groundwater interactions [53], and confirms the difficulty to simulate groundwater flows and
groundwater levels using a few specific point observations of the hydraulic conductivities. High
soil heterogeneity, particularly in urban areas, cannot be well characterized using soil properties
measurements sampled in a few locations, which leads to a poor simulation of the general groundwater
behavior. Despite the differences between observed and calibrated conductivities, the observed
differences between the different types of soil are consistent with the theory. Hence, the highest
hydraulic conductivity is obtained for alluvial deposits, and the smallest one for mica-schist. Finally,
the calibrated drain conductance is higher than initially estimated, which allows a better simulation of
high values and the dynamics of the baseflow.

In order to assess the influence of the sewer system on the evolution of the groundwater levels, a
complementary simulation of the catchment was done on the same period and with the same set of
parameters by removing the sewer system and the corresponding field drain. This simulation exercise
shows that the groundwater reaches the soil surface during the winter 2007–2008 on a significant
part of the basin; that result clearly confirmed the importance of the drainage ensured by the sewer
system [39].

3.2.2. Groundwater Level Distribution Assessment

The temporal and spatial simulation of groundwater levels is assessed using available piezometric
records. Figure 9 illustrates the simulation of the isopiezometric contours for the high water table
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period (7th March, 2007), and can be compared to the observed isopiezometric contours at the same
date shown in Figure 3. At this period, the absolute errors between simulated and observed values may
be larger than 2 m in some piezometers, especially on the south catchment boundary. They are however
better in the middle of the catchment and near the outlet. In addition, absolute errors are higher
around the piezometers distant from the sewer trenches. Note that the simulated contours in Figure 9
are plotted on a surface area larger than the experimental one, as the simulated catchment exceeds
the piezometric set boundary. Consequently, the simulated flow directions differ significantly from
observed ones near the urban catchment boundary, but are rather similar within the urban catchment.
Nonetheless, at this time the simulated saturation level is often higher than the observed one. The
simulated vs. observed groundwater level dynamics is assessed by computing the RMSE, bias error and
R2 for all the piezometer locations, both for the calibration and validation periods (Table 3). R2 values
are often smaller than 0.5 for the calibration stage, but increase for the validation stage. In general,
the model underestimates the groundwater level for half of the piezometers (PZCPS, PZCS, PZGO,
PZUV, PZJV) and overestimates it for the others. The boxplot analysis of the bias error (Figure 10)
shows that the underestimation is mainly concentrated on the upstream part of the catchment (PZCRI,
PZGO, PZCS, PZJV, PZUV), and might be explained by either the upstream boundary condition or the
uniform recharge assumption. Indeed, the spatial analysis of the imperviousness coefficient of the
Pin Sec catchment reveals that underestimated piezometric observations are located in more pervious
areas within the catchment (i.e., green public parks). Hence, using a spatially distributed recharge
could allow a more accurate modeling of the groundwater levels dynamics in these areas. Overall, the
simulated groundwater levels compared properly with observed ones both for the calibration and
validation periods (Figure 11), despite an underestimation of the model compared to the observed data
at the beginning of the validation period, when a particularly dry autumn took place. In the absence of
rain, the groundwater model simulates a groundwater level decrease higher than observed, which to
some extent questions both the upstream boundary condition assumption and the recharge estimation.
Moreover, the quite stable groundwater level observed during this period could be explained by a
groundwater influx coming from upstream, which would disprove the assumed upstream boundary
condition. Nonetheless, no observations outside the catchment are available to clarify this issue. Finally,
drinking water leakage in the soil can occur, which would increase the recharge throughout the year
and prevent the high decrease of groundwater levels observed in the simulation; this phenomenon has
been discussed in several cities like Bucharest, Romania [4,49], St Louis, Missouri(US) [54] or Santiago,
Chile [5].

Table 3. Metrics of simulated groundwater levels simulated in each piezometer for the calibration
and validation stages. Data availability indicates the percentage of valid data available during the
simulation period. Columns in italics denote piezometers with poor data availability.

Criterion PZCRI PZGO PZCS PZAF PZUV PZJV PZD PZCPS PZPS PZG

Calibration (2006–2007)

Data availability (%) 100 96 87 96 100 100 88 94 100 96
R2 0.66 0.32 0.48 0.50 0.44 0.48 0.24 0.36 0.45 0.44

Bias error (%) 6.87 −0.38 −3.47 3.36 −9.16 −3.12 7.02 −3.15 0.90 7.93
RMSE (m) 1.80 0.56 0.87 0.87 2.10 0.64 1.39 0.70 0.23 1.11

Validation (2007–2008)

Data availability (%) 96 56 98 63 95 99 98 38 100 51
R2 0.81 0.45 0.64 0.60 0.26 0.05 0.63 0.76 0.78 0.70

Bias Error (%) −0.23 −3.68 −6.19 1.72 −2.07 −9.79 5.52 −3.07 3.72 5.45
RMSE (m) 0.61 0.40 1.42 0.31 4.91 1.78 1.03 0.28 0.58 0.55
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Figure 9. Groundwater level contours (hydraulic heads in m) simulated in transient state during
the low groundwater table period (7th March, 2007) in the Pin Sec catchment. Absolute errors are
represented by red and blue bars at each piezometer. Bar sizes show a variation from −2.66 m (PZUV)
to 2.11 m (PZCRI).

Figure 10. Box-plot characterizing the absolute error distribution between simulated and observed
groundwater levels for the validation period (2007–2008). The piezometers are presented from upstream
(left) to downstream (right). Small circles are minimum and maximum values red mark are the median,
whereas the ends of the whiskers represent the 25th and 75th percentiles.

Figure 9 shows a small curvature of the simulated groundwater level contours near the sewer
trenches caused by the local groundwater drawdown. Groundwater decrease is quite significant in
places where sewer density is high (i.e., central and north portions of the catchment). This phenomenon
is enhanced when the water table rises above the sewer system, and becomes less significant in summer.
For simulated data samples, groundwater drawdown is higher during the wet year 2006–2007 with a
decrease of about 0.3 m near the sewer trench, and a zone of influence ranging up to 120 m away from
the trench axis.
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Figure 11. Comparison between simulated (dotted line) and observed (bold line) average hydraulic
heads in the catchment from September 2006 to August 2008.

3.2.3. Baseflow Rate Assessment

The simulated soil water flux combines two components simulated in MODFLOW: groundwater
flux within the soil and groundwater drainage inside the sewer trench. Both components flow in the
same general direction forced by the catchment topography and the downstream condition imposed by
the Gohards stream. Groundwater drainage may be compared with the baseflow discharge observed in
both waste- and storm- sewer systems during the 2006–2007 simulation (note that the period 2007–2008
is not presented due to the lack of data). Figure 12 shows that the daily groundwater drainage
component varies significantly, ranging from 50 m3/day during very dry periods (i.e., the end of
summer 2007) to 2600 m3/day during the particularly humid 2006–2007 winter. Indeed, ~630 mm
of rain (i.e., ~80% of the catchment mean annual rainfall) fell between November 2006 and April
2007 in the area. Unfortunately, a direct comparison between the simulated groundwater drainage
flow and observed baseflow is difficult because of the lack of flow rate data. Considering the data
actually available, the comparison focuses on the dynamic evolution of the baseflow. Simulated
groundwater drainage and in-situ observations over the simulated period vary in a quite similar
manner. Nonetheless the overestimation of the observed flows could not be reduced by further
calibration, as drain conductance variations do not affect groundwater drainage significantly. As seen
in the sensitivity analysis, soil hydraulic conductivities have more impact on the simulation than drain
conductance. Because soil hydraulic conductivities affect not only groundwater drainage but also
groundwater level, a simultaneous enhancement of both is not possible.

Special attention must be paid to the relationship between baseflow rates and groundwater levels.
As discussed above and shown in Figure 7, both are strongly linked through a power-law function.
Figure 13 overlaps simulated and observed values when considering the combined baseflow, and
shows that the model can satisfactorily reproduce this groundwater level-baseflow relationship despite
of the baseflow overestimation during high water table periods. Although only 32% of the experimental
results during the 2006–2007 period are available simultaneously for both sewers, and apart from the
low groundwater levels occurring in summer and discussed above, the validity of the relationship
holds quite well.
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Figure 12. Comparison between simulated (dotted line) and observed (bold line) daily combined
baseflow at the catchment outlet from September 2006 to September 2007. The recharge evolution
shows the infiltration and evaporation periods during this simulation.

Figure 13. Combined daily baseflow in sewers vs. piezometric levels between September 2006 and
September 2007. Both observed values (black points) and simulated values (grey points) are shown in
the (0–0.02 m3/s) range of flowrates, along with their respective polynomial regression relationships: y
= 0.0225x2 − 0.7404x + 6.1016 (R2 = 0.803) for the observed values and y = 0.0276x2 − 0.9060x + 7.4436
(R2 = 0.908) for the simulated values.

4. Conclusions

This study presents an experimental analysis and modeling of the interactions between
groundwater and urban sewer systems in a 31 ha urban catchment located near Nantes, France.
Groundwater contributions to flow in stormwater and wastewater systems due to sewers’ defects
were deduced from observed flow rates, whereas piezometric records were used to characterize the
dynamics of groundwater levels in the catchment.

Overall, the experimental analysis reveals a strong co-fluctuation of groundwater levels and
sewer baseflow, which is more pronounced in downstream piezometers. This study highlights
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that two or three piezometers located near the catchment outlet are likely adequate to estimate the
groundwater-baseflow relationship in an urban catchment. The total baseflow volume in wastewater
sewers is larger than in stormwater sewers because of its larger coverage. On an annual basis, the total
volume of soil water drained by both sewers is 42% of the total rainfall.

A MODFLOW model was implemented in the study catchment to simulate the groundwater
dynamics and contribution to the sewer systems on a daily basis. This application proves the model
ability to represent satisfactorily the spatial and temporal evolutions of groundwater levels, although
low groundwater levels were underestimated. Spatial differences between modeled and observed
groundwater levels in some locations could be explained by the spatial variability of the land uses and
the urban soil configuration around each piezometer. The simulation of combined waste and storm
water sewer baseflows is not entirely relevant because the model fails to reproduce the high values
of baseflow. The calibration of the model lead to hydraulic conductivities values higher than those
observed in the piezometers. In fact, the calibrated values are similar to those reported in the literature,
and they are attributed to possible secondary porosities and hydraulic conductivity distributions
comparable to those of a karstic system [55]. Hydraulic conductivity varies significantly in urban
soils due to differences in their characteristics, the existence of different land-uses, and the presence of
previous buried constructions.

More work is needed to improve our knowledge of urban soil water flow paths. Baseflow must be
better measured, as flow meter sensors are not always reliable to be used with low flows. In addition,
more observations at a local scale are needed to better understand groundwater-sewer interactions
and improve large scale modeling efforts. Such data will come from either (1) physical models relying
on better estimations of soil parameters, which can represent the influence area of a sewer trench, or
(2) sensors located near the sewers. Groundwater models applied to urban catchments will require
using a graded grid size with mesh refinements near sewers and more urbanized areas. Furthermore,
better spatially distributed recharge estimations can also improve the performance of these models.
This could be done by coupling the groundwater and surface water models, adopting better modeling
frameworks like the modeling chain proposed by [56], or implementing other specific coupling
modeling approaches. Finally, a better understanding of the occurrence and spatial distribution of
leaks from drinking water pipes is also needed to improve the characterization of the recharge.
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Abstract: The assurance of drinking water supply is one of the biggest emerging global challenges,
especially in urban areas. In this respect, groundwater and its management in the urban environment
are gaining importance. This paper presents the modeling of nitrogen load from the leaky sewer
system and from agriculture and the impact of this pressure on the groundwater quality (nitrate
concentration) in the urban aquifer located beneath the City of Ljubljana. The estimated total nitrogen
load in the model area of 58 km2 is 334 ton/year, 38% arising from the leaky sewer system and
62% from agriculture. This load was used as input into the groundwater solute transport model to
simulate the distribution of nitrate concentration in the aquifer. The modeled nitrate concentrations
at the observation locations were found to be on average slightly lower (2.7 mg/L) than observed, and
in general reflected the observed contamination pattern. The ability of the presented model to relate
and quantify the impact of pressures from different contamination sources on groundwater quality
can be beneficially used for the planning and optimization of groundwater management measures
for the improvement of groundwater quality.

Keywords: urban hydrogeology; groundwater quality; sewer system; agriculture; groundwater modeling

1. Introduction

In 2018, 55% of the world’s population lived in urban areas, and this proportion is expected to
increase to 68% by 2050 [1]. Europe, with 74% of its population living in urban areas in 2018, is expected
to reach an urban population of 80% in 2040 and approaching 85% by 2050 [1]. Considering this
population growth in light of climate change projections, the estimates show that with current practices,
the world will face a 40% shortfall between the forecasted demand and available supply of water by
2030. Water security is thus emerging as one of the biggest global risks in terms of developmental
impact [2].

Groundwater will have an important role, as it represents over 95% of the world’s available
freshwater reserves [3]. Compared to surface water, it is better protected and a more stable water
resource. Better quality, proximity of the resource, and the relatively low cost of pumping wells make
groundwater an increasingly important source for city populations in the future.

Aside from socio-economic benefits, urbanization has also created environmental problems,
manifested in the deterioration of air and water quality as well as a significant change in water
balance [4–7]. Urban subsurface infrastructures strongly influence the chemical as well as the
quantitative status of groundwater. The subsurface infrastructure of Bucharest (sewer system and
water supply network) contributes more than 71% of the groundwater recharge. In addition, more
than 77% of the groundwater discharge is associated with non-natural sinks (mainly the sewer system
and the drain of the main sewer collector) [4]. In the Baltimore metropolitan area, the infiltration
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of groundwater into wastewater pipelines was found to be the most important factor of urban
development affecting the groundwater storage, which can cause its decrease by 11.1% [8].

The assurance of good quality groundwater in the urban environment is a complex task, due to
numerous human activities and the number of potential sources of contamination [9,10]. Additionally,
the limited ability for observation and the delay between the contamination and its detection make it
complicated to define the causal relationship between human activities that exert pressures and their
impacts on groundwater quality.

Wastewater exfiltration from the sewer system is an important factor influencing groundwater
quality, with its impact being strongly variable both in space and time [11–14]. A review of exfiltration
modeling approaches and measurement techniques in terms of both volume and pollutant load
showed a wide range of exfiltration rates estimated on the catchment scale, ranging from 1% to 56% of
dry-weather flow (DWF) [15].

Nitrate is one of the key groundwater contaminants, and measurements of its concentration are
regularly included in groundwater quality monitoring. In Slovenia, about 37% of the groundwater
in alluvial aquifers has a poor chemical status, mainly due to high concentrations of nitrate (above
50 mg/L) [16]. Background concentrations of nitrate largely depend on the geological properties of
aquifers; in Slovenia, they are below 10 mg/L [17]. Increased concentrations are related to human
activities, in particular to agriculture. The main source of diffuse nitrogen input on agricultural land
in Slovenia are mineral fertilizers and livestock manure, which account for 84% of the total input of
nitrogen [18]. Among the important non-agricultural sources of nitrate in groundwater, wastewater
has been identified as one of the major sources of nitrogen in urban aquifers [19].

The impact of nitrogen sources on groundwater have been investigated in a number of studies.
Different sources of nitrogen and their contribution to the nitrate content in the groundwater have
been analyzed [20–24]. The research on the role of land use [25], vulnerability of groundwater [26,27],
processes of leaching [28], and the migration and transformation of nitrogen in groundwater [29–31]
have furthered the knowledge on factors controlling groundwater nitrate contamination and its
mitigation. The spatial and temporal variation of nitrate in groundwater has been commonly simulated
with numerical groundwater flow and transport models [24,29,32,33]. A fundamental step in the
development of such models is the estimation of nitrogen loading. The broad range of nitrogen sources
in urban areas makes reliable estimation of nitrogen load a difficult task in these areas [19].

The drinking water supply of the City of Ljubljana relies on groundwater, primarily on its
abstraction from the Ljubljansko polje aquifer, situated beneath the city. The well fields Kleče (55%),
Hrastje (12%), and Šentvid (9%) (Figure 1) assure around three-quarters of all the water needs in
Ljubljana’s drinking water supply system [34]. To determine the urban contamination in the Ljubljansko
polje alluvial aquifer, an urban water balance modeling approach was applied [35]. The study focused
on an area (approximately 0.76 km2) located within the City of Ljubljana, and indicated that residential
land use in an urban area with a high unsaturated thickness may have a significantly smaller impact
on groundwater quality than agriculture or industry.

The first catchment scale pressure impact model for the Ljubljansko polje aquifer was developed
in the frame of the INCOME project [36]. The aim of the model was to simulate the concentrations in
groundwater for a number of pollutants. The model was able to explain practically the entire mass of
nitrogen in the sewer system by the known sources. On the basis of these results and an encouraging
decrease of observed nitrate concentration in groundwater, more optimistic groundwater management
objectives for the year 2017 were set. The targeted average nitrate concentration in the aquifer was set
below 15 mg/L and in all observation wells below 25 mg/L [37]. Nitrogen input from agriculture was
identified as the most important source of uncertainty in the model. The explanation of high nitrate
concentration at the local level, that is, individual observation wells, was pointed out as an important
groundwater management activity.

In the present study, a refined and updated groundwater flow and transport model [38] was
applied in the catchment scale approach. The aim of the modeling was to analyze the causal relationship
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between pressure (nitrogen load) arising from the leaky sewer system and from agriculture, and its
impact on the quality of groundwater (nitrate concentration) in the Ljubljansko polje aquifer [39].
Nitrogen load from the leaky sewer system was estimated with the empirical model of spatially
distributed sewer exfiltration [40] and together with estimated nitrogen surpluses from agriculture [41]
used as input into the groundwater transport model. Modeled and observed nitrate concentrations
in groundwater were analyzed to assess the uncertainty of the model and to identify priority areas
for remediation.

Figure 1. Map of the study area showing observation locations, groundwater level isolines, model
boundaries, artificial surfaces, and well fields.

2. Materials and Methods

2.1. Study Area

The study area (57.91 km2) is located in the flat part of the catchment of the alluvial Ljubljansko
polje aquifer forming the subsurface of the City of Ljubljana, the capital of Slovenia. It corresponds
to the area of the local groundwater model (Figure 1). The mean altitude of the area is 292 m above
sea level (m a.s.l.) and prevailing land cover types are artificial surfaces (59%) and agricultural areas
(39%) [42].

The Ljubljansko polje alluvial aquifer is developed in a tectonic basin, filled with highly permeable
Quaternary gravel and sand beds, which are partly conglomerated (cemented with calcite cement) [43].
The thickness of the sedimentary fill is up to 100 m down to its very low permeable pre-Quaternary
basement, composed of Carboniferous–Permian siliciclastic rocks. The groundwater table is on average
25 m below the surface. The unconfined intergranular aquifer with high transmissivity (Figure 2) is
mainly recharged from the Sava River in the northwestern part of the study area. It drains into the
river in the northwestern part, which largely predisposes the groundwater flow direction (Figure 1).
The main water balance components of the regional model area (Figure 1) for the 3 year modeling
period (2013–2015) are presented in Table 1.
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Figure 2. The calibrated transmissivity of the aquifer.

Table 1. Water balance components (modeling period 2013–2015).

Water Balance Component (m3/s)

Recharge from Sava River +3.80
Recharge from precipitation +1.51

Subsurface inflow +0.27
Exfiltration from water supply system +0.16

Abstraction from wells −1.13
Discharge to Sava River −4.63

2.2. Nitrogen Mass Balance and Pressure Impact Model

The applied methodology [36,37,40] comprises the following main steps: (1) estimation of the
spatial distribution of nitrogen load from the leaky sewer system and agriculture (nitrogen mass
balance model), (2) use of the nitrogen load as input into the groundwater transport model, and (3)
analysis of the modeling results with observed nitrate concentrations in the observation wells.

2.2.1. Nitrogen Load from the Leaky Sewer System

Assessment of nitrogen load from the leaky sewer system was based on the model of spatially
distributed sewer exfiltration developed by Prestor et al. (2011) [36] for the sewer system of the City of
Ljubljana. The main steps of workflow for the estimation of nitrogen load from the sewer system are
presented in Figure 3. Firstly, the exfiltration rate (losses) from the sewer system was determined by
the mass balance of wastewater released to sewer system and outflow from the sewer system. Then,
the total mass of pollutant in the sewer system was calculated. In the next step, the exfiltration rate
from the tested section of the sewer system was assessed and then upscaled to the spatial distribution
of exfiltration of the entire sewer system.
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Figure 3. The flowchart of the workflow for the estimation of nitrogen (N) load from the sewer system
(adapted after Pestotnik et al., 2019 [40]).

Exfiltration Rate (Losses) from the Sewer System

Daily flow rate measurements at the wastewater treatment plant (WWTP) for the period 2000–2010
were compared with in-house water consumption for that period, provided by the drinking water
supply and the wastewater system operator. In the analysis, 13 DWF measurements were used, mainly
in the winter period, when rainfall infiltration and outdoor water use have a low influence on the
sewer system water balance. Nevertheless, the measured flow rate at the WWTP exceeded the quantity
of in-house water consumption, which indicated the presence of extraneous water. Estimation of the
extraneous water was based on the assumption that 0.01 km2 of surface in the catchment of WWTP
contributes 0.05 L/s of inflow of water [44], which accounted for the entire catchment 276.6 L/s. On the
basis of this, the exfiltration rate from the entire sewer system in the catchment of WWTP was estimated
to be 168 L/s (on average 0.21 L/s/km) [40].

Mass of Nitrogen in Wastewater

The estimation of the mass of nitrogen in water is based on the mass balance model [36,37].
The aim of this model was to investigate the shares of known and unknown sources of different
pollutants (e.g., nitrogen, phosphorus, chloride, sulphate, copper, chromium, lead, organic carbon) in
the sewer system. The mass of pollutants released into sewer system was calculated in the model as a
sum of inputs from households, from roads and other traffic surfaces, and from industry. The model
results were compared with two extensive analyses of chemical composition of wastewater at WWTP,
made in 2008. More frequent measurements were performed only for nitrogen. The concentration
of total nitrogen was correlated with discharge and both varied over time depending on the amount
of rainfall (Figure 4). The yearly mass of other pollutants discharged at WWTP was a product of
discharge and concentrations defined in the two mentioned analyses. Data from the first analysis was
used as representative for the dry-weather periods (121 days), and from the second measurement as
representative for the wet periods (121 days).

Good agreement between the modeled and observed content of phosphorous (−2.1%), nitrogen
(+5.9%), and lead (13.1%) was found [36,37,40]. The content of other pollutants could not be well
explained by the known sources.
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Figure 4. Concentration of total nitrogen at wastewater treatment plant (WWTP) presented with brown
dots and 5 days moving average (brown line), discharge presented with blue dots and 5 days moving
average (blue line), and rainfall high (gray line) measured at Ljubljana Bežigrad weather station (year
2008).

Spatial Distribution of Sewer Exfiltration

The model of spatial distribution of sewer exfiltration [36] was based on a detailed inspection of a
14.82 km section of the sewer system, which represents 2% of the entire sewer system. Closed-circuit
television (CCTV) provided by the sewer system operator was used to detect the pattern of sewer
damages in this section. Among 1246 detected damages, 104 were selected as significant and
characterized in more detail to quantify exfiltration. This pattern and information on type of material,
age, and size of pipes [45] were used to estimate the spatial distribution of the exfiltration and nitrogen
load from the entire sewer system (Table 2).

Table 2. Estimated exfiltration and nitrogen load from pipelines of the entire sewer system [40].

Material
Time of

Construction
Exfiltration

(L/s/km)
Length (km)

Exfiltration
Sum (L/s)

Nitrogen Load
(ton/year)

<1975 0.34 277.24 95.20 121.07
Concrete 1975–1995 0.23 255.00 58.80 74.78

>1995 0.12 11.20 1.29 1.64

<1975 0.11 22.37 2.39 3.04
Plastic 1975–1995 0.07 48.92 3.49 4.44

>1995 0.04 186.22 6.65 8.45

Total 800.93 167.82 213.42

For the calculation of the exfiltration flow rate from the leaky areas, an approach based on
Darcy’s law was used. It assumes linear dependency between the hydraulic gradient (I), the hydraulic
conductivity of the clogging layer (kf), the leakage area of the pipe (Aleak), and the exfiltration flow
rate (Qex) [46]:

Qex = kf × Aleak × I (1)

where the hydraulic gradient (I) is the ratio between the sum of the water level inside the sewer (hs)
and the pipe wall thickness (hw), and the pipe wall thickness (hw):

I = (hs + hw)/hw (2)

In the calculation, three different hydraulic conditions in the pipelines were considered:
(1) dry-weather conditions, days with mainly waste water discharge from water consumers (DWF);
(2) days with significant rainfall inflow; and (3) extreme storms events with very high rainfall inflow.
An analysis of rainfall data of a 10 year period (2000–2010) was performed. It showed that on average,
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in 1 year, DWF conditions last for 146 days, significant rainfall inflow occurs in 218 days, and once a
year extreme storms are expected. It was assumed that sewer pipes are 10% full in DWF period, 50% in
significant inflow period, and 100% in storm events (Figure 5). These data were used together with
data on the diameter of pipes and a representative sample of damages for different materials and ages
of pipes to calculate the spatial distribution of yearly exfiltration (Figure 6).

 
Figure 5. Scheme showing the different degrees (10%, 50%, 100%) of fullness in sewer pipes.

Figure 6. The spatial distribution of the estimated nitrogen load from the leaky sewer system (in kg/day
per 50 m grid cell).

2.2.2. Nitrogen Load from Agriculture

Nitrogen load from agriculture used in the model was the nitrogen surplus calculated as the
difference between nitrogen added to an agricultural land (mineral fertilizers, livestock manure,
atmospheric deposition, and mineralization of organic matter) and nitrogen removed from the
agricultural land (removed field crops and denitrification in the soil) [41]. On the basis of literature
and statistical data, the nitrogen mass balance for different agricultural land use areas (arable fields,
vineyards, orchards, and meadows and pastures) was calculated, and the results were provided in the
polygon information layer. These data were used to generate a model input grid (Figure 7).
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Figure 7. The spatial distribution of the estimated nitrogen load from agriculture (in kg/day per 50 m grid cell).

2.2.3. Groundwater Transport Model

Groundwater flow and transport simulations were carried out using the MIKE SHE/MIKE 11
modeling framework [47], which enabled transient simulation of the most important processes of the
hydrological cycle in the study area. The solute transport model used in the study [38] is a refined
and local version of the calibrated regional hydrological model [48]. The regional model (Figure 1)
is a spatially distributed (200 m grid cells) and transient model with implemented daily values
of time-dependent variables (temperature, precipitation, river levels and discharges at boundaries,
groundwater level observations, abstractions, and leakage from the water supply system). The
calibration and validation of the model was based on a comparison of the observed and simulated
groundwater heads at the locations of 12 observation wells distributed over the entire study area,
and the Sava River levels at one gauging station [48]. Additionally, the solute transport model was
validated against the observed concentrations of the trichloroethylene pollution plume discovered in
2004 [49].

The local model (Figure 1) has one calculation layer and at boundaries uses hydraulic conditions
from the regional model. Its model domain is discretized into horizontal grid cells of the size 50 × 50 m.
The estimated nitrogen load was used as a spatially distributed, subsurface and constant mass input
into the saturated zone of the aquifer. Neither retardation nor degradation processes were considered
in the simulations. For the nitrate background concentration, 6 mg/L was used. This concentration is
comparable to the lowest observed nitrate concentration (7.2 mg/L in observation location 18, Table S1
and is slightly higher than the observed concentration (4.9 mg/L) in the Sava River [50].

Scenarios for a 6 year simulation period (2010–2015) were performed. The last 3 years (2013–2015)
of simulations were considered for the analysis. The first half of the simulation period was used for the
model warm-up, which assured the avoidance of biased results affected by initial conditions.

3. Results

The estimated sources of nitrogen from the sewer system and from agriculture are distributed
over an area of 19.84 km2 (34%) and 27.81 km2 (48% of model area), respectively. The mean nitrogen
load in these model cells from the sewer system is 45 g/day and from agriculture is 52 g/day (Table 3).
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In the local model area of 58 km2
, this accounts for a total nitrogen of 334.22 ton/year, 38% arising from

the leaky sewer system (Figure 6) and 62% from agriculture (Figure 7).

Table 3. Statistics for the estimated nitrogen load expressed in g/day per 50 m cell.

N Source No. of Cells
Mean

(g/day)
Median
(g/day)

Min (g/day) Max (g/day) SD (g/day)

Sewer
system 11,125 45.26 41.00 0.10 223.10 33.36

Agriculture 7936 51.75 43.59 0.07 118.63 29.43

Nitrate concentration in groundwater was available from 58 observation wells and 2 springs.
The observed locations were numbered according to their geographical positions, in accelerating order
from the west towards the east (Figure 1). The modeled total nitrate concentration (Figure 8) is the sum
of the modeled impacts of nitrogen load from the sewer system and agriculture (Figure S1, Figure S2)
with an assumed natural background concentration of 6 mg/L. Median values of observed and modeled
concentrations in a 3 year period (2013–2015) at observation locations (obs) are presented in Table S1
and summary statistics in Table 4.

Figure 8. The spatial distribution of modeled compared to observed nitrate concentrations in groundwater.

Table 4. Summary statistics for modeled and observed nitrate concentrations at observation locations (Table S1).

Statistics
Modeled Concentration (mg/L) Observed

Concentration (mg/L)
Difference **

(mg/L)
Agriculture Sewer System Total *

Mean 4.15 5.48 15.63 18.36 2.73

SD 2.85 5.54 6.63 6.07 6.32

Max 14.79 26.09 41.49 35.10 17.83

Min 0.00 0.15 6.37 7.20 −14.76

* Sum of the modeled impacts from the sewer system and agriculture with an assumed natural background of
6 mg/L. ** Difference between observed and modeled total concentrations.
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The average difference between the observed and modeled concentrations at the observation
locations was found to be 2.7 mg/L (Table 4, Figure 9). The distribution of differences was left-skewed
(Sk = −0.73, Figure 10). The correlation coefficient between the observed and modeled concentrations
was 0.51 (Figure 11).

Figure 9. Spatial distribution of differences between the observed and the modeled nitrate concentrations
in the groundwater in mg/L with red showing and overestimation by the model.

Figure 10. Histogram of differences between the observed and modeled nitrate concentrations at the
observation locations.
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Figure 11. Scatterplot of observed and modeled nitrate concentrations at the observation locations,
with fitted line (black line), 95% confidence band (light-brown dotted line), and 95% prediction band
(blue dashed line).

4. Discussion

The modeled spatial distribution of nitrate followed the groundwater flow pattern. It reflected the
general characteristics of the observed concentrations, which are higher in the southeastern and central
parts of the model area (Figure 8). In spite of higher total nitrogen load from agriculture, the highest
nitrate concentrations (>25 mg/L) were observed in areas (obs 2, 3, 4, 6 and 8) with predominant impact
from sewer system (Figure 8).

The model gives insight into the impacts of two contamination sources in the capture zones of
abstraction wells that are used for drinking water supply. Nitrate concentrations in observation wells
in the Šentvid (obs 5 and 7) and Kleče well fields (obs 11–17, 19, 20, 21, 23, 25, 28 and 29) were found to
be relatively low (on average below 15 mg/L) and, according to the model, arise predominantly from
agriculture (72% of anthropogenic impact). Nitrate concentrations in observation wells in the Hrastje
well field (obs 50–56) were higher (on average above 20 mg/L), and the shares of nitrogen load from
agriculture (47%) and the sewer system (53%) are comparable. These findings give a bigger picture
of the impact of different nitrogen sources on groundwater quality in comparison to the local study,
focused on a small part of the urban area [35].

On average, the modeled concentrations were found to be 2.7 mg/L lower than the observed
concentrations (Table 4, Figure 9). The discrepancy is relatively low and gives a good estimate of the
nitrogen mass balance in the study area. Overestimation of observed nitrate concentrations by a factor
of 4.5 was reported in the case study solely by using the nitrogen mass balance estimate for infiltration
water [22]. This emphasizes the important contribution of the integration of groundwater dynamics in
modeling in order to reduce the uncertainty in the estimate of the nitrate concentration in groundwater.

The modeled concentrations were most evidently underestimated in the area of the highest
transmissivity and groundwater discharge (Figure 2). This zone stretches from the northeastern part of
the model area, in which the most intensive recharge from the Sava River occurs and further follows the
groundwater flow path. This discrepancy could be attributed either to the overestimated groundwater
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discharge rates or to underestimated nitrogen load, which in this area arises mainly from agriculture.
In the urbanized part of the study area, underestimated concentrations could be related to unknown
non-agricultural sources of nitrogen [19]. On the contrary, the overestimated nitrate concentrations
are mainly in the southern part of the model area. This zone stretches from the southeastern part of
the model area, in which the highest concentrations were observed (obs 2, 3 and 4) and follows the
groundwater flow path towards the southeast.

The differences between the modeled and observed nitrate concentrations are related to the
uncertainties arising from different sources. The level of complexity of used models was adjusted
to available data and knowledge. The selection of the models followed the principle as simple as
possible, as complex as necessary [51,52]. The used estimates of nitrogen load were based on the limited
available data and a simplified nitrogen mass balance model. The wastewater exfiltration model used
characteristics of 2% of the sewer system and scales up these findings to the entire sewer system.
Due to this generalization and the lack of observations and the complexity of exfiltration process [14],
the quantification of impact of sewer leaking on groundwater quality is uncertain. The available
quantification of nitrogen load (surpluses) from agriculture was based on literature and statistical
data [41], and thus it did not consider site-specific agricultural practices and their changes over time.

The groundwater model is a mathematical representation of an aquifer that is highly productive,
characterized by a saturated zone up to 70 m deep and a fast groundwater flow with up to 20 m/day.
The simulated pollution plumes are narrow and fast progressing, thus difficult to observe [49].
The modeling of the nitrate concentration is based on simulated groundwater discharge and flow
direction. These two processes in the aquifer are difficult to measure and the lack of available data
limits the possibility of validating the groundwater transport model. Especially in the areas close to
the boundaries of the model, in which the transmissivity of the aquifer (Figure 2) is low, modeled
concentrations were found to be very high (Figure 8) and sensitive to the interpreted shape of the
aquifer basement. It is assumed that in these areas, the uncertainty of the model is the highest.

Data on nitrate concentration in groundwater was acquired from three monitoring networks
managed by the Slovenian Environmental Agency, the City of Ljubljana, and the water supply
company JP VOKA SNAGA. The samples were taken from observation wells using withdrawal
method. No multilevel sampling technique for collecting depth-specific groundwater samples was
applied. Representative depth-specific groundwater sampling in unconsolidated and coarse-grained
aquifers is difficult to obtain. In such aquifers, even the application of packers within a screened well
does not assure representative depth-specific sampling, due to the high risk of vertical circulations in the
annular space around the well screen or casing [53]. The available data on groundwater sampling were
insufficient for characterization of vertical distribution of nitrate in the aquifer. Due to this, the median
value of measurements (2013–2015) in each well was considered as a representative concentration of
the whole groundwater column at the observation location. This fact led to the simplification of the
model and the use of a single calculation layer, which limited the simulation of vertical stratification
and interpretation of the site-specific vertical concentration distribution.

5. Conclusions

The presented modeling approach enabled relation and quantification of the impact of pressure
from contamination sources on groundwater quality. Modeled spatial distribution of nitrate content in
groundwater pointed out the leaky sewer system as the prevailing source of nitrogen load inducing
locally high nitrate concentration (above 25 mg/L). Reconstruction of the part of the sewer system in
the catchments of observation wells with high nitrate content was recognized as a priority measure for
the improvement of groundwater quality. The developed model can be used as a supportive tool in
the optimization of mitigation measures, providing the simulation of effects of different remediation
scenarios in a cost–benefit analysis. This approach could be applied also to assess the efficiency of
groundwater management plans and to analyze the contribution of the stakeholders’ activities to the
improvement of groundwater quality.
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Nitrate concentration in groundwater could be well explained by the known sources of nitrogen
that approved the applied integrated mass balance and groundwater modeling concept. Application
of this concept to other pollutants revealed a high share of unknown sources for several pollutants;
among them, chromium (CrIV) was pointed out as the most threatening for the water supply [40].
Identification and remediation of unknown sources of pollutants whose content in groundwater is
high, considering drinking water quality standards, or increases in time, is a priority for groundwater
management and the assurance of safe drinking water supply for the City of Ljubljana.
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Abstract: Stormwater-driven road salt is a chronic and acute issue for streams in cold, urban environ-
ments. One promising approach for reducing the impact of road salt contamination in streams and
adjacent aquifers is to allow “accidental wetlands” to flourish in urban areas. These wetlands form
naturally as a byproduct of human activities. In this study, we quantified the ability of an accidental
wetland in northwestern North Carolina, USA, to reduce the timing and peak concentration of road
salt in a stream. Monitoring suggests that flow and transport processes through the wetland reduce
peak concentrations and delay their arrival at the adjacent stream. We expand these findings with
numerical simulations that model multiple meltwater and summer storm event scenarios. The model
output demonstrates that small accidental wetland systems can reduce peak salinities by 94% and
delay the arrival of saltwater pulses by 45 days. Our findings indicate that accidental wetlands
improve stream water quality and they may also reduce peak temperatures during temperature
surges in urban streams. Furthermore, because they find their own niche, accidental wetlands may
be more effective than some intentionally constructed wetlands, and provide opportunities to explore
managing stormwater by letting nature take its course.

Keywords: accidental wetland; road salt; urban hydrogeology; headwater stream

1. Introduction

The idea of “accidental” wetlands is gaining traction as a potentially valuable com-
ponent of various ecosystems. These are water bodies that “result from human activities,
but are not designed or managed for any specific outcome” [1]. As the moniker implies,
these “accidental” systems arise on their own, often in vacant lots or various low spots
where stormwater or irrigation runoff collect. In a study of the South Platte River basin, for
example, 89% of the extant wetlands exist because of various irrigation conveyances [2].
Accidental wetlands typically form in low-lying abandoned or underutilized landscapes
with poor drainage [3]. Flooding often occurs in these areas due to a lack of stormwater
management and sediment transport processes, which contribute to repeated sediment
deposition, allowing wetland plants to grow and establish a habitat [3]. Brooks et al. [4]
documented that in arid, urban areas, effluent from human sources can account for up
to 90% of streamflow during dry periods. Any wetland-like areas on those rivers exist
because of human activity. Although they are not yet heavily studied, there is evidence
that these accidental wetlands offer benefits to rival constructed versions [1,5,6]. In fact,
Palta et al. [3] argue that “accidental wetlands may provide more services than designed
environments because the latter are commonly over-designed for a limited set of specific
functions.” There is also evidence that small wetlands, which many accidental wetlands
are, can be as or more effective than larger ones [7,8]. Although they are just beginning
to be intentionally documented and studied, Palta et al. [3] offer evidence highlighting
the ubiquity of accidental wetlands and their potential to offer diverse benefits. In the
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limited literature available, researchers have found that accidental wetlands can remove
pollutants, mitigate heat, store groundwater, restore surface-mined lands, and provide the
social benefits of additional green space in urban settings [3,9–11].

In these few known studies, accidental wetlands were shown to help with pollutant
remediation, and a key pollutant in cold urban areas is road salt. Like accidental wetlands,
in recent years researchers have paid increasing attention to de-icing salt in stormwater
runoff as a key issue for stream quality, especially in urban areas. Although there are
numerous salt sources in urban environments, including water-softening, septic field
discharge, natural rock weathering, and wastewater treatment plants [12], the dominant
source is road salt applied to the road surface in order to melt snow and ice [13,14]. The
annual road salt application in the United States in 2014 was about 56.5 million metric tons,
costing about $1.18 billion [15]. Elevated salt levels in waterways contribute to negative
consequences, including contaminating drinking wells [16] and various ecosystem impacts.
In their review of the literature, Hintz and Relyea [17] found that salt negatively affects all
freshwater species, but that the level at which salt becomes a concern is highly variable
across species.

There are complex relationships between surface and groundwater systems, such that
salt remains available for long periods of time as it travels between surface and groundwater
systems [18–20]. Furthermore, numerous studies have focused on how effective various
“green infrastructure” (e.g., rain gardens, bioretention systems) are in cold climates (see
Kratky et al. [21] for a review). Retention systems capture salt as it runs off and can slow
its path to waterways [18,22]. Retention systems do not, however, eliminate salt or retain
it for long periods. Studies have found that salinity remains a key stream stressor even
in restored streams and in those with stormwater management efforts in place [23,24]. In
addition to its own negative consequences, salt can mobilize various metals and lower
plants’ uptake of metals, thereby reducing the effectiveness of bioretention [21,25–27].
Cockerill et al. [20], however, did find that retention had the potential to reduce salinity
spikes, which can reduce the long-term salt levels in a given hydrologic system. Flattening
the curve, as it were, and alleviating those salt spikes, may over time lower the summer
pulses of salt into that system. Given Hintz and Relyea’s [17] findings on the variability
in how much salt triggers negative consequences, reducing salinity spikes and reducing
summer inputs may reduce the effects on some aquatic species.

Although researchers are studying accidental wetlands and the negative effects of
road salt on urban waterways, as far as we know, these two subjects have not been assessed
in concert. We offer a conceptual study addressing the potential for accidental wetlands
to ameliorate salinity levels. Because constructed wetlands offer highly variable results
depending on scale, lifespan, and local hydrologic conditions [28–31], paying more focused
attention to sites where wetlands form themselves may offer a cheaper and equally or
more effective alternative means of lessening road salt impacts. Though no wetland will
completely remove the salt from an urban stream system, there is still potential to improve
urban water quality by documenting and encouraging accidental wetlands.

The project documented here is a testimony to the value of paying attention to local
environments and the role of serendipity in research. Copeland [32] describes serendipity
in science as “the intersection of chance and wisdom” and notes that the value of the
serendipitous process or event can only be assessed in hindsight. In our case, authors
Anderson and Cockerill initially noticed a “wetland” forming in a concrete culvert on
the Appalachian State University campus and joked about its potential value. As we
continued to observe the accumulation of sediment and increased vegetation, we began
thinking that the site actually warranted more focused attention. At that point, author
Maas was seeking a project and began to intentionally explore the effect of that wetland
on road salt contamination for a headwater stream in an urban setting. In searching for
background information to guide this more intentional study, we encountered the premise
of “accidental wetlands” and recognized that we had one.
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Once intentionality was established, this study focused on these research questions:

1. Can flow through the shallow subsurface and chloride transport processes through
accidental wetlands reduce the magnitude of saline peaks arriving at an adjacent
stream?

2. Can flow through the shallow subsurface and chloride transport processes through
accidental wetlands delay the arrival of a salt plume at an adjacent stream?

Site Description

Boone Creek and the accidental wetland investigated in this study are located in the
small yet heavily urbanized town of Boone, North Carolina (Figure 1). Boone Creek is a
headwater tributary of the South Fork New River, located within the Blue Ridge Mountains
of northwestern North Carolina [20]. The town of Boone has high runoff ratios that result in
flashy, flood-prone streams due to heavy urbanization near the stream. Although the total
catchment area has 24.3% impervious surface cover, much of the more natural land use
occurs on the mountain slopes near the catchment boundaries (Figure 2). Within 25 m of
Boone Creek, the impervious surface cover ranges from 1% to 75% [33]. The Town of Boone
has about 19,500 residents (U.S. Census Bureau, Quick Facts, https://www.census.gov/
quickfacts/fact/table/boonetownnorthcarolina,US/PST045219, accessed 25 May 2021) and
Appalachian State University (ASU) adds an additional 20,000 students to the local popu-
lation (Appalachian State University Facts, https://www.appstate.edu/about/ accessed
on 25 May 2021). The stream is in a mountainous area, with a total catchment relief of
nearly 500 m, although the main channel gradient is fairly low, at 2%. The stream has
previously had trout populations and retains a state classification as a “trout stream” [34].
Other tributaries to Boone Creek have gradients of greater than 10%. The catchment of the
basin considered in this study has an area of 5.2 km2 [20].

Figure 1. The Accidental Wetland (AW) site is located in Boone, North Carolina, USA (left top insert map) at 36◦12′54.6′′ N
81◦40′57.0′′ W. The solid blue line denotes the surface water of Boone Creek and the dashed blue line signifies culverted
sections of Boone Creek. The circles indicate data collection sites, Accidental Wetland (AW) and Varsity Gym (VG). The
bottom left insert map shows the Boone Creek watershed (heavy purple line) with the black triangles indicating peak
elevations within the watershed. The arrow represents the direction of flow. ASL denotes above sea level. Adapted
from ref. [20].
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Figure 2. Land use map of the Boone Creek watershed. The Accidental Wetland site is located in the light blue and
pink regions, which designate medium and high intensity development, respectively. The stream includes culverted and
nonculverted segments. The map was created using ArcGIS® software by Esri, Redlands, CA, USA. Accessed on 10 February
2021. ArcGIS® and ArcMap™ are the intellectual property of Esri and are used herein under license. Copyright © Esri. All
rights reserved. For more information about Esri® software, please visit www.esri.com, accessed on 10 February 2021.

Boone Creek (Figure 1) runs through several culverts, with the longest being about
600 m long [20]. The area experiences 89 cm of snow per year, requiring 6 × 105 kg
(600 metric tons) of deicing salt applied to the impervious surfaces on average annually [12].
Electrical conductivity data, converted to equivalent chloride, indicate that the stream
regularly violates the US Environmental Protection Agency’s (EPA) chronic threshold of a
four-day average chloride concentration, exceeding 230 mg/L, and also exceeds the acute
threshold of a one-hour average chloride concentration, exceeding 860 mg/L on a regular
basis in the winter salting season [20,35]. Between 1 July 2014 and 1 July 2015, Boone Creek
exceeded the EPA’s chronic threshold for 10% of the time, or 36 days, and exceeded the
acute threshold for the equivalent of 8.5 days [20].

Our accidental wetland site is unique because it was created in a constrained con-
crete channel and did not form on an existing substrate. Subsequently, there is no di-
rect connection between the wetland and the natural groundwater reservoir. We are
treating the accidental wetland as an isolated “aquifer” that is disconnected from the
natural groundwater flow system. Throughout the rest of this paper, our references to
groundwater flow and solute transport are solely related to this process in the small
accidental wetland that formed in the concrete culvert that ultimately feeds water to
Boone Creek through seepage at its downgradient end. The only sources of water to
the accidental wetland are from runoff from impervious surfaces or direct precipitation.
Figure 3 shows the total area of the drainage basin to the accidental wetland, delineat-
ing pervious areas and impervious areas, such as buildings and sidewalks. The 30-year
normal precipitation in Boone as measured at the BOONE 1 SE, NC US weather station
between 1981 and 2010 is 1338 mm, with roughly equal precipitation during each season
(https://www.ncdc.noaa.gov/cdo-web/datatools/normals, accessed on 21 April 2021).
As Figure 4a–f show, the 600 m culvert containing Boone Creek is open for five meters to
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allow stormwater to enter from a concrete conveyance that drains part of campus, as well
as part of the Town of Boone.

 

Figure 3. Total area of the drainage basin for the Accidental Wetland (AW) site. Gray areas in-
dicate impervious surfaces such as sidewalks, roads, and rooftops and the white areas represent
green spaces.

 

Figure 4. Evolution of the Accidental Wetland (AW) from 2005–2019. The photos were taken on the bridge over the wetland,
facing downstream toward Boone Creek. The wetland was removed in September of 2018.
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The focus of this study was not on how accidental wetlands form, because the exact
timing for this specific accidental wetland was unclear and did not factor in our findings.
It may have originated in 2011–2012 from large storm events, carrying significant sediment
into the culvert. By 2015, authors Anderson and Cockerill observed that the channel had
become a heavily vegetated wetland (Figure 4b), and we began observing it regularly. Up
to that point, we had paid little attention to the site and the few photos available before 2015
show spotty vegetation in 2005 (Figure 4a) and we observed some sediment accumulation
along one edge by 2012. Since 2015 the system evolved to include diverse vegetation
throughout the entire channel and a meandering “stream” through the vegetation.

A storm event in October 2017 deposited a large amount of sand/soil at the culvert
end of the wetland. At that time, authors Maas and Anderson decided to assess what was
happening more formally. They installed three wells and an electrical conductivity logger
(HOBO Conductivity Data Logger, U24-001) along the length of the wetland in 2017. The
monitoring wells showed large fluctuations in water levels throughout the year, with high
levels during intense storm events during warm months and during the wet and cold winter.
In September 2018 the university removed all of the vegetation and accumulated sediment in
the accidental wetland as part of flood control measures on campus (Figure 4e,f).

2. Materials and Methods

2.1. Field Data Collection

We collected handheld probe measurements in the accidental wetland from 7 Septem-
ber 2017 through 6 February 2020. We used a Yellow Springs Instrument (YSI) 556 MPS
(YSI, Yellow Springs, OH, USA) to measure salinity, dissolved oxygen, temperature, and
other parameters. These data allowed us to gain an understanding of the salinity dis-
tribution within the wetland both spatially and temporally, and guided our conceptual
model of transport through the sediment. For examples of studies using the YSI 556 MPS,
see [36,37]. We collected handheld measurements on a regular basis at four locations
along the wetland and at one location in Boone Creek (Figure 5). The YSI probe measured
salinity in PSU, and we converted these data to equivalent chloride concentrations by
multiplying by 606.6 mg/L Cl− per PSU [38]. PSU is approximately equivalent to parts per
thousand (ppt) of NaCl; therefore, for every 1 g/L of NaCl, 606.6 mg/L of the solution is
Cl− and 393.4 mg/L is Na+ [38]. All subsequent data in this study are presented in terms
of equivalent chloride concentrations.

Datalogging at the Varsity Gym (VG) monitoring site has collected electrical conduc-
tivity (EC) data and stage-discharge data at 15-min intervals since July 2014, approximately
200 m downstream of the wetland (Figure 1). EC is a proxy for salinity [20]. The stream’s
salinity is less than that of the wetland due to the mixing of runoff after winter storm and
precipitation events and the constant input of baseflow, which most often has a lower salin-
ity than winter runoff. These data are scaled to provide a continuous dataset of boundary
conditions for the groundwater flow and transport simulations, which are described later
in the manuscript.

We used the Hazen method [39] on five soil samples collected from throughout the
wetland to analyze grain size distributions. We used these data to estimate the accidental
wetland’s hydraulic conductivity using

K = C (d10)2, (1)

where d10 is the diameter of the 10% finer grains (cm) and C is a coefficient based on
grain size and sorting. We averaged the samples to estimate a bulk hydraulic conduc-
tivity for the wetland, and we further calibrated this value with subsequent numerical
modeling experiments.
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Figure 5. A map of the Accidental Wetland (AW). The stars indicate the locations from which the pictures were taken. Red
circles indicate runoff surfaces at the inflow area of the wetland. The sites, denoted by white circles, were named Inflow,
Accidental Wetland Site 1 (AW 1), Accidental Wetland Site 2 (AW 2), Seepage face, and Boone Creek. (a) Facing upstream
towards the stormwater culverts, or the inflow sources. (b) Standing on bridge facing downstream towards seepage face
and Boone Creek. (c) On grass facing Boone Creek stormwater culvert and the seepage face. The diameter of the culvert
is 1.5 m.
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2.2. Numerical Modeling of Groundwater Flow and Solute Transport

In this study, we used FEFLOW (DHI-WASY, DHI Group, Horsholm, Denmark) to
simulate groundwater flow and solute transport through the wetland, utilizing salinity and
runoff data from 2018 to formulate boundary conditions. FEFLOW is a three-dimensional
finite-element groundwater flow and solute transport model that is well-documented in
the literature and has been used to study subsurface solute transport (e.g., [40,41]). It has
also been used in previous studies of the Boone Creek watershed [20]. The numerical
model is not an attempt to recreate the empirical values collected from the accidental
wetland through our sampling efforts; rather, the goal is to demonstrate with the model
the groundwater flow and transport processes that are causing the decrease in salinity
along the length of the wetland. The model does not account for any uptake of salt by
the wetland plants or short-term retention by the wetland sediment, so the model output
should be considered a conservative estimate of the effectiveness of the accidental wetland
in delaying the arrival of salt-laden runoff.

Figure 6 shows the model domain that was used in groundwater flow and so-
lute transport simulations for this study. The two-dimensional simulations represent
a 21.2-meter-long by 0.2 m cross section of the accidental wetland. The base of the model
is a no-flow boundary and represents the interface between the wetland and the concrete
culvert. The stormwater inflow boundary at the right of the model domain, including two
meters of the upper surface, is a time-dependent head and salinity boundary, the values of
which are scaled to measurements taken at a long-term monitoring site on Boone Creek (see
Figure 1 for the location of the Varsity Gym stream gauge relative to the accidental wetland).
The seepage boundary on the left, representing the flow of water out of the wetland, is a
time-dependent head boundary, with high water levels occurring only when a high stream
stage in Boone Creek extends to the accidental wetland. A fluid flux boundary covers most
of the top boundary of the model domain and represents the recharge to the mini-aquifer.
Five simulated monitoring wells along the base of the model were used to collect output
data for this paper. It was at these locations that we performed a semi-quantitative model
calibration of our simulations to the field data.

Figure 6. Model domain used in the flow and solute transport models. The flow enters on the right
side of the figure, represented by black circles, and moves through the wetland to the seepage face
in the left bottom corner, indicated by blue circles. The no-flow boundary (red line) represents the
concrete culvert.

3. Results

3.1. Field Data

As shown in Figure 7, chloride values were highest at the upstream end of the wetland
(at the inflow and AW1 and AW2 sites) and decreased with increasing distance into the
accidental wetland. The highest salinities occurred at the first three sampling locations, and
the lowest salinities left as discharge through the seepage face at the end of the accidental
wetland (Table 1). As expected, the salinities decreased as the runoff moved downstream
through the wetland, indicating that the wetland mitigated salinity by reducing peak
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values and delaying their arrival to the stream. About 47% of the time, the salinity at the
seepage face was lower than the salinity at the inflow. This depended on the timing of the
sampling because there may have been times when a fresh rainfall/runoff event occurred
as a lagged salt event was still working its way through the wetland. Overall, however,
as shown in Figure 7 and Table 1, the average and median chloride concentrations were
highest at the upstream end of the wetland and were lowest at the downstream end of the
wetland, near the seepage face.

Figure 7. Boxplots of field chloride concentrations at each site throughout the length of the wetland.
The middle red line marks the average chloride concentration. Chloride concentrations decrease
towards the seepage face.

Table 1. Summary of chloride concentration statistics of the field measurements.

Inflow (mg/L Cl−) AW1 (mg/L Cl−) AW2 (mg/L Cl−) Seepage Face (mg/L Cl−) Boone Creek (mg/L Cl−)

Mean 1637.7 1032.5 1060.2 316.3 254.3

Median 552.0 539.9 539.9 48.5 109.2

STD 3781.8 1995.7 1535.2 542.6 408.0

3.2. Synthetic Boundary Conditions

Salinity data, collected at the inflow point to the AW, were collected with a handheld
probe. Salinity data were also collected on a continual basis at the VG stream gauging site,
just downstream of the AW. A comparison of these data suggests that salinity values at
the AW inflow during melt events were 4.5 times greater than those measured at the VG
site (Figure 8). Because we did not have continuous data from the AW inflow, we created
a synthetic dataset of accidental wetland inflow salinities by taking the VG salinity data
and multiplying those values by 4.5 (Figure 9). In doing so, we are acknowledging that we
are not studying the exact conditions arriving at the AW, but are instead using a synthetic
time series that is consistent with the observed salinities at the inflow point. These scaled
salinities were used in the numerical model as the inflow boundary conditions.
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Figure 8. Relationship between the inflow concentrations of the Accidental Wetland and Boone Creek
sites from hand samples. The black line represents the factor of 4.5 between the Boone Creek and
inflow data. The open blue circles are the Boone Creek chloride concentration compared to inflow
concentration collected during sampling.

 

Figure 9. Stream stage–time plot (top panel) and concentration–time plot (bottom panel) from the Varsity Gym (VG) site
from 1 January 2018 to 1 January 2019. The salinity data (bottom panel) were scaled by 4.5 to match concentrations observed
in the Accidental Wetland and were used in the numerical model as inflow boundary conditions.

3.3. Numerical Modeling of Groundwater Flow and Solute Transport

The model output using the synthetic boundary condition data shows that the acci-
dental wetland at the end of the stormwater culvert reduced peak salinity concentrations
and delayed their arrival to Boone Creek. Dispersive transport properties in the wetland
reduced peak salinity concentrations as the runoff water flowed as groundwater through
the wetland. Here, groundwater refers to the flow of shallow subsurface water in the
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wetland substrate. There was no connection between the flow in the wetland and the
natural water table due to the concrete culvert. The wetland groundwater velocities varied
with the influx of water during storm and meltwater events. The gradients became high
and in turn, increased the velocities, thus lowering the lag times; the storage of salt was of
longer duration during dryer periods.

Initial simulations were carried out to examine the potential for a multi-year build-up
of salt in the accidental wetland. To assess this, we ran a five-year simulation repeating
our years’ worth of scaled boundary data five times. Figure 10 shows the results of this
simulation. The upper panel shows the scaled inflow data and the output seepage data.
The lower panel shows the other simulated monitoring wells at a different vertical scale.
The salinity concentration decreases through the wetland and approaches a concentration
of zero during the summer months. The model output demonstrates that there is little, if
any, salt accumulation in the wetland from season to season over the five years. This result
is not surprising, given the small size of the wetland and the relatively fast circulation of
water through the system.

Figure 10. Concentration–time plots of output from the numerical model over five years of simulation time. The top panel
shows the differences in salinity between the inflow to the wetland (black line) and the seepage face (dark green). The
bottom panel shows the output from the simulated monitoring wells. Salinities decrease with distance travelled through the
wetland, with the lowest salinities occurring at the seepage face.

Figure 11 shows simulation output, demonstrating the reduction in peak salinities as
dispersion spreads out the salt plume with a transport distance downgradient. Figure 11
focuses on one year of the simulation output from Figure 10. It also demonstrates that
there is a notable delay in the arrival of the center of mass of the plume to Boone Creek.
The model output in the Figure compares the raw input data, represented by monitoring
well 1, to the output data of the seepage face. Peak salinity values at the inflow lag up to
approximately 45 days and have a peak salinity reduction of up to 94% by the time the
solute reaches the seepage face. These reduced salinities and delayed arrival times, caused
by typical solute transport processes in the accidental wetland, prevent the stormwater
culvert from being a source of the high-salinity surge that is typical of meltwater events
during ‘salt season.’

We also performed model sensitivity analyses to understand the effects of hydraulic
conductivity, which we had only estimated from Hazen Method calculations and adjusted
through model calibration, on modeled salinity concentrations at the seepage face. We
varied hydraulic conductivity in the modeled wetland while keeping other parameters,
such as boundary conditions and longitudinal and transverse dispersivities, equivalent
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to the base case scenarios. As expected, higher hydraulic conductivity values increase
the groundwater velocity, which in turn results in a quicker pulse of salinity through
the wetland system and higher seepage salinities (Figure 12). Solute transport processes
suggest that macrodispersion increases with groundwater velocity; however, the small
scale of the aquifer limits the time available for dispersion to take place, and the result
is an advection-dominant transport process. For example, at a simulated hydraulic con-
ductivity of 19.8 m/d, peak concentrations rise above 730 mg/L Cl− and have a similar
lag time to the base case simulation. Lower hydraulic conductivity values result in lower
groundwater velocities, which increase the residence time of the salt in the aquifer. The
low-permeability simulation, utilizing a hydraulic conductivity of 5 m/d, lagged the other
sensitivity simulations by three months and had a peak concentration of roughly half of
the base and high-permeability simulations.

 

Figure 11. Concentration–time plot from the start of the typical salt season to show the mitigation of
salt from the inflow to the seepage face. The top panel plots the inflow (black line) and seepage face
(dark green line) salinities. The bottom panel plots the salinities of the different monitoring wells
from the numerical model. Closer to the seepage face, lower salinities can be observed.

Figure 12. Concentration–time plot for the sensitivity analysis of the numerical model of salinities
at the seepage face. K = 15 m/d (dark green) was the hydraulic conductivity used in the above
simulations. The model is sensitive to changes in hydraulic conductivity.
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4. Discussion

Our study demonstrates that accidental wetlands help remediate salt-laden stormwa-
ter runoff by increasing the residence time of the salt and delaying its arrival to a receiving
stream, thereby decreasing the peak concentration of the salinity pulse but not the overall
quantity of salt that is delivered to the stream.

Our field-sampled data support this conclusion. The median and mean values at
the seepage face at the end of the wetland were lower in concentration than those at the
upper end of the wetland, where salt-rich runoff entered the wetland during salt events.
Our groundwater modeling and solute transport simulations also support this conclusion
in a comprehensive way. The accidental wetland slows the delivery of salt-laden runoff,
thereby lowering simulated salinities by up to 94 percent and lagging the timing of the
peak concentrations by up to 45 days. This type of retention system does not remove the
salt, but by slowing down its migration to the adjacent stream, it can lower the chance of
chronic chloride violations and greatly reduce the potential for acute salinity spikes. This
distinction between acute and chronic is important to stream health in the same way that
dosage is relevant to any toxin. As noted previously, in their review of salinity impacts,
Hintz and Relyea [17] found significant variability across species and across salinity levels.
For example, they found that some species adapt to chronic salinity levels, although acute
spikes are lethal. Because road salt will continue to enter streams, finding ways to at least
lower the intense spikes of salt should be beneficial. If enough accidental wetlands are
encouraged within urban watersheds, rather than removed from them, this could have a
positive influence on the overall water quality in streams.

Furthermore, sensitivity analyses with the model showed that hydraulic conductivity
values typical of sands are ideal in order for this to take place. This was the primary
material in the accidental wetland at our study site and served as the base case for our
simulations. It is safe to assume, however, that materials with properties too far outside
of this range, such as gravels or clays, would not be effective. The hydraulic conductivity
of highly-permeable materials such as gravels would allow rapid migration through the
accidental wetland, preventing much of a reduction in peak concentrations or an increase
in lag times. Conversely, silts and clays would have so little permeability that surface flow
would dominate and would allow the quick delivery of the salt-laden urban runoff to
the stream.

We think that there are likely other accidental wetlands similar to the one studied
here in other environments; that is, a small scale, concrete substrate wetland forming in
an area “designed” for another purpose. The formation of multiple accidental wetlands
along a watershed would retain a higher percentage of the road salt, thus decreasing the
concentration of the salinity pulses and preventing higher salinities in streams themselves.
We can potentially improve the water quality of our urban streams by watching for and
then encouraging accidental wetlands in multiple areas throughout a watershed.

4.1. Other Accidental Benefits

In addition to salinity concerns, accidental wetlands also influence other dynamic
hydraulic issues such as stream flashiness and temperature surges in urban environments.
Stream flashiness is caused by high percentages of impervious surfaces in the watershed,
especially in the lower reaches in the Town of Boone and on the ASU campus, and results
in rapid stream-stage increases and reversed-gradient events, which drive road salt into
riparian aquifers along the length of urban stream reaches. These processes lead to both
chronic and acute stream contamination over much longer time frames than what occurs
in natural, unurbanized streams [42]. In our study location, urban, flashy runoff provides a
significant source of contamination to the riparian aquifer along Boone Creek, a focus of
years of urban hydrology research, and these groundwater–surface water interaction pro-
cesses are especially important in relation to the chronic and acute chloride contamination
of Boone Creek.
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When stormwater runoff encounters an accidental wetland, the amount of runoff
entering the stream decreases and lags according to the travel time that the wetland
requires. Temperature surges occur when heated runoff enters a stream and quickly
increases the stream temperature [20]. Depending on the formation of the accidental
wetland, any detained water has time to cool, thereby reducing the temperature of hot
runoff in temperature surges. If enough of these wetlands form, temperature surges will
perhaps be greatly reduced or eliminated within a watershed. Long-term average stream
temperatures are also improved by accidental wetlands via natural shading [3]; in fact,
several small trees, along with other knee-high vegetation, did grow in the accidental
wetland we studied. In addition to reducing impacts from salt, our case suggests that
accidental wetlands in urban areas can reduce the effects of urban stream syndrome by
mitigating flashiness and heat.

4.2. Management Implications

As already noted, campus facilities management removed the accidental wetland
in 2018. Removing this wetland aligns with historic management approaches as well as
continued perceptions about stormwater, flooding, and vegetated waterways. Traditional
stormwater management has focused on shunting water as quickly as possible to the
nearest stream to avoid flooding. Although new approaches, including constructing
wetlands, bioswales, and retention systems, have been implemented, there remains a lack
of understanding and misperceptions about these kinds of management techniques. In his
overview of the literature, Everett [43] concluded that while there is some public awareness
of alternative management approaches, it is not yet mainstream knowledge. People tend to
focus on the amenity value or the aesthetics of entities like wetlands or bioswales rather
than on their function. In some cases, this creates a negative feedback loop, in which
people do not understand what the infrastructure is designed to do—or in this case what it
accidentally does—and they therefore do not manage or maintain it appropriately, which
leads to further negative views as aesthetics and/or function decline.

In our Boone Creek case, a misperception that the wetland was reducing the chan-
nel’s ability to handle runoff and thereby increasing flooding risk was the rationale to
remove it. This mistaken perception potentially reduced, rather than improved, both flood
management and water quality. Because all of the vegetation and sediment was removed,
runoff entering the culvert now goes straight into the stream, carrying any salt with it
(Figure 2f). Because accidental wetlands arise without intention and are not part of explicit
management plans, they can be ephemeral and can be quickly removed. If paying attention
to when and where accidental wetlands form became part of overall urban stormwater
management and planning, it could offer reduced flooding, improved water quality, and
economic benefits, as the wetland costs nothing to establish.

5. Conclusions

The accidental formation of a wetland in a cold, urban environment inspired us
to study the impacts of this system on mitigating road salt. Returning to our research
questions for this conceptual study, we conclude that the accidental wetland decreased
the peak concentrations of salt and chloride contamination and delayed the arrival of
salt to the stream. Simple numerical simulations demonstrated that the saline pulse from
urban runoff was delayed by up to 45 days and peak concentrations declined by up to 94%.
Although the salt is not removed from the system, its arrival was delayed and the peak
concentrations were lowered, ultimately improving water quality and potentially reducing
negative consequences for some aquatic species.

We also think that accidental wetlands are likely to serve several functions and po-
tentially offer multiple benefits to stream quality. For example, our model provided a
conservative estimate regarding peak salinity reduction because we did not include uptake
by plants. Future research assessing the role of vegetation and/or soil in contributing to
reducing salinity impacts in accidental wetlands is warranted. Additionally, our results
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suggest that accidental wetlands may be effective in lowering runoff-induced thermal
pollution due to the delay in the runoff entering the stream. Although this delay does not
actually remove the salt, it most likely does reduce the temperature, offering a potentially
significant improvement in cold-water streams. Again, more detailed analyses of this
potential contribution from accidental wetlands would be valuable. Our work highlights
the potential for accidental wetlands to improve water quality issues in urban streams. The
only way to decrease salinization issues in cold regions is to discontinue the use of road
salt during winter storm events. Because of safety concerns, totally eliminating salt is not
practicable and therefore, we need to better understand and explore reactive measures to
retain salt and delay its delivery into streams. Our study builds on previous work, suggest-
ing that accidental wetlands cost nothing but offer multiple benefits, which are potentially
as valuable as some stream restoration or intentional stormwater retention measures.

Author Contributions: Conceptualization, C.M.M. and W.P.A.J., methodology, C.M.M. and W.P.A.J.;
software, C.M.M. and W.P.A.J.; validation, C.M.M., W.P.A.J., and K.C.; formal analysis, C.M.M. and
W.P.A.J.; investigation, C.M.M. and W.P.A.J.; resources, C.M.M. and W.P.A.J.; data curation, C.M.M.
and W.P.A.J.; writing—original draft preparation, C.M.M. and W.P.A.J.; writing—review and editing,
C.M.M., W.P.A.J., and K.C.; visualization, C.M.M. and W.P.A.J.; supervision, W.P.A.J. and K.C.; project
administration, W.P.A.J. and K.C.; funding acquisition, C.M.M. and W.P.A.J. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article and more detailed data may be
requested from the authors.

Acknowledgments: The authors thank the Department of Geological and Environmental Sciences,
the College of Arts and Science, and the Office of Student Research at Appalachian State University
for support of the work. We thank undergraduate researchers Emily Fedders and Andrew Barringer
for their help in maintaining the stream monitoring network. We also thank the comments and
suggestions of four reviewers of a previous version of this paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Suchy, A. Denitrification in Accidental Urban Wetlands: Exploring the Roles of Water Flows and Plant Patches. Available online:
https://core.ac.uk/download/pdf/79587123.pdf (accessed on 11 November 2020).

2. Sueltenfuss, J.P.; Cooper, D.J.; Knight, R.L.; Waskom, R.M. The Creation and Maintenance of Wetland Ecosystems from Irrigation
Canal and Reservoir Seepage in a Semi-Arid Landscape. Wetlands 2013, 33, 799–810. [CrossRef]

3. Palta, M.M.; Grimm, N.B.; Groffman, P.M. “Accidental” Urban Wetlands: Ecosystem Functions in Unexpected Places.
Front. Ecol. Environ. 2017, 15, 248–256. [CrossRef]

4. Brooks, B.W.; Riley, T.M.; Taylor, R.D. Water Quality of Effluent-Dominated Ecosystems: Ecotoxicological, Hydrological, and
Management Considerations. Hydrobiologia 2006, 556, 365–379. [CrossRef]

5. Scheffers, B.R.; Paszkowski, C.A. Amphibian Use of Urban Stormwater Wetlands: The Role of Natural Habitat Features.
Landsc. Urban Plan. 2013, 113, 139–149. [CrossRef]

6. Bateman, H.L.; Stromberg, J.C.; Banville, M.J.; Makings, E.; Scott, B.D.; Suchy, A.; Wolkis, D. Novel Water Sources Restore Plant
and Animal Communities along an Urban River. Ecohydrology 2015, 8, 792–811. [CrossRef]

7. Downing, J.A. Emerging global role of small lakes and ponds: Little things mean a lot. Limnética 2010, 29, 9–24.
8. Van Meter, K.J.; Basu, N.B. Signatures of Human Impact: Size Distributions and Spatial Organization of Wetlands in the Prairie

Pothole Landscape. Ecol. Appl. 2015, 25, 451–465. [CrossRef]
9. Suchy, A.K.; Palta, M.M.; Stromberg, J.C.; Childers, D.L. High Potential Nitrate Removal by Urban Accidental Wetlands in a

Desert City: Limitations and Spatiotemporal Patterns. Ecosystems 2020, 23, 1227–1242. [CrossRef]
10. Palta, M. Urban “Accidental” Wetlands Mediate Water Quality and Heat Exposure for Homeless Populations in a Desert City. AGU

Fall Meet. Abstr. 2015, 21, H21J-1528. Available online: https://ui.adsabs.harvard.edu/abs/2015AGUFM.H21J1528P/abstract
(accessed on 10 November 2020).

11. Atkinson, R.B.; Cairns, J. Possible Use of Wetlands in Ecological Restoration of Surface Mined Lands. J. Aquat. Ecosyst. Stress Recov.
1994, 3, 139–144. [CrossRef]

109



Water 2021, 13, 1492

12. Gu, C.; Cockerill, K.; Anderson, W.P.; Shepherd, F.; Groothuis, P.A.; Mohr, T.M.; Whitehead, J.C.; Russo, A.A.; Zhang, C. Modeling
Effects of Low Impact Development on Road Salt Transport at Watershed Scale. J. Hydrol. 2019, 574, 1164–1175. [CrossRef]

13. Jin, L.; Whitehead, P.; Siegel, D.I.; Findlay, S. Salting Our Landscape: An Integrated Catchment Model Using Readily Accessible
Data to Assess Emerging Road Salt Contamination to Streams. Environ. Pollut. 2011, 159, 1257–1265. [CrossRef] [PubMed]

14. Kelly, V.R.; Lovett, G.M.; Weathers, K.C.; Findlay, S.E.G.; Strayer, D.L.; Burns, D.J.; Likens, G.E. Long-Term Sodium Chloride
Retention in a Rural Watershed: Legacy Effects of Road Salt on Streamwater Concentration. Environ. Sci. Technol. 2008, 42,
410–415. [CrossRef] [PubMed]

15. Lilek, J. Roadway Deicing in the United States. Available online: https://www.americangeosciences.org/geoscience-currents/
roadway-deicing-united-states (accessed on 11 November 2020).

16. Kelly, V.R.; Cunningham, M.A.; Curri, N.; Findlay, S.E.; Carroll, S.M. The Distribution of Road Salt in Private Drinking Water
Wells in a Southeastern New York Suburban Township. J. Environ. Qual. 2018, 47, 445–451. [CrossRef] [PubMed]

17. Hintz, W.D.; Relyea, R.A. A Review of the Species, Community, and Ecosystem Impacts of Road Salt Salinisation in Fresh Waters.
Freshw. Biol. 2019, 64, 1081–1097. [CrossRef]

18. Burgis, C.R.; Hayes, G.M.; Henderson, D.A.; Zhang, W.; Smith, J.A. Green Stormwater Infrastructure Redirects Deicing Salt from
Surface Water to Groundwater. Sci. Total Environ. 2020, 729, 138736. [CrossRef]

19. Oswald, C.J.; Giberson, G.; Nicholls, E.; Wellen, C.; Oni, S. Spatial Distribution and Extent of Urban Land Cover Control
Watershed-Scale Chloride Retention. Sci. Total Environ. 2019, 652, 278–288. [CrossRef]

20. Cockerill, K.; Anderson, W.P.; Harris, F.C.; Straka, K. Hot Salty Water: A Confluence of Issues in Managing Stormwater Runoff for
Urban Streams. JAWRA J. Am. Water Resour. Assoc. 2017, 53, 707–724. [CrossRef]

21. Kratky, H.; Li, Z.; Chen, Y.; Wang, C.; Li, X.; Yu, T. A Critical Literature Review of Bioretention Research for Stormwater
Management in Cold Climate and Future Research Recommendations. Front. Environ. Sci. Eng. 2017, 11, 16. [CrossRef]

22. Barbier, L.; Suaire, R.; Durickovic, I.; Laurent, J.; Simonnot, M.-O. Is a Road Stormwater Retention Pond Able to Intercept Deicing
Salt? Water Air Soil Pollut. 2018, 229, 251. [CrossRef]

23. Fanelli, R.M.; Prestegaard, K.L.; Palmer, M.A. Urban Legacies: Aquatic Stressors and Low Aquatic Biodiversity Persist despite
Implementation of Regenerative Stormwater Conveyance Systems. Freshw. Sci. 2019, 38, 818–833. [CrossRef]

24. Cooper, C.A.; Mayer, P.M.; Faulkner, B.R. Effects of Road Salts on Groundwater and Surface Water Dynamics of Sodium and
Chloride in an Urban Restored Stream. Biogeochemistry 2014, 121, 149–166. [CrossRef]

25. Søberg, L.C.; Viklander, M.; Blecken, G.-T. Do Salt and Low Temperature Impair Metal Treatment in Stormwater Bioretention
Cells with or without a Submerged Zone? Sci. Total Environ. 2017, 579, 1588–1599. [CrossRef] [PubMed]

26. Lange, K.; Österlund, H.; Viklander, M.; Blecken, G.-T. Metal Speciation in Stormwater Bioretention: Removal of Particulate,
Colloidal and Truly Dissolved Metals. Sci. Total Environ. 2020, 724, 138121. [CrossRef]

27. Taguchi, V.J.; Weiss, P.T.; Gulliver, J.S.; Klein, M.R.; Hozalski, R.M.; Baker, L.A.; Finlay, J.C.; Keeler, B.L.; Nieber, J.L. It Is Not Easy
Being Green: Recognizing Unintended Consequences of Green Stormwater Infrastructure. Water 2020, 12, 522. [CrossRef]

28. Brydon, J.; Roa, M.C.; Brown, S.J.; Schreier, H. Integrating Wetlands into Watershed Management: Effectiveness of Constructed
Wetlands to Reduce Impacts from Urban Stormwater. In Proceedings of the Environmental Role of Wetlands in Headwaters;
Krecek, J., Haigh, M., Eds.; Springer: Dordrecht, The Netherlands, 2006; pp. 143–154.

29. Mangangka, I.R.; Egodawatta, P.; Parker, N.; Gardner, T.; Goonetilleke, A. Performance Characterisation of a Constructed Wetland.
Water Sci. Technol. 2013, 68, 2195–2201. [CrossRef]

30. Land, M.; Granéli, W.; Grimvall, A.; Hoffmann, C.C.; Mitsch, W.J.; Tonderski, K.S.; Verhoeven, J.T.A. How Effective Are Created or
Restored Freshwater Wetlands for Nitrogen and Phosphorus Removal? A Systematic Review. Environ. Evid. 2016, 5, 9. [CrossRef]

31. Zu Ermgassen, S.O.S.E.; Baker, J.; Griffiths, R.A.; Strange, N.; Struebig, M.J.; Bull, J.W. The Ecological Outcomes of Biodiversity
Offsets under “No Net Loss” Policies: A Global Review. Conserv. Lett. 2019, 12, e12664. [CrossRef]

32. Copeland, S. On Serendipity in Science: Discovery at the Intersection of Chance and Wisdom. Synthese 2019, 196, 2385–2406. [CrossRef]
33. Rice, J.S.; Anderson, W.P., Jr.; Thaxton, C.S. Urbanization Influences on Stream Temperature Behavior within Low-Discharge

Headwater Streams. Hydrol. Res. Lett. 2011, 5, 27–31. [CrossRef]
34. NC DEQ: Classifications. Available online: https://deq.nc.gov/about/divisions/water-resources/planning/classification-

standards/classifications#DWRPrimaryClassification (accessed on 19 November 2020).
35. Benoit, D. Ambient Water Quality Criteria for Chloride—1988; EPA: Washington, DC, USA, 1988; Volume 988, p. 47.
36. Yu, Z.; Qi, Z.; Hu, C.; Liu, W.; Huang, H. Effects of Salinity on Ingestion, Oxygen Consumption and Ammonium Excretion Rates

of the Sea Cucumber Holothuria Leucospilota. Aquac. Res. 2013, 44, 1760–1767. [CrossRef]
37. Stringer, C.E.; Rains, M.C.; Kruse, S.; Whigham, D. Controls on Water Levels and Salinity in a Barrier Island Mangrove, Indian

River Lagoon, Florida. Wetlands 2010, 30, 725–734. [CrossRef]
38. Palmer, J.J. How to Brew: Everything You Need to Know to Brew Great Beer Every Time; Brewers Publications: Kent, OH, USA, 2017;

ISBN 978-1-938469-35-0.
39. Hazen, A. Discussion of Dams on Sand Foundations by A. C. Koenig. Trans. Am. Soc. Civ. Eng. 1911, 73, 199–203.
40. Trefry, M.G.; Muffels, C. FEFLOW: A Finite-Element Ground Water Flow and Transport Modeling Tool. Groundwater 2007,

45, 525–528. [CrossRef]
41. Sivakumar, C.; Elango, L. Application of Solute Transport Modeling to Study Tsunami Induced Aquifer Salinity in India. J. Sci.

Technol. Environ. 2010, 15, 33–41. [CrossRef]

110



Water 2021, 13, 1492

42. Anderson, W.P.; Storniolo, R.E.; Rice, J.S. Bank Thermal Storage as a Sink of Temperature Surges in Urbanized Streams. J. Hydrol.
2011, 409, 525–537. [CrossRef]

43. Everett, G. Public Perceptions of Sustainable Drainage Devices. In Sustainable Surface Water Management; John Wiley & Sons, Ltd.:
Hoboken, NJ, USA, 2016; pp. 285–297, ISBN 978-1-118-89769-0.

111





water

Article

Modeling Shallow Urban Groundwater at Regional and Local
Scales: A Case Study in Detroit, MI

Sadaf Teimoori *, Brendan F. O’Leary and Carol J. Miller

Citation: Teimoori, S.; O’Leary, B.F.;

Miller, C.J. Modeling Shallow Urban

Groundwater at Regional and Local

Scales: A Case Study in Detroit, MI.

Water 2021, 13, 1515. https://

doi.org/10.3390/w13111515

Academic Editor: C. Radu Gogu

Received: 24 April 2021

Accepted: 25 May 2021

Published: 28 May 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Department of Civil and Environmental Engineering, College of Engineering, Wayne State University,
5050 Anthony Wayne Drive, Detroit, MI 48202, USA; ax9873@wayne.edu (B.F.O.); ab1421@wayne.edu (C.J.M.)
* Correspondence: sadaf.teimoori@wayne.edu

Abstract: Groundwater plays a significant role in the vitality of the Great Lakes Basin, supplying
water for various sectors. Due to the interconnection of groundwater and surface water features in
this region, the groundwater quality can be affected, leading to potential economic, political, health,
and social issues for the region. Groundwater resources have received less emphasis, perhaps due to
an “out of sight, out of mind” mentality. The incomplete characterization of groundwater, especially
shallow, near-surface waters in urban centers, is an added source of environmental vulnerability
for the Great Lakes Basin. This paper provides an improved understanding of urban groundwater
to reduce this vulnerability. Towards that end, two approaches for improved characterization of
groundwater in southeast Michigan are employed in this project. In the first approach, we construct
a regional groundwater model that encompasses four major watersheds to define the large-scale
groundwater features. In the second approach, we adopt a local scale and develop a local urban water
budget with subsequent groundwater simulation. The results show the groundwater movement
in the two different scales, implying the effect of urban settings on the subsurface resources. Both
the regional and local scale models can be used to evaluate and mitigate environmental risks in
urban centers.

Keywords: groundwater flow; urban groundwater; numerical modeling; water budget

1. Introduction

Groundwater serves a vital role in supplying drinking water and providing essential
services such as cooling water for power generation, irrigation water for farms and land-
scapes, and industrial water in the Great Lakes Basin (GLB). Groundwater quality issues
can lead to environmental and human health problems and can challenge environmental
management. Groundwater exists in hidden natural reservoirs (aquifers) that gradually
deliver water to many other surface water resources such as lakes, streams, and wetlands.
Due to groundwater’s slow transport rates and the lack of a visible interface, there is often
a tremendous lag between a contamination incident and the recognition of a problem [1].
To that end, protecting and remediating groundwater is often far more complex and costly
than the same efforts for surface water bodies [2–4]. Regulatory efforts on groundwater
primarily focus on contamination from hazardous chemicals and typically rely on a site-by-
site approach. The high financial cost and piecemeal approach to groundwater remediation
has led to a research gap in understanding of urban groundwater movement in cities that
rely on surface water in the GLB [5]. This study reviews known and expanding information
about groundwater resources in the Detroit metro region, the principal urban area in Michi-
gan, as well as one of the largest in the GLB. In this region, groundwater is recharged almost
entirely from rainfall and snowmelt that infiltrates down to the water table. The hydrologic
interconnection between the groundwater and surface water systems leads to the mixing
of subsurface and surface contaminants. Examples of these subsurface contaminants are
volatile organic compounds (VOCs), polychlorinated biphenyls (PCBs), polynuclear aro-
matic compounds (PNAs), and metals [6]. Groundwater, therefore, can serve as a pollutant
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transport mechanism and can ultimately expose Detroiters to contaminants such as VOCs
via numerous routes, including vapor intrusion and ingestion [7–9] (Figure 1). Ingestion
can occur through direct consumption of vegetation “fed” by contaminated vadose zone
water or by consuming water impacted by groundwater contamination [10–12].

Figure 1. Hypothetical scheme of hydrogeological cycle in the Detroit region.

The quality of urban groundwater is critical as it can influence human health issues.
Groundwater in areas such as Detroit with shallow urban groundwater systems is physi-
cally near human activities and can contribute to short exposure routes due to the short
vertical distances. Urban disturbances influence subsurface hydrologic pathways, which
make understanding subsurface exposure routes difficult [13,14]. While there has been
some research performed on the groundwater quality in southeast Michigan [15–20], further
studies are required to evaluate migration pathways and contaminants in shallow urban
groundwater. For example, the VOCs group is one of these chemical pollutants, of which
the adverse impacts of their pathways on human health are well-documented [21–25].
Preterm birth is a crucial health issue within the Detroit region [26]. Detroit has the nation’s
highest preterm birth rate among America’s largest cities in 2018 [27]. A recent study links
VOC exposure to higher preterm birth rates [28]. Therefore, a comprehensive investigation
of groundwater to evaluate groundwater flow direction, transmissivity, and the depth of
the water table is imperative to explain urban water pathways.

This paper aims to describe the urban shallow groundwater of the metro Detroit
region by utilizing public data from multiple sources to generate a series of models at
differing resolutions. This paper includes a review of the geologic setting and the develop-
ment of two groundwater models at regional and local scales aimed to provide an initial
assessment of urban water movement in coastal Great Lakes cities. Through developing an
understanding of groundwater, potential pollutant exposure pathway risks posed to urban
environments and human health are better understood.
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2. Materials and Methods

Regional and local modeling provide a baseline to assess urban groundwater in
southeast Michigan. Regional datasets for southeast Michigan were assessed to provide a
general understanding of groundwater flow direction, discharge, and depth to groundwater.
A narrower, neighborhood-scale evaluation was completed for RecoveryPark, providing a
case study to evaluate localized urban water budgets and local-scale groundwater flow.
Both datasets provide useful but different contributions to the understanding of urban
groundwater movement.

The paper highlights the use of readily available data from multiple sources to un-
derstand groundwater movement at the regional and local scales. While there is no
comprehensive database for urban shallow subsurface information, there are several stud-
ies and data centers that provide information regarding urban groundwater movement.
This paper brings data together from historical well logs, current ongoing field studies,
and simulations to provide both a regional and local understanding of shallow subsur-
face groundwater movement in Metro Detroit. MODFLOW [29] was used to simulate
the steady-state groundwater head distributions for both the regional- and local-scale
applications. ESRI ArcMap 10.7.1 was used for data interpolation and mapping.

2.1. Southeast Michigan Regional and Local Field Setting

Within the Detroit regional watershed, the subsurface sediment layers are dominated
by a large clay diamicton [6,30,31], which supports the presence of shallow groundwater.
The amount of water transferring through this shallow system is not well-quantified since
most of the historic water resource studies have focused on deep groundwater systems
occurring at depths of more than six meters. Although the shallow groundwater does not
supply a significant source of drinking water for the residents in Detroit, the position of the
groundwater table can significantly affect the design and requirements of sewer systems,
drinking water networks, and surface infrastructures. More importantly, the depth of the
groundwater table directly controls the thickness of the vadose zone and the separation
distance between surface features and groundwater features.

2.1.1. Regional Scale: General Depositional Environment and Drainage Characteristics

The Detroit metropolitan area predominantly overlies glacial lacustrine deposits
producing scattered small to moderate quantities of water in some locations [20]. Detroit’s
till dates from the Wisconsian age and varies in thickness and composition [32]. As shown
in Figure 2, the thickness of glacial sediments gradually decreases to the southeast and the
area along south to the east is mainly clay mixed with isolated beaches, terraces, and lenses
of gravel and sand [30,31]. The glacial drift of the region consists of irregular beds of gravel,
sand, silt, and clay [6] and may be cemented by iron oxide or carbonate. In southeast
Michigan, the bedrock consists of Devonian age Antrim Shale, Traverse Group, which
is a mix of shale and limestone, Dundee Limestone, and Detroit River Dolomite. Given
the thickness of the clay lacustrine deposits, clay composition hydrologically generates
a disconnected media in the deposits underground. The bedrock underlying the Detroit
metropolitan area is not a reliable source of groundwater due to the low permeability of
the soil and poor water quality.

Historical hydrogeological studies relied on water well logs and surficial and bedrock
geologic maps. These studies were primarily conducted for groundwater exploitation and
did not typically address near-surface aquifers because they were not generally considered
potential potable water sources. Leverett [33] conducted the first detailed study of the
groundwater resources of southeastern Michigan. Leverett’s study was prompted by a
potential shortage of available groundwater resources in the central and eastern portions
of Wayne County. Hydrogeologic studies of southeastern Michigan rely primarily on
water well logs. The reliability of these water well logs is limited by the lack of uniformity
among drillers, absence of detailed subsurface lithologic descriptions, and insufficient
geographic distribution of wells. The stratigraphic correlation of near-surface sediments
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in southeastern Michigan is complicated because of the complex nature of sedimentation
by both ice and water [34]. Groundwater flows toward the surface water within the sand
units, and if present, is generally found at a depth ranging from ~one to three meters
from the land surface [6,31]. However, in Metro Detroit, the perched or discontinuous
groundwater is usually encountered in the upper one meter due to the predominant
underlying clay unit. Mozola [30] suggested that the source of groundwater recharge for
sand, gravel, and coble layer may be the Defiance Moraine; however, this has not been
confirmed. Howard [32] presented a surficial geologic map of the Detroit quadrangle,
which can serve as a framework for assessing and redeveloping future urban sites. The
final maps, including stratigraphic sections and soil layers across Metro Detroit, are useful
for expanded studies on groundwater and the vadose zone beneath this region.

 
Figure 2. Interpolated surficial deposits cross-section of metropolitan Detroit (based on a cross-section from [6]).

2.1.2. Local Scale: RecoveryPark Field Site

RecoveryPark is a nonprofit urban farm in the Poletown neighborhood of Detroit that
provides local agricultural employment for residents [35] (Figure 3). While RecoveryPark
is located in an urban neighborhood, a majority of the lots are cleared of debris and vacant.
Apart from the existing or historic utility infrastructure and building basements, no other
major subsurface features are present.

The United States Geological Survey (USGS) and the United States Environmental
Protection Agency (USEPA) collaborated to study the effectiveness of green stormwater
infrastructure (GSI) at this site since 2014. A water cycle monitoring approach was used
to assess the role of GSI in a larger hydrologic context. The property includes a weather
station and the only publicly available groundwater wells in the city of Detroit. The
weather station was initially located north of the study (first location: 2014 to 2017) and
then was moved to its current onsite location during fall 2017 (second location: 2017 to
present). Soil boring data and in-pipe flow meter data from the site are available from
the Detroit Water and Sewage Department (DWSD). Overall, there are 23 groundwater
wells and seven in-pipe sewer meters spread over a 1.686 × 10−1 km2 area (Figure 4). The
onsite sewer lines appearing in Figure 4 transported only local sewage (no off-site areas
contributed), and the sewer output all flowed through meters E and F before exiting the
study boundaries. Soil moisture sensors were added to the field equipment in 2017 and are
located near the weather station. The location and head value of observation wells are also
presented in Table 1.
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Figure 3. Location map for RecoveryPark. City of Detroit boundaries are shown by the dashed lines, and RecoveryPark
location is shown by the red dot.

 

Figure 4. Site map at RecoveryPark with shallow wells, deeper wells, sewer in-pipe meter locations,
and weather station. Wells start with RP, and in-pipe sewer meters are alphabetically labeled.

117



Water 2021, 13, 1515

RecoveryPark is a unique urban study area in that it includes one of the only urban
well fields in the Great Lakes Basin [36]. The insights gleaned from this location offer a
detailed understanding of one localized neighborhood but still does not remedy the larger
regional knowledge gap. The lack of publicly available urban well data presents issues for
groundwater mapping both at the regional and local scales. This problem is not unique to
the metropolitan Detroit region. Most major cities in the United States lack open-source
groundwater field data [5].

Table 1. Location and head value of observation wells at RecoveryPark (USGS [37]).

Type Name Alias X 1 Y 1 Top Elevation 2,3

(m)
Depth to Water

Table (m)
Observed Value

(m)

Deeper
Observation Wells

RP-C-01 D C1D −83.0437139 42.3672917 192.27698 1.8212 190.4558
RP-C-02 D C2D −83.0432556 42.3674583 192.10325 1.0790 191.0243
RP-C-05 D C5D −83.0427917 42.3676222 191.9417 1.3122 190.6295
RP-N-05 D N5D −83.0432250 42.3691139 192.32948 2.4201 189.9094
RP-N-06 D N6D −83.0430194 42.3686500 191.44782 1.4356 190.0122
RP-S-05 D S5D −83.0419250 42.3671778 191.65519 1.9111 189.7441

RP-SE-01 D SE1D −83.0435528 42.3668583 192.49644 1.3457 191.1507
RP-SW-02 D SW2D −83.0443111 42.3665417 193.4044 2.2906 191.1138
RP-NE-04 D NE4D −83.0446444 42.3685250 192.13373 1.9126 190.2211
RP-NW-03 D NW3D −83.0430194 42.3686500 192.90198 No data recorded No data recorded

Shallow
Observation Wells

RP-C-01 S C1S −83.0437194 42.3672889 192.27394 0.6614 191.6125
RP-C-02 S C2S −83.0432444 42.3674611 191.28435 0.1798 191.1045
RP-C-03 S C3S −83.0426111 42.3673639 192.60767 1.7450 190.8627
RP-C-04 S C4S −83.0427000 42.3674972 191.92951 1.0973 190.8322
RP-N-05 S N5S −83.0432194 42.3691056 192.40397 2.0604 190.3435
RP-N-06 S N6S −83.0429889 42.3686722 191.44349 0.9876 190.4559

RP-NE-04 S NE4S −83.0446444 42.3685333 192.48642 1.4722 191.0142
RP-NW-03 S NW3S −83.0454500 42.3682472 192.35318 1.1841 191.1690

RP-S-05 S S5S −83.0419333 42.3671750 191.63081 0.8915 190.7393
RP-S-06 S S6S −83.0424778 42.3671306 192.50219 1.7054 190.7968

RP-SW-02 S SW2S −83.0443139 42.3665472 193.04669 1.4402 191.6065
RP-SE-01 S SE1S −83.0435444 42.3668500 192.50558 0.7254 191.7802
RP-S-07 S S7S −83.0425611 42.3672667 192.8624 1.9888 190.8736
RP-C-05 S C5S −83.0427833 42.3676250 191.9824 1.0287 190.9537

1 NAD83. 2 above NAVD88. 3 Land surface elevation has been adjusted based on the surface elevation raster data applied to the model.

2.2. Regional Scale Groundwater Model: Metro Detroit Watersheds

The focus of this investigation is metropolitan Detroit, with an area of 3850.32 km2

and encompassing four major watersheds, all discharging to the Detroit River. The four
watersheds (Clinton, Lake St. Clair, Rouge, and Ecorse Creek) are shown in Figure 5. In this
region, sink and source elements, including precipitation, evapotranspiration, pumping
wells, rivers, and lakes, affect the groundwater flow, quantity, and quality. The values of
hydraulic conductivity are obtained from the borehole logs dataset [6,37] and presented
in Table 2 for all five units simulated in the model. The ratio of anisotropy (KH/KV) is
assumed to be equal to 1 for all five soil units. Precipitation and evapotranspiration values
are available from the USGS [37] data sources; average annual rates are used in these
simulations. In order to simulate the groundwater recharge coming from surface waters,
the head stages for the two main rivers of the region, Clinton River and Rouge River, are
obtained from the USGS [37] and applied to the model. Furthermore, lake water surface
and bottom elevation datasets are collected from the Michigan Department of Natural Re-
sources [38] and applied to all 47 lakes, which have an area greater than 0.3 km2. Pumping
well data were obtained from groundwater datasets for Michigan [39] and categorized
into five groups, including industrial, irrigation, household, commercial/institutional, and
public-supply wells. Within the study area, there are 12,866 active pumping wells, mostly
located in the northwestern portion of the study area.
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Table 2. Hydraulic conductivity of stratigraphic units assumed in the model.

Stratigraphic Unit Hydraulic Conductivity (m/day)

Moraine Unit 8.64 × 10−1

Sand Clay Unit 8.64 × 10−2

Sand Unit 8.64
Sandy and Silty Clay Unit 8.64 × 10−2

Clay Unit 8.64 × 10−3

The developed conceptual model of regional groundwater contains the shape, discharge
and recharge sources, and boundary conditions, including general head boundary (repre-
senting water elevation at Lake St. Clair and Detroit River) and no-flow boundary. The
model grid is set up in one layer with 10,584 active cells of various sizes and shapes (Ugrid–
Voronoi [40]). The surface elevation ranges from ~173 m in the southeast to ~325 m in the
northwest (NAVD88), while the bottom elevation ranges from ~144 m to ~282 m. Due to the
lack of transient data of pumping wells, the simulation is conducted in a steady state.

 

Figure 5. The boundary of Detroit and watersheds in the study area (regional model domain) [41].

The regional groundwater model has been developed to evaluate the groundwater
head distribution based on the control volume finite difference (CVFD) formulation using
MODFLOW-USG [42]. Groundwater Modeling System 10.3.2 (GMS) was used as the pre-
and post-processing software tool to construct and run the MODFLOW model. Datasets
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needed for this model include meteorological (precipitation, evaporation, etc.), hydraulic
and geochemical attributes, and topographic elevation.

2.3. Local Scale Model: RecoveryPark

RecoveryPark is outfitted with a real-time weather station that includes multiple
instruments. The weather station is comprised of a Campbell Scientific evapotranspiration
station (ET-107), solar radiation sensor (CS305-ET), air temperature and relative humidity
probe (HMP60-ETS), tipping bucket rain gage (TE525-ET), and wind set (034B-ETM),
combining a three-cup anemometer and vane into a single integrated package to measure
wind speed and direction.

The well groundwater level was recorded using a Schlumberger Diver pressure trans-
ducer at 23 individual wells nested with deeper (~six meters below ground surface) and
shallow (~three meters below ground surface) wells (Figure 6). The DWSD performed the
in-pipe flow measurements at six different locations with meters E and F measuring the
discharge out of the RecoveryPark field site. DWSD used V-notch weirs with velocity and
stage sensors to generate velocity and discharge values [36]. Eight Campbell Science 655
TDR probes were situated at three different intervals close to the weather station. These
were positioned near the surface, at 0.3 m below the surface level and 0.5 m below the
surface level. Figure 6 shows the vertical distribution of the monitored subsurface features.

Figure 6. Subsurface vertical profile of observed features at the RecoveryPark study site. Hydraulic head is an example
hydraulic head based on the average October 2015 well data.

2.3.1. Urban Water Budget

Characterizing urban water budgets is a challenge because of the overlap between
groundwater movement and subsurface anthropogenic structures such as sewer lines. In
order to better understand these changes, an urban water budget model was developed for
the RecoveryPark field site. Periods of rainfall and seasonal variability impact groundwater.
In order to account for seasonality and consistency from precipitation events, water budgets
were constructed for each quarter around a rainfall event. Four separate rain events were
picked to evaluate changes in RecoveryPark’s groundwater storage.

This study applied a mass balance approach to quantify the water budget at the
RecoveryPark study area. The area has been extensively reworked to channel surface water
flow into sewer drains and onsite GSI. Runoff over the study area is assumed to flow into
the sewer drains or is infiltrated into groundwater. Given the locations of the GSI within
the study region, interactions between groundwater infiltration from the surface and fluxes
in and out of the sewer piping is assumed to be contained within well data and sewer
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flow data. The shallow wells, located in urban fill, and the deeper wells, located in mostly
clay-rich sediments, showed similar fluctuations in hydraulic head levels, indicating that
the well sets are hydrologically connected. Referring to Howard and Olszewska [43], the
urban fill materials are compacted loamy texture probably originated from a combination of
sandy surficial deposits and clayey diamicton family. This urban fill was later mixed with
various construction and demolition artifacts due to the urban redevelopment in Detroit
city. These artifacts and waste building materials were weathered over the years and left
the soil with some significant contaminants. It is worth mentioning that, at RecoveryPark,
groundwater has been observed through two sets of observation wells with two different
lengths. This observation reflects the field data, where nested shallow and deeper wells
show similar changes in hydraulic head. This is also as the shallow well data was used for
the water budget analysis. Changes in soil moisture in the vadose zone impact groundwater
movement, especially in shallow systems such as Detroit. The changes to hydraulic head
in the shallow wells did not account for soil moisture. However, soil moisture influence
is reviewed by post-processing. Parameters in the mass balance include the change in
groundwater storage (ΔS) in m3, precipitation (P) in m3, evapotranspiration (ET) in m3, and
volume of water exiting the site via the sewer network (O) in m3. The following equation
was used to generate a change in groundwater storage estimate scaled to the study area.

± ΔS = P − ET − O (1)

An urban water budget was calculated at RecoveryPark for four different precipitation
events, each occurring during the period between October 2015 and September 2016. The
specific precipitation events selected for this analysis were chosen were based on the
availability of field data and the accuracy of sewer data. Start times of 12:00 a.m. and
12:00 p.m. were chosen based on the start of the precipitation event to ensure baseline data
was collected before a precipitation event and contained five days of continuous data from
this start time. Table 3 shows a breakdown of available field data for each period studied.
Precipitation data (Figure 7), evapotranspiration data (Figure 8), sewer data (Figure 9), and
groundwater well data (Figure 10) were included in the example of water budgets.

Inverse distance weighting (IDW) models were used to represent the spatial variation
of hydraulic head distribution for both the pre-and post-rain time periods. The pre-rain
time period corresponds to head measurements taken immediately before the rainfall,
while the post-rain time period corresponds to head measurements taken five days after
the beginning of the study period. At least one well was operational during the four
precipitation events. For the period of 27 to 31 October 2015, the single shallow well is
assumed to represent the study area, and an IDW was not generated for this event. The well
values were inputted into the ESRI ArcMap, and the ArcMap Spatial Analysis Extension
tool was used to create the inverse distance weighting maps for this time period (Figure 11).
The layers were then converted to a raster file, and difference maps were generated from
the pre-precipitation raster and post-precipitation raster to show net gains and net losses.
An effective porosity (n) of 0.3 was used as an average porosity for the RecoveryPark study
area based on typical values associated with soils present at RecoveryPark [36]. Change in
groundwater storage (ΔS) is the porosity (n) times the net volume gain or loss (m3) over
the study period (Equation (1)).

Table 3. Overview of field data used over the one-year period.

Dates Start Time Precipitation Evapotranspiration Sewer Data
Shallow Wells

Online
Deeper Wells

Online

27–31 October 2015 12:00 p.m.

Continuous
5-min data

Continuous
60-min data

Meter E, Meter F 1 4

13–17 March 2016 12:00 a.m. Meter E, Meter F 14 8

10–14 May 2016 12:00 p.m. Meter E, Meter F 14 9

11–15 August 2016 12:00 a.m. Meter E, Meter F 4 8
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Figure 7. Daily totals of precipitation at RecoveryPark.

 

Figure 8. Evapotranspiration values for RecoveryPark over the four study periods.
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Figure 9. In-pipe sewer flow meter data for RecoveryPark over the four-study period.

 

Figure 10. Groundwater head levels at shallow wells at RecoveryPark over the four study periods.
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Figure 11. Inverse distance weighted model of groundwater above mean sea level (meters) for shallow wells on 13 March
2016 (left), and 17 March 2016 (center). The legend for these models is on the left side. The change in the hydraulic head is
measured by the net decrease and net increase map on the right with the legend located in the top right of the map. In this
example, there was no net decrease observed.

Soil moisture was not initially reviewed because the sensors were not in place during
the initial study period during 2015 and 2016. Soil moisture plays a critical role in water
retention and, ultimately, in the water budget. It was determined that soil moisture is
critical to understanding an urban water budget, and four model rainfall events in 2017 and
2018 were chosen to give an estimated idea of the scale of water retained during rainfall
events. While the data was taken for different rainfall events, it still provides valuable
information regarding the volume of water retained in the top 0.5 m at RecoveryPark.
Given the close proximity of the soil moisture sensors, the averages of sensors placed near
the surface, at 0.3 m below the surface, and 0.5 m below the surface were used to estimate
soil moisture at RecoveryPark (Figure 12).

 

Figure 12. Example figure showing changes in volumetric soil moisture over a five-day period with a rain event. Volumetric
soil moisture is on the left axis, while precipitation is on the right axis. The orange line is soil moisture near the surface, the
grey line is at ~0.3 m below the surface, and the yellow line is ~0.5 m below the surface.
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2.3.2. Groundwater Model

Similar to the regional simulation, GMS 10.3.2 (MODFLOW 2000) is used to identify
groundwater head in the steady-state condition for the local scale model. Since there
are two sets of groundwater observed data in RecoveryPark, i.e., shallow and deeper
observation wells, two conceptual models for each observed dataset are created to in-
vestigate groundwater through shallow and deeper observation wells. In other words,
at RecoveryPark, groundwater is investigated through two separate models with two
different lengths of the observation wells. Both conceptual models are one-layer models
with 41,184 active structured cells. The surface elevation ranges from ~195 m in the north
to ~189 m in the south (NAVD88), while the bottom elevation is assumed to be ~150 m
for the entire area. The local model is a part of the regional one as it is located in the
southeastern part of the regional model. The boundary conditions applied in the local
model are adapted to the regional model outputs. The local boundary conditions were
chosen based on the regional model results. A constant head of ~188 to 193 m is also
assumed for RecoveryPark boundaries.

Sewer drains and evapotranspiration are the discharging sources for groundwater,
while precipitation is the only source for recharging the groundwater. In the Recovery-
Park 3-D model, we obtained sewer line data from [36,44] and divided the area into six
zones, as shown in Figure 13. Referring to the samples collected by Rogers [6], the clay
unit appears to be uniformly deposited within Detroit city with a hydraulic conductivity
range of 8.64 × 10−4 to 1.1 (m/d). Furthermore, based on the soil-boring data in Recovery-
Park [37,39], six different hydraulic conductivities of clay are recognized for RecoveryPark
soil. So, we assumed six types (zone) of hydraulic conductivity in the local model and
subdivided the model into six zones to make sure that the model correctly represents
the hydrogeological features of RecoveryPark. The hydraulic conductance and bottom
elevation of pipes are applied to the sewer lines in the local model based on available
data of sewerage at RecoveryPark. The sewer network at RecoveryPark is a combined
sewer system [44]. Based on the available data, the depth of the sewer pipes junctions is
assumed to be ~2 to 3 m in the model. The sewer pipes have been placed deeper in the
south to southwest of the local model, while they can be found at a smaller depth in the
center-north to the northeast of the model. A hydraulic conductance of 0.0025 ((m2/d)/m)
is also assumed for all sewer pipes through the Drain package in the MODFLOW model.

An essential part of any groundwater modeling exercise is the model calibration
process. In this project, horizontal and vertical hydraulic conductivity were selected as the
calibration variables since they are the least well-known data in this region. The horizontal
and vertical hydraulic conductivity values were fine-tuned using the PEST calibration
process (Table 4) and the 16 March 2016 observations of groundwater head for the shallow
and deeper wells at RecoveryPark. During the PEST calibration process, the groundwater
system inputs are estimated from the system results by comparing the model outputs and
observed head values. We applied the zone-based approach in the model calibration and
selected each hydraulic conductivity zone as a parameter. In RecoveryPark modeling, PEST
tracks how the model responds to the hydraulic conductivity changes and calculates the
residual for computed and observed head values. In each round of parameter estimation,
PEST determines new hydraulic conductivity values for each zone, interpolates new values
to the MODFLOW model, and updates the input files for the next MODFLOW run. Each
time, the latest output of the model is compared to the observed head values. PEST repeats
this process and adjusts the hydraulic conductivity values until the minimum value of
residual is achieved.
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Figure 13. Sewer pipes’ location and hydraulic conductivity zones in the RecoveryPark model. The numbers are the depth
at which the sewer junctions are located.

Table 4. Details of sink/sources inputs for calibrated RecoveryPark model.

Parameter Values

Precipitation (m) 1 1.524 × 10−3

Horizontal hydraulic conductivity (m/d)
(obtained after calibration process)

Zone 1: 1.818 × 10−3

Zone 2: 8.738 × 10−3

Zone 3: 3.141 × 10−3

Zone 4: 3.830 × 10−2

Zone 5: 1.0
Zone 6: 9.298 × 10−3

Vertical hydraulic conductivity (m/d) in all zones
(obtained after calibration process) 0.5

Evapotranspiration rate (m/d) 1 4 × 10−6

1 USGS [37] data.

3. Results

3.1. Regional Scale Groundwater Model: Metro Detroit Watersheds

The study area’s initial groundwater model (Figure 14) shows that in the northwest of
the region, the groundwater head level reaches a maximum of ~320 m in the northwest,
where the maximum elevation of the ground surface is ~325 m. The minimum groundwater
head level of ~170 m is also found at the southeast parts of the region, where the ground
surface has a minimum elevation of ~173 m. The difference between the ground surface
elevations and groundwater head levels demonstrates that the depth to the groundwater
gradually decreases toward the southeast, and groundwater is found at a deeper depth
in the northwest of the region. As reviewed in the literature, the groundwater head level
within the Detroit urban area, along the cross-section of Figure 2, is at ~one to three meters
below the ground surface.

126



Water 2021, 13, 1515

 

Figure 14. The initial model of groundwater flow in the region of Detroit watersheds.

Furthermore, the water table is found at a higher level in the northwest parts of the
model than the southeast of the region. Therefore, groundwater flows in a southeasterly
direction and discharges to the Detroit River and Lake St. Clair.

3.2. Local Scale Model: RecoveryPark
3.2.1. Urban Water Budget

Water budget variables were evaluated for four precipitation events: 27 to 31 October
2015; 13 to 17 March 2016; 10 to 14 May 2016; and 11 to 15 August 2016. These included
precipitation (Figure 7), evapotranspiration (Figure 8), in-pipe flow meter (Figure 9), and
changes in groundwater storage (Figure 10). The totals are showed in Table 5 and compared
in Figure 15. Equation (1) calculated the total change in storage with a measured change in
storage based on the hydraulic head. The unaccounted water value was determined to be
the difference between the computed storage and the measured change in storage, which
is defined as excess in Table 5.

The sewage flows below the study area were monitored during each evaluation
period at meters E and F (Figure 9). Meter E showed consistent surges of water during
each precipitation event, while meter F showed slight increases. It is most likely due to the
fact that meter E’s outlet conveyed sewer water for a larger portion of the study area. The
sewer flow decreased rapidly after the initial storm surge.

Table 5. Totaled values for each precipitation event.

Date 27–31 October 2015 13–17 March 2016 10–14 May 2016 11–15 August 2016

Units m3 m3 m3 m3

Precipitation 9509.10 7859.12 4863.10 8032.80
Evapotranspiration −39.97 −62.74 −85.15 −97.65

Sewer Flow −1370.63 −2715.42 −1561.84 −2130.72
Change in Storage −2188.24 8550.26 119.67 −719.84

Excess 5910.269 13,631.22 3335.781 5084.59
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Figure 15. Quarterly calculated water balances at RecoveryPark. Values are shown next to the bar graphs. Evapotranspira-
tion is <100 m3 and not shown in text form.

The measured hydraulic head in the shallow wells exhibited similar trends during
each observed time period (Figure 10). The October and August time periods showed a
consistent drop in groundwater. The March and May time periods showed responses to
the rainfall events during the observed time periods. The difference maps generated from
the IDW models produced a change in storage values for the shallow well interval for the
four study periods (Table 5).

Quarterly water budgets were assessed for each time period (Figure 15). October
2015, May 2016, and August 2016 showed excess unaccounted water onsite, while March
2016 showed an increase in groundwater storage beyond precipitation (Table 5). This
indicates that the measurements taken at RecoveryPark during 2015 and 2016 did not fully
capture the water budget during episodic rain events. Soil moisture was evaluated during
four different seasonal rain events at RecoveryPark in 2017 to give an indication of the
changes in soil water above the water table. Figure 12 represents an example measurement
reviewed from 1 November 2017 to 5 November 2017. The volume of the total change
in soil moisture calculated in Figure 12 shows a positive change of 2286.41 m3 when
scaled to the RecoveryPark study area. Other precipitation events in March 2018 resulted
in an increasing volume of 1581.26 m3, June 2018 showed 910.29 m3, and August 2018
showed 2200.94 m3.

3.2.2. Groundwater Model

Figure 16 presents the final results of the shallow and deeper groundwater simulation
for RecoveryPark. The detail of assumptions and modeling process have been presented in
Section 2.3.2. The results show that the groundwater gradient is to the north of Recovery-
Park. Additionally, the shallow and deeper observation wells reflected similar groundwater
fluctuations. The groundwater observed through observation wells with two different
lengths (shallow and deeper) behaves equally and moves from the south to the north of
the RecoveryPark models.
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Figure 16. Groundwater head model at RecoveryPark calibrated by (a) shallow (b) deeper observation wells.

The RecoveryPark groundwater simulation model was calibrated by varying hydraulic
conductivity parameters (Table 4) to optimize hydraulic head values. Through using
differing hydraulic conductivity parameters, the residual between the observed values
and calculated values showed a consistent reduction in mean error, which resulted in a
reduction of uncertainty in the model. The final output from the groundwater simulation
at RecoveryPark provides a conceptual model representing the behavior of neighborhood-
scale groundwater. Figure 17 provides a comparison between the computed head levels and
the observed ones. The Nash–Sutcliffe coefficient for the shallow and deeper groundwater
model of RecoveryPark are NSE > 0.8 and NSE > 0.69, respectively.

Figure 17. Computed head values vs. observed head values at (a) shallow (b) deeper groundwater model of RecoveryPark.

4. Discussion

This study provides an initial start to defining urban groundwater movement in
coastal urban cities in the Great Lakes Basin. The modeling of field data from the Recovery-
Park field site and the broader Detroit metro-area highlights the lack of publicly available
datasets while demonstrating pragmatic approaches to evaluate urban groundwater move-
ment. These two approaches of groundwater movement modeling in four-integrated
watersheds and localized scale in Detroit show how differences in scale yield diverse
insights into assessing urban influences into groundwater flow.
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4.1. Regional Scale Groundwater Model: Metro Detroit Watersheds

At the regional scale, both groundwater flows and groundwater depth generally
agreed with results reported in past literature [6,31]. The regional modeling indicates
that the groundwater in the region of Detroit watersheds is primarily a shallow aquifer
placed on impermeable clay units and flows in sand layer units. Additionally, the model
shows that groundwater can be found at a depth ranging from ~one to three meters
below the ground surface. The probability of encountering groundwater decreases toward
the east as it flows toward the southeast of the region [6]. Therefore, the groundwater
gradient tends to the southeast direction, discharging into the Detroit River. There are
many legacy contaminated sites located throughout the study area that include superfund
sites and smaller-scale brownfields [45,46]. The general direction of groundwater flow
is towards the Detroit River, creating potential pathways for the pollutants coming from
these contaminated sites to reach drinking water sources for Detroiters. Moreover, since
the water table is found at only a few meters below the land surface of Detroit city, volatile
contaminants existing in the groundwater can easily intrude the upper zones and produce
human and environmental health issues for this urbanized area.

4.2. Local Scale Model: RecoveryPark

This paper demonstrates techniques to evaluate the urban groundwater flow and
assess an urban water budget. Previous studies at RecoveryPark focused on implementing
green stormwater infrastructure for sustainable development [44,47], monitoring urban
water cycles for understanding the effectiveness of green stormwater infrastructure [48] and
interactions with urban water infrastructure [36]. The hydraulic conductance and bottom
elevation of sewer lines applied to the local model manifest the groundwater interaction
with the sewer line system as the urban infrastructure available at RecoveryPark. As the
local model is built in one layer, the sewer lines are assumed to remain in that one layer
to have their full interaction with local groundwater in steady-state modeling. By the full
interaction term, we mean that the entire sewer lines are included in the model layer. The
urban water budget portion of this paper focuses on evaluating the groundwater, while
considering subsurface sewer networks and weather parameters.

4.2.1. Urban Water Budget

The RecoveryPark case study is unique as it accesses one of the few urban datasets
housed on an open data platform through the USGS National Water Information System.
The RecoveryPark field site provides a broad scope of site-specific data sets. While it
does not apply to the larger Detroit area, it is a useful start to understand urban water
fluxes and localized flow directions. The urban water budget evaluated in this paper
represents an insight into episodic rainfall events, which differs from Hoard, Haefner,
Shuster, Pieschek and Beeler [36], where urban water budgets were evaluated on a monthly
and seasonal basis.

A review of the datasets at RecoveryPark confirms that the silty clay loam deposits
located 3 m below the ground surface are hydraulically connected to the shallow fill zone.
These results also show that the wells in the clay layer are horizontally connected, most
likely as a result of sand lenses [32]. Evaluating the depth to water on a yearly basis shows a
seasonal variation with a low depth to water in the summer. Periods of no data suggest the
water table is not present or below the pressure transducers set in the groundwater wells.

The hydraulic head observed in the shallow wells did not always show a response
to infiltration from rain events. Potential reasons for this include overland flow being
directed into the sewer and not infiltrating and groundwater flow increases. Another
consideration is that a large portion of the surface cover is utilized by GSI, which could
direct water to areas not covered by the urban well field. March 2016 noted large increases
in the hydraulic head at both the shallow and deeper wells, which may be an indication
of rainwater melting and elevating the water table. The low changes in groundwater
during May 2016 may reflect the drop in the water table during the warmer months of
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the year. This continued during the drop-in groundwater levels during the August 2016
study period.

The sewer systems did not have as large of an influence on the water outputs off
the RecoveryPark site as the groundwater. RecoveryPark was originally designed as an
experimental field site for green stormwater infrastructure. Groundwater is the controlling
feature for moving precipitation on and off the study location because of this land use.
Evapotranspiration also had a small impact on the overall water balance. Factors for
evapotranspiration include the small scale of the study area and that the study periods
specifically targeted periods of precipitation. Evapotranspiration showed consistent, rapid
decreases during rain events at RecoveryPark, which is most likely due to increasing cloud
cover and cooler temperatures.

The large excess water noted in Table 5 indicates that Equation (1) did not initially
fully encompass all inputs and outputs of the urban water budget mass balance. Notably,
soil moisture in the vadose zone above the shallow wells was absent. An initial review of
the 2017 and 2018 soil water data demonstrates the importance of water retention in the
vadose zone. The observed soil moisture data evaluated in this paper only represents the
top 0.5 m at RecoveryPark. The calculated volume can account for a large amount of excess
water at RecoveryPark, which would increase if extrapolated down to two to three meters
below the surface to the water table.

GSI are important features of urban hydrologic interactions but these systems are con-
tained within the study region. The sewer and groundwater elevation data were assumed
to capture the subsurface GSI interactions. Therefore, the inputs and outputs measured in
the urban water budget are assumed to be representative of the green stormwater infras-
tructure. Additionally, the soil cores taken at RecoveryPark show a confining clay layer
located directly beneath the GSI. Our model assumes that this clay layer along with the
shallow water table enable horizonal water movement that is captured by the wells.

4.2.2. Groundwater Model

The RecoveryPark groundwater simulation provides a city-block-scale estimate of
groundwater flow over the study location. The local neighborhood scale modeling revealed
a flow that is the opposite of the regional flow direction. Modeling results and field site
data showed the higher hydraulic head in the southeast and the lower hydraulic head
in the northwest [36]. This contrasting flow direction confirms that spatial location in
urban areas impacts groundwater flow. The reasons for local changes in groundwater flow
direction include heterogeneity of subsurface, and influences on the hydraulic head such
as dewatering pumps may dictate neighborhood-scale flow direction. It demonstrates that
local geology, disturbance patterns of the soil, anthropogenic activities, and urban setting,
in general, have a large influence on localized groundwater flow patterns.

Furthermore, RecoveryPark models calibrated based on shallow and deeper observa-
tion wells show similar hydraulic head fluctuation values for depth to groundwater. This
observation reflects the field data, where nested shallow and deeper wells show similar
changes in hydraulic head. Since the models of shallow and deeper wells are under the
same conditions of recharge, discharge, and boundary conditions, these models suggest
that there is no confining condition up to the screened zone of deeper wells, which may
cause changes in the groundwater fluctuation pattern at RecoveryPark.

4.3. Larger Impact on Southeast Michigan

High population density and industrial centers increase the susceptibility of shallow
groundwater to contamination within the Great Lakes Basin. Since very few data are avail-
able in urban areas of the Great Lakes Region, developing groundwater models provide
invaluable information for urban groundwater resource management [49]. This paper
contributes to addressing the priority science of urban groundwater outlined by the last
status report on the Great Lakes Water Quality Agreement provided by Grannemann and
Van Stempvoort [49]. The paper represents a pragmatic way to evaluate shallow subsurface
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groundwater movement in southeast Michigan with the eventual goal of understanding
the subsurface fate and transport in urban settings. Remediation sites are not limited to
property boundaries, and through understanding regional and neighborhood-scale trans-
port, decision-makers can better advise on public health concerns such as VOC exposure.
Since the shallow water table occurs only a few meters below the ground surface, VOCs
are able to transmit faster from groundwater to the upper unsaturated zone and ground
surface. These hydrogeological characteristics of Detroit’s urban groundwater can increase
the chances of soil vapor movement.

4.4. Limitations

This paper relies on publicly available data and is limited in its ability to expand
these datasets to other areas of the metro-Detroit and Great Lakes Basin. The regional
model covers a large segment of southeast Michigan and is not adequately covered by
wells. The predictions of groundwater model results may be affected by many factors, for
example, the sampling method of datasets, the structure of the groundwater conceptual
model, and the deviation resulted from the mathematical solution of the groundwater
model. Additionally, the scarcity of datasets, including pumping rate and hydraulic
conductivity, creates uncertainty in both regional and neighborhood-scale models. The
neighborhood-scale model for RecoveryPark has been calibrated using horizontal and
vertical hydraulic conductivity as calibration parameters. However, a limited number of
observation wells at the regional scale restrict the full calibration process of the regional
model. This irregular distribution of wells limits the ability to support the datasets for
further understanding and studies on the groundwater movement as well as transferring
of contaminants in the groundwater. However, this model can provide useful results for
initial assessments of the groundwater flow within the study area. These results are also
beneficial in guiding the activities of data collection and combining large amounts of data
for hydrological investigations.

At the RecoveryPark field site, several external factors limited the presented modeling
work. The sewer data showed inconsistent readings, and the data were quality controlled
only through 2016. Therefore, only data that underwent quality control was used in the
municipal water budget. Unlike the precipitation, evapotranspiration, and sewer data, the
shallow and deeper well values were derived from time-specific data. Soil moisture field
data is limited to after August 2017. External factors, such as interstate highways close to
the field site, may have a disproportionate influence on the groundwater flow of the region.
The interstate freeways in this region are below ground and operate dewatering pumps.

5. Conclusions

Urban groundwater plays a critical role in the vitality of the Great Lakes Basin and
is often difficult to characterize, given anthropogenic changes of subsurface hydrology.
While data availability presents issues, this study demonstrates pragmatic methods to
utilize existing datasets to start developing a multiscale understanding of near-surface
groundwater movement. This study highlights the interconnected nature of natural and
urban systems from the regional water drainage characteristics to neighborhood-scale
hydrologic water flow. This project is leading research that provides sorely needed insights
into general urban groundwater flow and transport in the Great Lakes region.

In this project, we developed a conceptual model of groundwater in the Detroit
region located in four major watersheds, analyzed hydraulic head changes, and provide a
baseline for understanding groundwater’s role in subsurface urban contaminant movement.
In this model, we assumed a steady-state condition for the finite volume solution of
the groundwater equations and considered some critical hydrogeological data such as
precipitation and evaporation rates, rivers head and depth, soil layers with their hydraulic
conductivities, and discharging wells. The regional model shows that there is shallow
groundwater underlying the Detroit region and flowing from the northwest to the southeast
within the study area. At RecoveryPark, the water balance demonstrated the difficulty
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in generating episodic urban water balances but provides insight into the controlling
variables for water flow in urban settings. The neighborhood-scale simulation evaluated
the small-scale heterogeneity of urban soils and subsurface infrastructure to provide a
modeled flow direction on a city block basis. In the neighborhood-scale simulation, the
local movement of groundwater is in the north direction, which is opposite to the regional
groundwater flow. The different flow directions in local and regional scales imply the effect
of urban settings on the behavior of groundwater resources. Understanding this difference
is important in the accurate prediction of contaminant transport pathways and the effective
application of remediation practices.
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Abstract: This study was carried out to assess land subsidence due to excessive groundwater abstrac-
tion in the northern region of Semarang City by integrating the application of both numerical models
and geodetic measurements, particularly those based on the synthetic aperture radar interferometry
(InSAR) technique. Since 1695, alluvial deposits caused by sedimentations have accumulated in the
northern part of Semarang City, in turn resulting in changes in the coastline and land use up to the
present. Commencing in 1900, excessive groundwater withdrawal from deep wells in the northern
section of Semarang City has exacerbated natural compaction and aggravated the problem of land
subsidence. In the current study, a groundwater model equivalent to the hydrogeological system in
this area was developed using MODFLOW to simulate the hydromechanical coupling of groundwater
flow and land subsidence. The numerical computation was performed starting with the steady-state
flow model from the period of 1970 to 1990, followed by the model of transient flow and land subsi-
dence from the period of 1990 to 2010. Our models were calibrated with deformation data from field
measurements collected from various sources (e.g., leveling, GPS, and InSAR) for simulation of land
subsidence, as well as with the hydraulic heads from observation wells for simulation of groundwater
flow. Comparison of the results of our numerical calculations with recorded observations led to low
RMSEs, yet high R2 values, mathematically indicating that the simulation outcomes are in good
agreement with monitoring data. The findings in the present study also revealed that land subsidence
arising from groundwater pumping poses a serious threat to the northern part of Semarang City. Two
groundwater management measures are proposed and the future development of land subsidence is
accordingly projected until 2050. Our study shows quantitatively that the greatest land subsidence
occurs in Genuk District, with a magnitude of 36.8 mm/year. However, if the suggested groundwater
management can be implemented, the rate and affected area of land subsidence can be reduced by
up to 59% and 76%, respectively.

Keywords: regional land subsidence; groundwater abstraction; numerical simulation; InSAR;
Semarang City
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1. Introduction

Land subsidence refers to a gradual or sudden vertical deformation of the ground
surface, which is usually economically and socially detrimental since it often inevitably
leads to structural damages to buildings and public infrastructure, as well as expands the
flood inundation area [1–3]. Land subsidence may occur due to natural and anthropogenic
(manmade) processes. The former (natural factors) includes fault compaction and tectonic
movement, etc., whereas the latter (anthropogenic factors) includes excessive extraction of
subsurface fluids (e.g., groundwater, oil, and gas), building loads on the ground surface,
and so on [4–9].

Numerous studies have been extensively conducted to explore the physical mecha-
nisms behind land subsidence arising from natural compaction. Gambolati and Teatini [10]
employed a 1-D nonlinear finite element model to investigate soil compaction induced
by groundwater flow through an isothermal sedimentary basin subjected to a continuous
vertical sedimentation process to mimic the evolution of the accreting Quaternary column.
Zoccarato et al. [8] used an adaptive finite-element mesh to analyze the development
and evolution of the Mekong Delta in Vietnam and then described accretion and natural
consolidation to characterize delta dynamics. Aside from natural compaction, another
crucial natural factor that brings about land subsidence is tectonic movement. Tectonic
subsidence is most common in subduction zones. This can be seen in the Pingtung Plain,
Taiwan [11], which has a very active subduction zone and is prone to land subsidence. In
addition, groundwater extraction frequently exacerbates land subsidence in this area. The
impact of soil texture, cyclic loading, and gravitational body force on one-dimensional
consolidation of unsaturated and saturated soils was quantitatively examined in a series of
papers by Lo et al. [12–14]. Employing the theory of poroelasticity, Lo et al. [15,16] have
recently formulated a boundary-value problem based on a set of coupled partial differential
equations to numerically model the spatial and temporal distribution of excess pore water
and air pressures in a two-layer soil system with an upper unsaturated zone and a lower
saturated zone caused by external loads.

Land subsidence can be induced not only by natural sources, but also by human
intervention. Since 1935, Beijing, China’s capital city, has been experiencing ground sub-
sidence, with at least five significant sites. Yang and Ke [17] concluded that the rapid
urban-area development in Beijing increased the density of multi-story buildings, which
accelerated the occurrence of land subsidence, as evidenced by a time series of surface
displacement data recorded from the Persistent Scatterer Interferometry Synthetic Aperture
Radar (PSInSAR). Excessive groundwater pumping, on the other hand, is perhaps the most
significant human intervention that gives rise to land subsidence. In fact, land subsidence
resulting from groundwater removal has been a central problem in many regions over the
world, including San Francisco Bay and the Florida Everglades in the United States [18],
Romagna in Italy [5], central Taiwan [19], Esna City in Egypt [20], Bangkok in Thailand [21],
central Saudi Arabia [22], Tehran in Iran [23], and Shanghai in China [24].

Land subsidence is an active study issue that involves various disciplines since it
typically gives rise to large economic losses and disperses around the world. Several
studies on land subsidence have been conducted using geodetic measurement techniques
such as leveling, GPS, and satellite image (e.g., InSAR) to monitor surface deformations.
Geodetic measurements are very useful in quantifying and interpreting the magnitude
of land subsidence [25–29]. In addition to monitoring ground surface deformation, the
technique of GPS and InSAR can also be used to assess the hydraulic head and aquifer
system parameters for a regional area suffering from land subsidence [30–34].

Field experiments are another technique to gain physical insight into the behaviors
of land sinking [35,36], but, they are often time-consuming and expensive. Therefore,
numerical modeling that usually takes little time and is more cost-effective has become
a preferred method for understanding and estimating the vertical deformation of the
ground surface in local regions [37–39]. The integration of numerical simulation and field
measurement is shown to be powerful because the implementation of both approaches can
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support the assessment process of land subsidence in a comprehensive framework that can
systematically link its causes and effects.

The present study focuses on the northern part of Semarang City, which is located on
the northern coast of Indonesia’s Java Island. Land subsidence is a common phenomenon
there and has been monitored using different geodetic measurements, including leveling,
GPS, and satellite images [40–44]. Natural compaction and excessive groundwater pumping
are the main causes of land subsidence in Semarang City [43,45], which has been taking
place for over a century [46]. Land subsidence due to natural compaction in the study
area has been investigated by Sarah, et al. [47]. It is revealed that natural compaction is
prevalent in the Demak region (east of the study area), but that this is not been the case
in Semarang City. The rapid piezometric drop in Semarang city has drained the excess
pore pressure developed during deposition so that the current land subsidence is entirely
due to groundwater exploitation. Measurement of active tectonic role to land subsidence
using GNSS data sets [48] revealed that during 2011–2017, the rate of tectonic subsidence in
Semarang City was 3–5 mm/year. Considering that the subsidence rate exceeds the natural
displacement rate by an order of magnitude, the calibration process has not been affected
by natural displacements.

Several sub-districts in Semarang City have undergone over-exploitation of groundwa-
ter resources, which has evidently given rise to extreme declines in groundwater elevations
and has thus been regarded as the main cause of land subsidence there [49]. Field observa-
tions have indicated that several housing estates in the northern part of Semarang City are
found to be experiencing land subsidence. People in the area have no alternative but to
move and leave their homes as a result of land subsidence. Figure 1 depicts several houses
in Genuk District that have been affected by land subsidence. Figure 1a shows that in the
areas where land subsidence is occurring, the ground elevation of the houses is lower than
the road elevation, resulting in heavy inundation during the rainy season. The picture
clearly points out that newer houses must raise their base elevation to be at or above the
road level. Figure 1b illustrates the current condition of an older house whose window
elevation is the same as the ground elevation due to land subsidence.

 

(a) (b) 

Figure 1. (a) An old house in a housing area that has been impacted by land subsidence, thus resulting
in the ground elevation of the houses is lower than the road elevation, (b) the current condition of an
older house whose window elevation is the same as the ground elevation due to land subsidence.

In Indonesia, the availability of groundwater observation data and land subsidence
monitoring data is still very limited. The use of satellite imaging, leveling, and GPS in
land subsidence monitoring and assessment is also still separate. Furthermore, most
groundwater and land subsidence studies in Indonesia, particularly in Semarang City,
have been limited to individual hydrogeological, geomatics, and soil compression models,
with no study combining different models to test their relationship and predict changes

139



Water 2022, 14, 201

in groundwater that cause variations in land subsidence. Furthermore, a well-structured
regulatory mechanism that can effectively and significantly reduce the negative impacts
of land subsidence is required. The current study was thus undertaken to start from
establishing a physically-consistent framework for numerically modeling the phenomenon
of land subsidence caused by groundwater abstraction that occurs in the northern part of
Semarang City. Our model was verified by monitoring data of crustal deformation obtained
from leveling, GPS, and Sentinel-1 InSAR in Semarang City. The InSAR analysis generates
a time series of deformations and corresponding speeds in the study area, which are
also used for calibration. Next, the prediction of future land subsidence with and without
groundwater management measures was performed based on our well-validated numerical
model. Lastly, the effectiveness of the proposed regulatory policies was quantitatively
evaluated in terms of reductions in the affected area of land subsidence in spatial and
temporal scales.

2. Study Area

2.1. Focus of Study Area

Semarang City is the capital of Central Java Province and also the fifth largest city in
Indonesia. Semarang City is divided into 16 sub-districts: Mijen, Gunungpati, Banyumanik,
Gajah Mungkur, Semarang Selatan, Candisari, Tembalang, Pedurungan, Genuk, Gayamsari,
Semarang Timur, Semarang Utara, Semarang Tengah, Semarang Barat, Tugu, and Ngaliyan.
Among these sub-districts, Tugu, Semarang Barat, Semarang Utara, Semarang Tengah,
Semarang Timur, Gayamsari, Genuk, and the northern part of Pedurungan are located in the
study area (i.e., the northern part of Semarang City). According to field observations, Genuk,
the northern part of Semarang Utara, Gayamsari, and Semarang Timur are experiencing
land subsidence. The study area, as shown in Figure 2, spans 23.5 km × 10.5 km and is
situated between 6◦50′–7◦10′ S and 109◦35′–110◦50′ E, near to the Java Sea.

Figure 2. The study area (the northern part of Semarang City).
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2.2. Geological Setting

Geologically, the northern part of Semarang city is situated in an alluvial plain that is
bounded to the north by the Java Sea and to the south by the Semarang highland. The north
plain in this area is composed of a thick sequence of Holocene alluvial deposits (Qa) and
the south highland comprises Quartenary volcanic rocks (QTd) and Tertiary sedimentary
formation (Tmpk) [50]. The geological formations in the northern area of Semarang City are
strongly affected by the sedimentation process and shoreline changes. The heterogeneity of
subsurface is influenced by the sea-level fluctuation from the last glacial maximum until
the Holocene transgression, as explained in Sarah et al. [47]. The rapid advancement of
the shoreline indicates the rapid deposition of the Semarang alluvial deposit, forming soft
clayey sediment on the upper part of the subsurface. In the eighth century, Semarang City
originated from a cluster of small islands off the coast of Pragota (now Bergota) [51]. The
coastline changes result from the sedimentation process. Old topographical maps revealed
that the Semarang shoreline advanced 8–12 m/year from 1695–1940. Figure 3a shows that
an 884 m advancement took place over 1847–1991 [52]. It appears that accretion of 884 m
occurred over 144 years, implying that sedimentation in the northern part of Semarang City
was extensive during this time period.

Figure 3b provides an evolution of the coastal accretion and retreat processes for
changes in shoreline from 1984 to 2016 based on satellite images. The coastal shoreline
in 1984 was accreting towards the sea. This phenomenon was influenced by natural
sedimentation and intensive reclamation for land development that began in the 1980s [53].
The shoreline position in 1994 was similar to that in 1984. Slight advancement was found
near the west canal (Kanal Barat), possibly due to an increase of sedimentation discharge
from the headwater. An examination of the shoreline in 2004 showed that land subsidence
may have affected the coastal morphology. Shoreline retreat was observed at the western
and eastern sections. The combined influence of sea-level rise and land subsidence caused
the seawater to transgress the land; thus, the west and east coastal lands are susceptible to
inundation. This was not seen in the center part, because some flood protection systems
were built for the city center. The dyke, canals, and polder pumping system help prevent the
city from the multiple disasters of subsidence, coastal flood (rob), and seasonal flood during
the rainy season. In 2016, the shoreline retreated further in the western part, implying
a more aggravating impact of land subsidence and sea-level rise. The 2016 shoreline
position in the city center remained similar to 2014 and only some slight advancements
were observed near the west canal, Semarang Port, and east Kaligawe industrial complex.
The small shoreline advances were due to sediment discharge from the west and east canals,
as well as reclamation work in the port, trade zone, housing, and industrial complex.

Figure 4 presents a geological map of Semarang City, which is one part of the
Semarang-Demak groundwater basin [50]. The lithological point and axes are elaborated
in Figure 5. The northern region of Semarang City is mainly composed of alluvial deposits
(Qa) due to the existence of a sedimentation process that also causes changes in the coastline.
The thickness of the alluvial deposit ranges from 20 to 100 m, becoming thicker to the
north and east (Figure 5). The bulk of the sediments in the basin consists essentially of
grey, very soft clay, and silt, with abundant calcareous and shell fragments. Tons of sands
and gravels are found at various depths from 5 to 80 m (Figure 5a,b). At the southern
highland, thin clay and silt overlay alluvial fans of sand and gravel (Figure 5b). Apart from
Qa, Semarang City has Pleistocene sediments (in the form of the Damar Formation, Qtd),
which were generated by sedimentations due to variations in sea level in at least the past
500 years or approximately in the middle of the 14th century [54], caused by transgression
and regression processes that form deltas and tidal deposits [45].
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(a) 

(b) 

Figure 3. (a) Coast line changes of an 884 m advancement that took place over 1847–1991, (b) evolution
of the coastal accretion and retreat processes for changes in shoreline from 1984 to 2016.

142



Water 2022, 14, 201

Figure 4. Geological map of Semarang City.
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Figure 5. (a) The lithology of the northern region of Semarang City from west to east, (b) The lithology
of the northern region of Semarang City from north to south.

The stratigraphy in Figure 5 is divided into three units, clay to silty clay (Unit 1), sand
lenses (Unit 2), and volcanic sandstone (Unit 3). The clay unit has a soft to medium consis-
tency with an N-SPT value of 1–9. The sand lenses are medium dense (n-spt value 17–22),
and the volcanic sandstone is dense to very dense (n-spt value >30). The geotechnical
properties are derived from borehole investigations in Terboyo and North Semarang, and
laboratory analysis [45]. Compressibility of the aquitard units was derived from 1-D
oedometer tests [55] and hydraulic conductivity was obtained from the falling head per-
meability test [56]. Properties of the coarse-grained sediments are characterized based on
their grain-size composition [57]. The geotechnical properties for the subsurface units are
presented in Table 1.
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Table 1. The geotechnical properties.

Stratigraphic
Unit

Natural Unit Weight
(γn) (kN/m3)

Initial Void
Ratio

Compressibility
Index

Coefficient of
Recompression Modulus of Elasticity

(E) (kPa)
Hydraulic Conductivity

(k) (m/s)(e0) (cc) (cr)

Clay to silty
clay (Unit-1) 15–17 1.2–1.7 0.35–0.74 0.10–0.17 1468–2000 1.68 × 10−10–6.54 × 10−9

Sand lenses
(Unit-2) 17–19 1.5–2.0 0.41–0.77 0.11–0.18 4000–5000 1.59 × 10−6–5.03 × 10−5

Volcanic
sandstone
(Unit-3)

21–25 1.56–2.16 0.45–0.8 0.13–0.2 6900–7000 1.20 × 10−6–2.20 × 10−5

2.3. Hydrogeological Setting

The groundwater basin of the northern region of Semarang City, a part of the Semarang-
Demak groundwater basin, is composed of unconfined and confined aquifers. The former
(unconfined aquifer) is near the ground surface, with the groundwater table in direct
contact with the atmosphere. The latter (confined aquifer) is separated from the unconfined
aquifer by an impermeable barrier and is in compressed or semi-stressed status, consisting
of lenses of sand and gravel that are covered by a layer of clay or sandy loam [53].

A hydrogeological evaluation to quantify interstitial fluid movements in aquifer layers
needs a numerical representation of the groundwater flow regime. The hydrogeological
dataset being inputted into our numerical models was collected from a geoelectric field
study conducted in February 2019, as well as borehole works from a variety of sources,
including the Balai Besar Wilayah Sungai (BBWS) Pemali-Juana, and Marsudi [53]. The
lithology of the Semarang groundwater basin is illustrated in Figure 5.

The confined aquifer in the northern part of Semarang City is made up of two forma-
tions, i.e., the sandstone and conglomerates of the Damar formation along with the alluvial
fan, as well as lenses of sand and gravel of the Garang deltaic deposit. The Garang delta
was developed from the former river channels during the deposition of the deltaic deposit.
In the Damar delta, groundwater flows from the volcanic rocks in the southern hills to
the sedimentary basin in the north Semarang. The Damar formation has long served as a
reliable source of fresh groundwater, mostly exploited by industries using deep wells at
depths of 60–180 m. The Garang delta is also exploited by wells, but to a lesser degree due
to its limited lateral extent. The numbers of registered wells and their output capacity are
presented in Figure 6.

 

Figure 6. The number of registered deep wells in Semarang City and their output capacity.
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In Semarang City, field investigation reveals that regional groundwater flows from
the south-southwest to the north-northeast through the deposits of gravel lens and sand
lens. As a result, the groundwater level tends to fall to the north-northeast, with the conical
decline’s center pointing towards LIK Kaligawe. Pump wells have been considerably used
to extract groundwater in Semarang City and have two types, i.e., dug wells (shallow wells)
and boreholes (deep wells). Boreholes, with depths ranging from 60 to 180 m, are positioned
in a confined aquifer and often utilized for industrial purposes, whereas dug wells are
typically installed by locals for their daily needs. In 1900, the number of pump wells in
Semarang City was first reported, but these data are only available until 2010. Figure 6
shows the production capacity and the total number of groundwater wells [53,58–60],
indicating that both the number and capacity of wells are increasing every year. Previous
groundwater monitoring showed that the groundwater condition in Semarang city is
already stressed. Over-exploitation of groundwater resources caused the formation of
a cone of depressions that was first observed in 1984, but widened southward in 2010.
Groundwater over-withdrawal also leads to the lowering of the piezometric pressure, thus
increasing the effective stress of the aquifer system. However, due to the low permeability
of the aquitard layer, the dewatering process is delayed, thus giving rise to gradual land
subsidence. When the pore pressure decrease is smaller than the preconsolidation stress of
the aquitard, the phenomenon of small, elastic, reversible subsidence occurs [61]. On the
contrary, when the pore pressure drop is larger than the preconsolidation stress, it induces
large, inelastic, irreversible subsidence.

3. Ground Deformation

3.1. Leveling and GPS Survey for Land Subsidence Monitoring

Land subsidence measurements were taken in the northern part of Semarang City
by several institutes. Land subsidence was measured at 137 locations intermittently from
1991 to 2019 [62]. However, because the measurements (leveling and GPS) were carried
out by different agencies and not synergized with each other, the measurement data at
each point were not recorded continuously, but instead only for very short periods of time.
Accordingly, in the current study, the data from the monitoring points of land subsidence
that are close to each other, which are measured at different years, are used for calibration
of the numerical model. Figure 7 depicts the time scale and period of leveling and the GPS
survey points for land subsidence monitoring.

3.2. Interferometric Synthetic Aperture Radar (InSAR) Data and Processing

The most widely applied technologies for monitoring ground subsidence may be
leveling and GPS, although their usage is still restricted due to a lack of geographic samples
and expensive cost [63], which accordingly makes it difficult to undertake long-term
monitoring of land subsidence. InSAR technology has been developed in recent years to
tackle this issue [25]. Although this satellite-derived radar imaging has the potential to
become a formidable tool for providing low-cost, continuous ground movement data over
a vast area [64], the method of assessing ground deformation using InSAR image suffers
from low accuracy because of the spatial-temporal decorrelation of the distance between
objects and satellite orbits, high land cover complexity, and signal interference caused by
air conditions [63–66].

DInSAR (Differential InSAR) is a technique for generating a large-scale map of line-
of-sight (LOS) components using highly precise displacements [67]. A multitemporal
deformation map, as well as many differential interferograms of the same zone from
separate tempo acquisitions, must be considered. The short baseline subset (SBAS) and the
persistent scatterer interferometric synthetic aperture radar (PSInSAR) are two sophisticated
DInSAR algorithms that can be used to monitor the deformation of the earth’s surface over
time. SBAS is carried out by using a mixture of differential interferograms produced by
data pairs with a modest orbital separation (baseline) [68]. PSInSAR is based on phase
characteristics and detects low-amplitude pixels with phase stability that are not found by
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conventional amplitude-based methods. It also uses spatially-correlated phases rather than
historical phases so that the variables can be examined across time [69]. Consequently, the
SBAS and PSInSAR algorithms are applied to address the problem of inaccuracies that may
occur while using InSAR to detect land subsidence.

Figure 7. Leveling and GPS measuring points.

The InSAR data used in this study was taken from Sentinel-1 between 2015 and 2020
(https://comet.nerc.ac.uk/comet-lics-portal/, accessed date: 25 June 2020), with frame
ID 076D_09725_121107 covering Central Java Province. The boundary of the area covers
6◦50′0′′–7◦10′0′′ S and 110◦12′0′′–110◦37′0′′ E, and more than 100 InSAR images were used
in the analysis. An open-source program called LiCSBAS was applied in the present study
to execute the InSAR time series analysis using LiCSAR products [70]. Generic Atmospheric
Correction Online Service (GACOS) was used to correct atmospheric inaccuracies appearing
in SBAS-InSAR [71]. Due to the correctness and coverage of unwrapped data, as well as
loop closure control, inaccurate unwrapped data must be recognized and removed in the
time series analysis. GACOS atmospheric products employ the interpolation technique
of iterative tropospheric decomposition (ITO) to remove elevation-related and turbulent
signals from the zenith total delay (ZTO) and then provide high-resolution tropospheric
delay maps for InSAR and other data [71].

SBAS-InSAR is an analytical method for the multi-image InSAR time series to generate
an estimation of the deformation of the earth’s surface by combining interferometric pairs
from small time-space baselines. Land subsidence detection and monitoring using SBAS-
InSAR has now become predominant. The analysis starts with N + 1 SAR pictures taken at
ordered times (t0, . . . , tN) and is based on the same area. Assuming that each acquisition can
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interfere with other images, each SB subset thus must have at least two acquisitions, giving
rise to the following inequality for the number of potential differential interferograms
M [68]:

N + 1
2

≤ M ≤ N
(

N + 1
2

)
(1)

Using the estimated generic j-interferogram of the SAR acquisition at times tA and
tB, the topographic phase component removal in the azimuth pixels and coordinate range
(x, r) can be described as follows:

Φj(x, r) = Φ(tB, x, r)− Φ(tA, x, r) ≈ 4π

λ
[d(tB, x, r)− d(tA, x, r)] (2)

where d(tB, x, r) and (tA, x, r) are the cumulative line-of-sight (LOS) deformations at time
tA and tB with respect to the reference instant t0 and λ is the transmitted signal’s center
wavelength. Consequently, one can obtain d(t0, x, r) ≡ 0, and it is fair to identify d(ti, x, r)
as the required deformation time series, with i = 1, . . . , N. Assume Φ(ti, x, r) to be the
corresponding phase component; therefore, we have Φ(ti, x, r) ≈ 4πd(tB ,x,r)

λ .
Based on a series of displacement results, an SB inversion was performed on the

interferogram network to estimate the velocity of a surface pixel over time. It is assumed
that an M-unwrapped interferogram stack d = [d1, . . . , dM]T was generated from N images
acquired at (t0, . . . , tN−1) incremental displacement vector m = [m1, . . . , mN−1]

T (i.e.,
mi is the incremental displacement between time ti−1 and ti), and can be extracted by
solving Equation (3):

d = Gm (3)

where G is an M × (N − 1) zero architecture matrix representing the interferogram network
relationship with incremental displacements, and the unwrapped interferogram (difference
between two acquisitions) is the sum of the corresponding incremental displacements [72].
Cumulative displacements (i.e., displacement time series) are calculated by adding the
incremental displacements for each acquisition. The mean displacement velocity is then
computed based on at least the quadrature of the cumulative displacements.

The NSBAS approach [73] was used, which imposes a temporary limitation to obtain
a more practical time series of the displacement even with a disconnected network.
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A linear displacement (d = vt + c) is assumed if “γ“ is the scaling (weighting) element
in the temporal constraints. The low time limit has little effect on the solution within the
network’s linked components (e.g., 0.0001). As a result, the time restriction component
only affects the connection via network gaps. Equation (4) can be used for pixels with fully
connected networks as well as pixels with gaps.

Due to the limitation of interferometric phases, phase unwrapping was applied to
quantify the absolute value of the phase with respect to a reference point inside the in-
terferogram [74]. In the loop closure and mask time series phase, the mask was created
utilizing multiple noise indices acquired at earlier stages for the time series and speed of
displacement. If the value of any noise indicator for that pixel was greater than or less
than the threshold set, that pixel was masked. The generated time series also includes
several noise-related conditions, such as residual tropospheric noises, ionospheric noises,
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and orbital errors. A space-time filter can be utilized to isolate these components from the
displacement time series (i.e., high-pass time and low-pass space) [75].

3.3. Land Deformation Mapping

High-precision subsidence mapping can be obtained using a satellite-based technique
based on SAR using the DInSAR method. The DInSAR method is based on analyzing SAR
images to identify surface changes to sub-centimeters along the sensor’s line of sight to the
target, or Line of Sight (LOS), in order to calculate the LOS displacement value. LOS is the
surface displacement between the satellite and the ground pixel in the azimuth direction
along the flight path. The method is commonly used to estimate vertical displacement is to
divide the LOS displacement obtained from DInSAR by the cosine of the incidence angle,
assuming no horizontal movement occurs [76]. Furthermore, by using the least-squares
algorithm, which is a matrix approach that aims to estimate the unknown parameters,
during the inversion process, the displacement time series (in millimeters) can be obtained.
After obtaining the displacement time series, a regression is performed to determine the
annual average rate of land subsidence.

Before mapping land deformations, InSAR vertical displacement must be validated
with GPS station measurements. There are several GPS points in the InSAR image frame,
but many of them do not have enough temporal overlap with the InSAR 2015–2020 time
series. Only the GPS points of K371, KOP 8, SMK 3, N259, BM11, 259, SFCP, and 1114
have temporal overlap with InSAR time series. Figure 8 depicts an InSAR validation for
2015–2020 with displacements monitored using GPS for 2015–2019. When compared to
GPS monitoring results, it appears that in Figure 8, the InSAR displacement is in good
agreement with an RMSE of 0.810 cm and R2 of 0.949.
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Figure 8. InSAR vertical displacement vs. GPS displacement.

Figure 9 gives a map of the deformation velocity generated by the InSAR analysis in
the northern section of Semarang City from 2015 to 2020. Inspecting Figure 9, it can be
noted that the most significant deformation occurs in the north-east part of Semarang City,
with a rate above 80 mm/year, whereas the west and southern parts of Semarang City are
dominated by an uplift rate up to 20 mm/year. Figure 10 illustrates a time series of the
deformation with and without a spatial time filter at the black dot in Figure 9 in more detail.
The time series of the black dot in Figure 9 reveals that the magnitude of land subsidence
was roughly 300 mm from 2015 to 2020.
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Figure 9. The deformation velocity map.

Figure 10. A time series of the deformation.

A plot was constructed from the base map to determine the position of land defor-
mation and uplift in northern Semarang City, creating a deformation map as shown in
Figure 11. By inspecting Figure 11, one can observe that the highest deformation occurs
in Genuk District, followed by Semarang Utara District and parts of Semarang Timur
and Gayamsari Districts. Meanwhile, Semarang Timur and Gayamsari, as well as prac-
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tically all of Tugu, Semarang Barat, Semarang Tengah, Semarang Selatan, Pedurungan,
Gajahmungkur, Candisari, Tembalang, and Ngaliyan’s sub-districts experience the uplift
status. The vertical uplift in the southwest part of Semarang City may be related to thrust
faults in Semarang City, which is the part of the Baribis–Kendeng active fault [77].

Figure 11. The deformation map in the northern part of Semarang City based on InSAR.

4. Groundwater and Land Subsidence Numerical Model

4.1. Groundwater and Geotechnical Subsidence Equation

Groundwater and land subsidence behaviors have been evaluated extensively and
quantitatively using numerical modeling. In the current study, the groundwater flow
analysis was performed with the flow package in MODFLOW, while the land subsidence
analysis was carried out with the SUB (Subsidence and Aquifer-System Compaction)
package. The SUB package can be applied to simulate both elastic (recoverable) and
inelastic (non-recoverable) interbed compactions with either no or delayed drainage.

The partial differential equation that combines Darcy’s Law with mass balance for
describing a three-dimensional groundwater movement in MODFLOW takes the form:

∂

∂x

(
Kxx

∂h
∂x

)
+

∂

∂y

(
Kyy

∂h
∂x

)
+

∂

∂z

(
Kzz

∂h
∂z

)
− W = Ss

∂h
∂t

(5)

where x, y, and z express Cartesian coordinates; Kxx, Kyy, and Kzz designate the tensor
components of hydraulic conductivity in the x, y, and z axes; W represents the volumetric
flux of water sources and (or) sinks per unit volume; Ss denotes specific storage; and h
signifies hydraulic head.

The mechanism of vertical soil deformation induced by groundwater pumping is
similar to that of soil consolidation acted upon by vertical load compression, in which the
cause of consolidation is an increase in vertical effective stress and is then followed by a
reduction in pore volume. However, in the former, excessive groundwater extraction leads
to a decrease in pore water pressure and in turn raises effective stress, thus bringing about
a decrease in pore volume [33,78].

According to Terzaghi’s effective stress concept, this can be mathematically written as:

σ′
ij = σij − δiju (6)
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where σ′
ij is the effective stress tensor component; σij is the total geostatic stress tensor

component; δij is the Kronecker delta function where δij = 1 i f i = j or δij = 0 i f i �= j; u
is the fluid pore pressure; i and j represent the Cartesian coordinates x, y, and z. For 1D
vertical stress problems, the equation reduces to:

σ′
zz = σzz − u (7)

The general equation that evaluates the thickness of compaction or expansion, Δb,
between intervals tn−1 and tn can be written as

Δb = 0.434b0
(1+e0)σ′ [Cn(σ

;
n − σ;

c,n−1) + Cr(σ
;
c,n−1 − σ;

n−1)]

Cn =

{
Cc, σ;

n > σ;
c,n−1

Cr, σ;
n < σ;

c,n−1

(8)

where e0 is an initial void ratio, b0 is initial thickness, σ′ is effective stress, σ;
n−1 and σ;

n are
the effective stresses at tn−1 and tn, respectively; σ;

c,n−1 is the preconsolidation stress at tn−1.
The relationship of σ;

n to σ;
c,n−1 is used to decide whether the value of Cn is Cc or Cr. The

equation provides a quantitative estimate of settlements in over-consolidated sediments,
those in normally-consolidated sediments, and those in sediments under transition from
the over-consolidated state to the normally-consolidated state.

4.2. Groundwater and Geotechnical Subsidence Equation

The land subsidence process involves the hydro-mechanical coupling between the flow
of groundwater and the deformation of the solid matrix in the aquifer system. Our models
are rigorously established in a physically-consistent manner with the land subsidence
monitoring results from GPS and InSAR. A predictive model for future development of
land subsidence is then constructed based on groundwater usage regulations adopted
by Lo et al. [49]. In contrast to Lo et al. [49], who used a grid measuring 250 m × 250 m
to perform a numerical simulation of the groundwater model and its management, the
simulation in this study used a grid measuring 100 m × 100 m. Furthermore, more
aquifer parameter data were collected and input for modeling land subsidence. Since the
northern part of Semarang City is part of the Semarang groundwater basin, a conceptual
model for the groundwater and land subsidence model was made for the entire Semarang
groundwater basin. Figure 12 is a schematic of the computational cell of a groundwater
model for the Semarang City groundwater basin. The height of the cell is equivalent to the
vertical depth of the soil layer at each site. Following the geological investigation presented
in Figure 5, the model’s z-axis complies with the stratigraphic condition that is made up of
three layers, consisting of (1) upper aquitard intercalated with (2) sand and gravel lenses,
and (3) the Damar Formation at the base.

The boundary conditions for the numerical simulation of the Semarang groundwater
basin are prescribed as (1) a no-flow boundary in some southern parts that reflect the
existence of impermeable rocks and reverse faulting, (2) a groundwater divide boundary
in the southwest part (extending from the south to the north), and (3) a constant head
boundary in the north, west, and east parts due to sea and rivers.

The topographic data used in the numerical simulation are cited from DEM produced
by DEMNAS Indonesia with a resolution of 0.27 arc-sec ≈ 8.325 m, while the data for
the coordinates of the well are taken from the Mining and Energy Agency of Central
Java Province, and the tidal data is the average tide of 1.07 m from the Meteorology and
Geophysics Agency.
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Figure 12. Schematic of the computational cell of the Semarang groundwater basin.

Semarang, similar to other Indonesian cities, has two seasons, i.e., dry and wet (rainy).
The dry season lasts from April to September, while the wet season begins in October
and ends in March. The average annual temperature in Semarang City is 28.08 ◦C, with
a humidity of 76.61%. In Semarang City, annual rainfall ranges from 1500 to 3000 mm.
Rainfall during the rainy season recharges groundwater and also causes river overflows
and floods [79]. However, we did not include the effects of river overflow and flooding as
specified head conditions due to insufficient data. Rainfall data recorded by the Indonesian
Water Resource Agency, Public Work Department, are used for recharge input data from
1970 to 2010. Mangkang Barat/West Mangkang River, Mangkang Timur/East Mangkang
River, Garang River, and Canal Timur/East Canal River are all included in the model and
are prescribed as the boundary conditions (IBOUND). The piezometric level of the Damar
aquifer in Semarang City drops rapidly and has surpassed the aquitard past maximum
effective stress, and the demand for groundwater from the Damar aquifer was assumed
constant during the dry and wet season.

The aquifer of Semarang City is separated into 20 hydrogeological polygons to input
the hydrogeological parameters into the numerical model, as shown in Figure 12. The
hydrogeological polygons separating sections were initially obtained by borehole and
laboratory data in Table 1. The values of the elastic skeletal storage coefficient (Sfe) and
inelastic skeletal storage coefficient (Sfv) are used for the no-delay interbed layer, whereas
vertical K (hydraulic conductivity), elastic particular storage, and inelastic specific storage
are integrated into the delay interbed layer. For modeling purposes, the initial properties
were adjusted to satisfy the model calibration, as summarized in Table 2. In this modeling,
a delayed bed was assigned for Unit-1 as justified by its behavior as an aquitard. Unit-2 and
3 were assigned non-delay beds and Sfe and Sfv were set equal to establish elastic behavior.
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Table 2. Hydrogeological model parameter.

Stratigraphic Unit Hydraulic Conductivity (k) (m/s) Sfe Sfv

Clay to silty clay (Unit-1) 1.68 × 10−10–6.54 × 10−9 5.56 ×10−3 1.31 ×10−2

Sand lenses (Unit-2) 1.59 × 10−6–5.03 × 10−5 2.45 ×10−3 2.45 ×10−3

Volcanic sandstone (Unit-3) 1.20 × 10−6–2.20 × 10−5 1.42 ×10−3 1.42 ×10−3

4.3. Groundwater Numerical Model for the Steady-State Flow Model

The steady-state flow model was utilized to ensure that the hydrogeological input
data are rational before they are next applied as the initial condition for the transient flow
model. In the steady-state flow model, the values of appropriate input parameters for all
grids, such as recharge and hydraulic conductivity, are determined to guarantee that the
computed head in the model is able to match the observed head accurately. The steady-state
flow model was performed based on the period of 1970 to 1990. Since the steady-state
conditions do not take into account the temporal changes, the calibration of the steady-state
process used the average observed data from 1970–1990 obtained from observation wells to
assess whether the developed model is in agreement with field measurements. There are
54 observation wells in Semarang City. Unfortunately, much recorded data at observation
wells have been lost. To this end, the model in this work was calibrated and verified using
data from six observation wells, i.e., Prawiro Jaya Baru (O1), PRPP (O2), SMKN 10 (O3),
Wot Gandul (O4), Santika Hotel (O5), and LIK. Kaligawe (O6).

To reduce the difference between the calculated and measured heads, a number of
trial-and-error attempts were made to calibrate the hydraulic conductivity and recharge
within the range of their theoretical values. The calibration results between the computed
and observed values are depicted in Figure 13. It can be seen that values are close to the
45◦ line on the graph, mathematically pointing out a perfect correspondence between the
computed head and the observed head. The colored bars represent the magnitude of the
error at each observation well, with green color indicating that the error value is less than
1 m, yellow color indicating that the error value is between 1 m and 2 m, and red color
indicating that the error value is greater than 2 m.
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Figure 13. Calibration results of the steady-state flow model.
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Figure 13 shows that the correlation value is very close to the 45◦ line at all observation
wells. The value of Root Mean Square Error (RMSE) computed for all observation wells is
1.270 m. The individual discrepancy in water head for Prawiro Jaya Baru (O1), PRPP (O2),
SMKN 10 (O3), Wot Gandul (O4), Hotel Santika (O5), and LIK Kaligawe (O6) are 0.618 m,
1.805 m, 1.812 m, 0.995 m, 0.980 m, and 0.597 m, respectively. Among them, the values
at Wells O2 and O3 are relatively larger. Considering that the distance of the O2 and O3
observation wells to the boundary conditions is 0.29 km and 1.56 km, respectively, it is
possible that the specified head boundary has a strong influence on the observation wells.

4.4. Groundwater and Land Subsidence in the Past

After the steady-state flow model was precisely calibrated, simulation and calibration
were then undertaken for the model of transient flow and land subsidence to analyze the
effect of groundwater flow due to pumping on land subsidence. The recharge rate utilized
in the transient flow model was based on precipitation data from 1990 to 2010. Calibration
of the transient flow model was conducted based on the period from 1990 to 2010, whereas
the period from 2010 to 2020 was subsequently applied for validation. As achieved in
the steady-state flow model, the computed groundwater level was thus compared with
the observed level in the historical record of six observation wells from 1990 to 2010. The
calibration of land subsidence magnitude was performed with the recorded data at the GPS
measurement stations around the four observation wells (O2, O3, O4, and O6) since the
other two observation wells are far from the GPS measurement points. Land subsidence
data from 1990 to 2014 were utilized for land subsidence calibration. In addition to the
GPS measurement, InSAR data were also used for calibration and validation. The use of
InSAR can bridge the gaps between the leveling and GPS methods, and can provide the
latest deformation because the satellite image is available until 2020. Figure 14 shows the
subsidence contour map at the end of 2010 based on the simulation result, as well as the
comparison of the computed and observed groundwater heads from 1990 to 2010. Figure 15
presents a graphic representation of the simulation result of land subsidence at O2, O3, O4,
and O6, as well as the calibration with various geodetic measurements.

Figure 14 reveals that the most significant drop in land subsidence and groundwater
level in 2010 occurred in Semarang Utara and Genuk sub-districts, whereas there was a
vertical uplift in the southwest part of Semarang City. The values of RMSE for the calibration
of groundwater level calculated in the transient flow model at O1 to O6 are 0.42 m, 1.91 m,
1.82 m, 1.76 m, 0.86 m, and 1.1 m, respectively, while the coefficient of determination (R2)
takes the value of 0.6, 0.84, 0.91, 0.8, 0.75, and 0.98 at O1 to O6, correspondingly. One
can also find from Figure 15 that the highest land subsidence in 2020 still took place in
the northeast region of Semarang City. The RMSE values for calibrating the simulation
of land subsidence at O2, O3, O4, and O6 are 5.88 cm, 7.34 cm, 7.32 cm, and 2.17 cm,
respectively, while the R2 values at these four observation wells are 0.91, 0.97, 0.99, and 0.99,
correspondingly. This implies in the mathematical sense that the land subsidence model
is in good agreement with field measurements. InSAR was also utilized to calibrate the
land subsidence model when no land subsidence monitoring data from leveling or GPS
was available, as done in Figure 15.

Figure 15 also reveals the fact that O2 (PRPP) at the northwest region of Semarang City
and O6 (Kaligawe) at the northeast suffered from the greatest land subsidence. It can also
be observed that the linear portion of the subsidence curves in Figure 15 represents the
fast subsidence rate during 1990–2000. The subsidence patterns follow the groundwater
withdrawal trend as observed in Wotgandul and Kaligawe. Different patterns are shown
in the northwest area (PRPP and SMKN); the fast subsidence rate occurred from 1990
to 2000, but subsidence appears to decelerate afterward while groundwater levels were
still falling. These differences are possibly due to the heterogeneity of the subsurface
stratigraphy and hydraulic conductivity. In addition, a physical explanation behind this
phenomenon can be explored by revisiting Figure 5, which shows that the sand lenses
within the alluvial deposit are more intensive in the northwestern part. These sand layers
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act as drainage paths that accelerate pore pressure dewatering of the clayey soil, causing fast
subsidence during the early period of a piezometric drop. Further decrease in piezometric
levels thus creates smaller subsidence due to the dissipation depletion of excess pore
water pressure. Therefore, land subsidence alleviated after 2010, partially because further
lowering of piezometric levels did not surpass the soil preconsolidation pressure, in turn
leading to a smaller subsidence rate. Preconsolidation pressures of the subsurface clay
were measured by oedometer tests from undisturbed samples retrieved from borehole
SMG-01 (northeast Semarang) and SMG-02 (northwest Semarang). The clay layers in
SMG-01 are underconsolidated to normally consolidated, while the clay layers in SMG-02
are overconsolidated up to 40 m depth and normally consolidated at the depth of 50–60 m.
The critical groundwater level required by the clay layer to undergo inelastic compaction
was calculated from its preconsolidation pressure. It was shown that the piezometric
groundwater level in the northeast has surpassed the critical groundwater level; therefore,
inelastic compaction occurs. Meanwhile, in the northwest, the piezometric groundwater
level is still above the critical groundwater level; hence, the subsidence is small.

Figure 14. Land subsidence contour map in 2010 and comparison of computed groundwater levels
with measurements.

Figure 15 also depicts that in Wot Gandul and Kaligawe, land subsidence was found
to accelerate after 2010. This can be physically illustrated by the fact that groundwater
piezometric levels have dropped beyond the recent preconsolidation pressure, thus causing
fast, irreversible subsidence. A detailed examination of Figure 14 indicates that every 1 m
drop of a piezometric level can result in an approximately −0.1 m vertical settlement.

To validate the simulation results, simulated subsidence was compared to subsidence
based on InSAR analysis at points other than observation points. Figure 16 depicts sample
points for detecting land subsidence using InSAR and simulated subsidence.
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Figure 15. Calibration for the simulation of land subsidence.

 

Figure 16. Simulated subsidence vs. InSAR.
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According to Figure 16, the simulated subsidence versus InSAR in the northern part
of Semarang is close to the 45◦ line and has a small RMSE value (below 2 cm), whereas the
RMSE values in the east-south area (Points 4 and 6) are quite large (above 2 cm) and quite far
from the 45◦ line. The east-south compaction rate has a high RMSE value, which could be
attributed to the onset of the subsidence process and the difference in time spans used in the
two types of data sets in the area. The land subsidence simulation was carried out by taking
a period of 30 years starting in 1990 and ending in 2020, whereas InSAR only examined the
period 2015–2020. Based on the land subsidence simulation, the piezometric pressure in the
east-south part of the simulation was drastically reduced at the start of the simulation. This
is consistent with the piezometric contours of the Damar Formation aquifer [80], as well as
the very large decrease in piezometric pressure of the Damar Formation aquifer until 1997,
followed by a slower decrease [45]. However, when compared to the GPS measurement
results for subsidence, the simulation results in the area have similar values.

4.5. Future Projection of Land Subsidence

This section concerns whether the problem of land subsidence will worsen if ground-
water over-extraction continues in the northern part of Semarang City. A further assessment
was thus conducted to predict the future development of land subsidence, after which
the countermeasures for managing the problem of drops in regional groundwater level
and resulting land subsidence are recommended. Lo et al. [49] have recently conducted a
numerical study to provide future predictions of groundwater levels under different sce-
narios based on the implementation of various management measures. Their results show
that among three proposed management measures (i.e., TS2, TS3, and TS4), a regulation
strategy to reduce by 10% both the number and production capacity of deep wells from
2035 to 2050 has the most significant effect on groundwater restoration.

The same two scenarios (TS3, and TS4) for controlling groundwater pumping used
by Lo et al. [49] were adopted and then performed in the land subsidence simulation in
this study. The TS3 and TS4 scenarios were compared with the TS1 scenario without any
management measure to quantify the effectiveness of these two management strategies
on land subsidence. The TS1 scenario is a direct projection of land subsidence from the
trend line (calculated in Lo et al. [49]) of the output capacity of deep wells from 2010 to
2050. The TS3 and TS4 scenarios are the representations as a consequence of a reduction
in the number of deep wells and their production capacity by 5% and 10%, respectively,
annually from 2025 to 2034, and then maintaining their number and capacity from 2035 to
2050. Figure 16 depicts the simulation results of land subsidence from 2010 to 2050 at O2,
O3, O4, and O6. The contour maps of land subsidence in 2050 are presented in Figure 16
for TS1, TS3, and TS4, respectively.

A comparison of Figures 15 and 17 reveals that the subsidence trend at PRPP (O2) and
SMKN 10 (O3) subject to the TS1 scenario until 2050 takes a similar path to Figure 15, with
rates of 10.8 mm/year and 11.98 mm/year, respectively. Higher rates of land subsidence
were found at Wot Gandul (O4) (25.83 mm/year) and Kaligawe (O6) (36.8 mm/year). When
the control measures (i.e., TS3 and TS4) are put in place, the subsidence degree at PRPP (O2)
shows a rebound of around 10 to 27 cm at the end of 2050 as compared to 2020. A slowing
down of subsidence rates from 2020 to 2050 can be also observed at SMKN 10 (O3) (26.03%
and 51.42% under the TS3 and TS4 scenarios, respectively), Wot Gandul (O4) (27.27% and
53.03%, respectively), and LIK Kaligawe (O6) (27.87% and 59.08%, respectively). However,
at PRPP (O2), we found that variations in effective stress due to changes in groundwater
level do not surpass its preconsolidation pressure; therefore, the reduction in subsidence
rates when the groundwater level is raised under the TS3 and TS4 scenarios would not
be significant, while in other places, the rebound of the groundwater level is capable of
reducing the subsidence rate.
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Figure 17. The simulation results of land subsidence from 2010 to 2050 at O2, O3, O4, and O6.

Particular attention should be directed again to Figures 17 and 18, where two ground-
water management strategies are demonstrated to indeed mitigate the further development
of land subsidence. A quantitative analysis based on these figures is presented in Table 3,
summarizing the results of the specified analysis for each scenario in Figures 15 and 16. The
affected area of land subsidence is divided into four regions: Region 1 is around Prawiro
Jaya Baru (O1), Region 2 is around PRPP (O2), SMKN 10 (O3), and Wot Gandul (O4),
Region 3 is around Hotel Santika (O5), and Region 4 is around LIK Kaligawe (O6). Among
these regions, Region 2 has the greatest subsidence area. The percentage of decrease in the
affected area (an area that has subsidence of more than 1 cm) of land subsidence is 2–75% if
the TS3 scenario is taken, while the TS4 scenario is more effective with the percentage being
11–76%. Irrespective of the TS3 and TS4 scenarios, the greatest decrease in the affected area
of land subsidence among all regions occurs in Region 1, with values up to 74.85% and
75.60% under the TS3 and TS4 scenarios, respectively. However, reducing land subsidence
in Region 2 is critical and can yield the greatest economic benefits, since many commercial
centers and government agencies, such as national-scale, city-scale, and neighborhood-scale
trade zones, industry, and government offices, as well as high-density housing, are located
in this region.
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Table 3. Reduction in the affected area of land subsidence.

Region
The Affected Area of Land

Subsidence (km2)

Reduction in the
Affected Area
TS3–TS1 (%)

Reduction in the
Affected Area
TS4–TS1 (%)

Land Use

TS1 TS3 TS4

1 0.47 0.12 0.12 −74.85% −75.60% Government offices, city-scale trade
zone, and low-density housing

2 10.91 10.55 9.53 −3.30% −12.64%

National-scale trade zone, city-scale
trade zone, neighborhood-scale trade
zone, industry, government offices,
high-density housing

3 1.06 0.43 0.29 −59.55% −72.38% Sub-city-scale trade zone,
neighborhood-scale trade zone

4 6.32 6.16 5.60 −2.47% −11.28% Industry, higher education,
medium-density housing

(a) 

Figure 18. Cont.
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(b) 

(c) 

Figure 18. The contour maps of land subsidence in 2050 under (a) TS1, (b) TS3, and (c) TS4 scenarios.
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5. Conclusions

The northern part of Semarang City that is formed by alluvial deposits is prone to
land subsidence, which has been exacerbated by over-drafting groundwater from deep
wells in recent decades. To quantitatively analyze and model this problem, a systematic
investigation of land subsidence caused by excessive groundwater abstraction was carried
out in the current study using MODFLOW’s flow and subsidence packages integrated with
the recorded data obtained from groundwater level observation, leveling, GPS, and InSAR.
The precise calibration and validation of our model were achieved excellent agreement with
field measurements, and it was then applied to project future developments of subsidence
and groundwater level in 2050.

To mitigate the negative consequences of land subsidence in the future, two ground-
water regulatory strategies are proposed. Our results indicate that the subsidence rate
can fall from 26% to 59% in different regions with the introduction of these two measures.
It is also shown that although Genuk sub-district (LIK Kaligawe) has a land subsidence
rate of 36.8 mm/year, these measures can reduce the subsidence rate by up to 59%. The
maximum reduction in the affected area of land subsidence was demonstrated to occur
in Region 1 (around Prawiro Jaya Baru), where the affected area can be decreased by up
to 75%. Since the northern part of Semarang City is experiencing land subsidence and is
located in the coastal area, we strongly suggest that evaluation and prediction of the risk of
coastal flooding due to land subsidence and global sea-level rise should be at the forefront
of future research.
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Abstract: As urban development requires groundwater table isolation of various historically polluted
sources, the necessity of building effective, strong, flexible, and low-permeability cutoff walls raises
the question of choosing optimum construction materials. Various authors have proposed water–
cement–bentonite mixtures, which are often chosen by experience or a trial-and-error approach,
using classical methods for testing (Marsh funnel) and representation of results (water–cement ratio,
water–bentonite ratio). The paper proposes a more precise approach for assessing the viscosity and
global representation of the three components. Moreover, this approached is exemplified with a
better documented recipe for the choice of materials based on laboratory results. The representation
of the mixtures was undertaken on a limited domain of a ternary diagram, where the components are
given in terms of mass percentage. The derived properties (viscosity, permeability, and compressive
strength) are presented on a grid corresponding to the physically possible mixtures. Based on
this representation, the most efficient recipes are chosen. Because the mixture contains only fine
aggregates, the viscosity was determined using a laboratory viscosimeter.

Keywords: cutoff walls; plastic concrete; cement-bentonite-water ratio

1. Introduction

Since the expansion and development of urban areas, there has been an increasing
preoccupation with the quality of the groundwater table. In order to preserve the cleanliness
of groundwater, polluting sites must be isolated by containing them via the use of perimetral
impervious barriers. In addition to the main, water-retaining function, this type of structure
may also have a structural influence on the protected buildings or sites.

This technology is being broadly used in hydrotechnical structures for seepage control,
and official guidelines already exist in certain countries, without being mandatory. The
issue is still far from being solved or regulated, and the behavior of cutoff walls depends
on the design requirements. Cutoff walls made of plastic concrete have a lesser impact on
the hydro-geological urban environment because, unlike reinforced concrete trench walls,
this type of structure may be broken in-place at the end of construction work, thus resetting
the groundwater flow.

The plastic concrete differentiation is mainly described by the water–cement–bentonite
content, because the aggregates’ role is well established. The approach of this paper is simi-
lar to the characterization of binders in regular concrete, namely, the use for testing of a stan-
dardized sand according to EN 196-1 in a ratio of 1:1 with the cement–bentonite mixture.

Depending on the design requirements, there are a range of materials or mixtures that
are used for building the barriers: soil–bentonite mixtures, soil–cement–bentonite mixtures,
or plastic concrete. Various authors have proposed a wide range of variation for the amount
of water, cement, and bentonite. In this study, we attempted to cover the proposed range as
much as possible, in correlation with our own studies, which showed that a large amount
of bentonite tends to reduce the compressive strength and increases the shrinkage-swelling
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capacity during soil moisture variation. Hence, in this study we limited the amount of
bentonite to about 30%.

The ratios used in this paper are given in Table 1, with a number of case histories
documented in previous papers.

Table 1. Reference values from previous contributions.

Paper Reference
Water to Cement

Ratio
Water to

Bentonite Ratio
Bentonite to

Cement Ratio

This paper 1.25–3.65 2.00–10.42 0.175–1.25
David Alos S. et al., 2020 [1] 3.30–10.00 - 0.1–0.24
Fadaie M.A., et al., 2019 [2] 1.60–2.00 8.00–20.00 0.00–0.40
Pisheh Y.P., et al., 2018 [3] 1.80 6.30–10.20 0.14–0.29

U.S. Dept. of Interior, 2014 [4] 1–2.78 6.67–13.90 0.1–0.22
Hinchberger S.D., et al., 2010 [5] 1.70–2.35 12.50–18.20 0.20–0.30

Bagheri A., et al., 2008 [6] 1.80–2.60 13.00 0.14–0.23

Because the ratio between the main components—water, cement, and bentonite—
needs to be represented on a scale with three dimensions, with one linear dependency
(percentage of cement + percentage of bentonite + percentage of water = 1), to place
them into context, the three elements were represented on a ternary diagram using their
mass percentages.

To highlight the area of interest, the proposed ternary diagram was limited to a
subdomain in which the percentual ratios characterize mixtures that are feasible for all
applications. A uniform mesh of percentage combinations was chosen because it provides
a smooth representation of each component effect (Figure 1).

Figure 1. Mesh of cement–bentonite–water combinations.

The ternary subdomain is used as a planimetric representation of mixtures for which
various parameters (such as viscosity and the coefficient of permeability) are represented.
To provide a proper representation, the areas outside of the represented domain were
cropped (Figure 2). The limit lines were set based on the values of the contributions
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listed in Table 1. Because the out-of-plane values may have exponential variations, where
required for the readability of the plot, a logarithmic scale was employed.

Figure 2. Ternary subdomain cropping.

2. Preparation of Samples

For the preparation of the samples, standard sand was used because it is recommended
by norms that describe the method for determination of the compressive strength of cement
mortar (EN 196-1:2016—Particle size distribution is given in Table 2). No other aggregate
grading distribution was used to ensure the repeatability of tests and to keep the focus
on the water active components. For each sample, the ratio of sand to hydraulic binder
(cement and bentonite) was 1:1. The usage of sand was employed to prevent the cracking
of the samples that may occur due to the lack of resistance. Even if the content of sand itself
influences the behavior of the overall mixture, the relationship between the mass of sand
and the sum of masses of bentonite and cement is bijective. Moreover, the amount of sand
determines in a 4D-barycentric representation a plane due to the linearity of the variation
(Figure 3). For tidiness of the representation, the axis of sand was disregarded.

Table 2. Particle size distribution of the CEN Standard sand.

Square Mesh Size (mm) 2.00 1.60 1.00 0.50 0.16 0.08

Cumulative Sieve Residue (%) 0 7 ± 5 33 ± 5 67 ± 5 87 ± 5 99 ± 1

The 1:1 ratio used herein is not generally challenged in the industry, and therefore was
not among the objectives of this study.

The sand is not an active factor in the development of water–cement and water–
bentonite gels. This contribution aimed at showcasing the reciprocal influence of hydration
when the solids are simultaneously added in the mixture as normally happens in situ.

The cement chosen for sample preparation was Portland cement with high initial
strength, having the minimum standard compressive strength of 42.5 MPa (CEM IIA 42.5R).
Sodium bentonite was used as additive in the plastic concrete mix. The water introduced
in the mixtures was regular tap water.

In previous studies, the mixing sequence implied the hydration of bentonite up to 24 h
before adding the other components [5–7], although similar testing results were obtained
by dry mixing all the parts of the mix [2]. Considering the actual site conditions, dry mixing
is closer to the technological reality and more effective in terms of time and cost. Detailing
the application of the method mentioned before, in this study the bentonite and the cement
were added together with the aggregates, followed by the addition of water. The mixture
was poured in 50 × 100 mm cylindrical plastic molds matching the triaxial test sample.
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The laboratory testing program started 28 days after the mixtures were poured. The time
interval was selected in order to ensure that the plastic concrete reached its strength.

Figure 3. Ternary diagram in a 4D-barycentric representation in the plane defined by the equation
MassSand = MassBentonite + MassCement.

The determination of the permeability coefficient was undertaken using the constant
head permeameter method, whereas the determination of the axial compressive strength
was performed following the norm EN ISO 17892-7:2018.

The chosen range for different components proved to be sufficient because unfavorable
effects could be noticed at the extremes. The high content of water, despite ensuring a good
workability, led to contraction cracking of the samples (Figure 4) and sedimentation of
sand; all the sedimented samples were tested and are marked as such in the Figure 5.

 

Figure 4. Contraction cracking caused by high water content.

168



Water 2022, 14, 376

Figure 5. Viscosity variation of the fresh mixtures and marks of segregated sand samples.

An excessive amount of bentonite led to a crumbling behavior of the material, whereas
large amounts of cement reduced the workability of fresh mixtures.

3. Test Results

The viscosity was measured using a rotational viscometer to measure the torque on
rods of various geometries depending on the liquid. The slope of τ-γ’ is the dynamic
viscosity considering the fresh mix as being quasi-Newtonian. As expected, the variation in
viscosity is quite important (between 0.68–401.87 Pa·s); thus, in order to provide a balanced
representation of colors, a [0, 1] normalized logarithmic scale was employed as described
in Equation (1) [8].

norm(μi) =

ln(ηi)
ln(∏n

i=1 ηi)
− min

(
ln(ηi)

ln(∏n
i=1 ηi)

)
max

(
ln(ηi)

ln(∏n
i=1 ηi)

)
− min

(
ln(ηi)

ln(∏n
i=1 ηi)

) (1)

For graph plotting, Python 3.9.9 and numpy, matplotlib, mpltern, and ternary libraries
were used.

As expected, the larger the ratio of water–solids, the smaller the viscosity. It should
be noted that the Marsh funnel method refers to reference values for bentonite slurry of
32 to 60 s [8], corresponding to viscosities too low to be considered for workable plastic
concrete, whereas the concrete viscosity is reported to be between 2–27 Pa·s [9,10], so that
the measured values presented herein cover the latter reported range.

The variation is progressive and smooth, so Figure 5 may be used for assessing
expected workability when preparing cement–bentonite–water mixtures with sand. It may
be noted that limiting the lower viscosity to 5 Pa·s prevents the segregation. The advantage
of the proposed plot consists also in setting the mixture without limiting the water content,
and in choosing a proper ratio among components, and an increase in bentonite solves the
sedimentation issue.

We consider the workability acceptable up to 100 Pa·s, but ideal under 50 Pa·s.
For higher values, additives such as superplasticizers are required to attain proper flow
for casting.

For choosing the best suited mixture, it is important to correlate workability with the
targeted failure behaviors and permeabilities.
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The quantity of bentonite negatively impacts the compressive strength when portions
larger than 17% are used. In this case, the strength is decreased by factors of 2 and more
with respect to lower bentonite amounts (Figure 6). This highlights a boundary of material
behavior at values of bentonite content around 17%, from which the hardened mixtures
shift from having predominant compressive strength to shearing strength; that is, switching
from weak concrete to hard soil (Figure 7).

Figure 6. Axial compressive strength.

 
(a) 

 
(b) 

Figure 7. Failure patterns of plastic concrete samples. (a) “weak concrete”—compressive failure.
(b) “strong soil”—shearing failure.

Conversely, the material permeability is also decreased by a factor of 5 or more
(Figure 8) along the same boundary of about 17%, confirming the model of switching
between the mechanical behavior of the hardened mixture.
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Figure 8. Permeability.

All data resulting from laboratory tests are given in Table 3. The mixtures are given
both in terms of percentage of each component and as classical ratios.

Table 3. Test data table.

No.
Water

[%]
Bent.
[%]

Cem.
[%]

w/c w/b c/b
K

[cm/s]
cu

[kPa]
Segregated

Γ

[kN/m3]
μ

[Pa·s]

1 50.0 25.0 25.0 2.00 2.00 1.00 3.92 × 10−5 162 No 13.04 237.73
2 52.5 25.0 22.5 2.33 2.10 0.90 3.90 × 10−5 86 No 11.95 154.33
3 55.0 25.0 20.0 2.75 2.20 0.80 3.74 × 10−5 82 No 10.98 103.48
4 50.0 22.5 27.5 1.82 2.22 1.22 3.69 × 10−5 166 No 12.32 204.73
5 52.5 22.5 25.0 2.10 2.33 1.11 1.49 × 10−5 156 No 12.02 74.04
6 55.0 22.5 22.5 2.44 2.44 1.00 1.70 × 10−5 93 No 11.11 98.57
7 57.5 22.5 20.0 2.88 2.56 0.89 2.16 × 10−5 79 No 10.49 36.13
8 50.0 20.0 30.0 1.67 2.50 1.50 3.82 × 10−5 193 No 13.12 401.87
9 52.5 20.0 27.5 1.91 2.63 1.38 3.89 × 10−5 145 No 12.58 132.92
10 55.0 20.0 25.0 2.20 2.75 1.25 3.62 × 10−5 124 No 12.06 96.34
11 57.5 20.0 22.5 2.56 2.88 1.13 1.47 × 10−5 93 No 11.31 49.51
12 60.0 20.0 20.0 3.00 3.00 1.00 1.53 × 10−5 71 No 11.19 44.60
13 50.0 17.5 32.5 1.54 2.86 1.86 1.40 × 10−5 219 No 13.45 156.56
14 52.5 17.5 30.0 1.75 3.00 1.71 1.32 × 10−5 158 No 12.89 34.34
15 55.0 17.5 27.5 2.00 3.14 1.57 3.25 × 10−5 124 No 12.09 80.29
16 57.5 17.5 25.0 2.30 3.29 1.43 1.40 × 10−5 89 No 11.95 31.22
17 60.0 17.5 22.5 2.67 3.43 1.29 1.11 × 10−5 72 No 11.38 10.17
18 62.5 17.5 20.0 3.13 3.57 1.14 1.44 × 10−5 67 No 10.81 3.97
19 50.0 15.0 35.0 1.43 3.33 2.33 1.12 × 10−5 194 No 13.86 48.62
20 52.5 15.0 32.5 1.62 3.50 2.17 3.89 × 10−6 424 No 15.06 26.76
21 55.0 15.0 30.0 1.83 3.67 2.00 9.82 × 10−6 388 No 14.62 15.08
22 57.5 15.0 27.5 2.09 3.83 1.83 6.91 × 10−6 368 No 13.77 7.05
23 60.0 15.0 25.0 2.40 4.00 1.67 1.35 × 10−5 228 No 12.76 5.71
24 62.5 15.0 22.5 2.78 4.17 1.50 2.71 × 10−5 201 No 11.96 6.87
25 65.0 15.0 20.0 3.25 4.33 1.33 1.35 × 10−5 120 No 12.16 3.64
26 50.0 12.5 37.5 1.33 4.00 3.00 9.45 × 10−6 627 No 13.85 10.70
27 52.5 12.5 35.0 1.50 4.20 2.80 5.25 × 10−6 524 No 14.69 10.35
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Table 3. Cont.

No.
Water

[%]
Bent.
[%]

Cem.
[%]

w/c w/b c/b
K

[cm/s]
cu

[kPa]
Segregated

Γ

[kN/m3]
μ

[Pa·s]

28 55.0 12.5 32.5 1.69 4.40 2.60 9.75 × 10−6 251 No 13.71 7.31
29 57.5 12.5 30.0 1.92 4.60 2.40 8.46 × 10−6 264 No 13.4 3.81
30 60.0 12.5 27.5 2.18 4.80 2.20 2.29 × 10−5 223 No 12.48 3.79
31 62.5 12.5 25.0 2.50 5.00 2.00 1.13 × 10−5 136 No 11.01 2.03
32 65.0 12.5 22.5 2.89 5.20 1.80 1.54 × 10−5 161 No 10.93 1.65
33 67.5 12.5 20.0 3.38 5.40 1.60 3.35 × 10−5 120 No 10.16 2.94
34 50.0 10.0 40.0 1.25 5.00 4.00 9.98 × 10−6 529 No 13.6 10.79
35 52.5 10.0 37.5 1.40 5.25 3.75 1.08 × 10−5 389 No 13.84 7.14
36 55.0 10.0 35.0 1.57 5.50 3.50 7.32 × 10−6 390 No 12.69 7.58
37 57.5 10.0 32.5 1.77 5.75 3.25 1.44 × 10−5 173 No 12.18 7.40
38 60.0 10.0 30.0 2.00 6.00 3.00 9.44 × 10−6 471 Yes 13.11 5.44
39 62.5 10.0 27.5 2.27 6.25 2.75 2.19 × 10−5 360 Yes 12.19 1.90
40 65.0 10.0 25.0 2.60 6.50 2.50 8.71 × 10−6 415 Yes 12.76 2.10
41 67.5 10.0 22.5 3.00 6.75 2.25 6.74 × 10−6 402 Yes 13.37 1.43
42 70.0 10.0 20.0 3.50 7.00 2.00 1.90 × 10−5 334 Yes 13.1 0.68
43 53.0 7.0 40.0 1.33 7.57 5.71 7.29 × 10−6 443 No 14.24 4.68
44 55.0 7.0 38.0 1.45 7.86 5.43 8.71 × 10−6 368 No 13.5 2.83
45 57.5 7.0 35.5 1.62 8.21 5.07 1.08 × 10−5 319 No 12.95 3.93
46 60.0 7.0 33.0 1.82 8.57 4.71 4.70 × 10−6 349 Yes 14.69 1.65
47 62.5 7.0 30.5 2.05 8.93 4.36 7.15 × 10−6 353 Yes 13.75 1.34
48 65.0 7.0 28.0 2.32 9.29 4.00 7.03 × 10−6 393 Yes 13.82 2.10
49 67.5 7.0 25.5 2.65 9.64 3.64 6.96 × 10−6 449 Yes 14.01 3.48
50 70.0 7.0 23.0 3.04 10.00 3.29 2.84 × 10−5 57 No 10.37 1.10
51 72.5 7.0 20.5 3.54 10.36 2.93 1.40 × 10−5 161 No 10.82 5.93
52 73.0 7.0 20.0 3.65 10.43 2.86 1.57 × 10−5 94 Yes 10.96 2.71

4. Discussion

This research focused mainly on covering all the possible mixture contents as described
by various contributions. This led to a wide distribution of results in terms of the diverse
mechanical behavior. In order to aid the visual identification of the mixtures, a colormap
based on red–yellow–blue coding was derived, as shown in Figure 9.

Figure 9. Component distribution colormap.
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The three properties studied for each mixture were viscosity, strength, and perme-
ability. A distinctive clustering of results induced by the feature tradeoff governed by the
components may be noted in Figure 10.

Figure 10. Viscosity vs. strength.

The increase in bentonite amount (yellower dots in the graphs) leads to the foreseeable
loss of strength of about 1–5 times with respect to the cement-governed mixtures; however
the viscosity increases by about 1–1.5 orders of magnitude. The large variation in strength
for plastic concrete is documented in the literature, and the range found herein was con-
firmed by contributions such as [5,11,12]. Other authors, such as [6], obtained slightly
overlapping results but with most of the strengths being an order of magnitude higher.

Studying the variation in the strength with respect to the commonly used ratios em-
ployed in engineering practice, namely water/cement and water/bentonite, the influence
of the third component in the mixture may be noted.

The effect of strength reduction due to the bentonite may be readily noted in Figure 11,
in the mixtures containing over 17.5% active clay (yellow shaded), or in Figure 12 with a
water/bentonite ratio lower than 4. In Figure 11, the plastic concrete with high content of
sodium bentonite is less prone to develop hydrated clinker bridges, so the strength drops
under 200 kPa for this composition of samples. These results are also noticeable in the
grouping of yellow-shaded markers in Figure 12.

Figure 11. Strength vs. water/cement ratio.
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Figure 12. Strength vs. water/bentonite ratio.

We consider viscosity to be a very important feature of the fresh plastic concrete,
because this property prevents the contamination of the cast material with water or soil
from the trench walls when replacing the slurry used for excavation. The values obtained
in our tests did not exceed the limit of proper workability.

In addition to the role of thickener for the fresh mixture, bentonite prevents the proper
development of cement gel and is twice as expensive as the binder; however, the decrease
in permeability of the wall for low amounts of bentonite is canceled or even worsened if
this component is used in excess. This effect is also observed in the case of strength.

In Figure 13, the low scattering of test data in the graph indicates the fact that the
viscosity of the mix is almost entirely governed by the bentonite and water content, with
little to no influence from the cement (Figure 14).

Due to the large number of samples and long testing time required (employing triaxial
test equipment), and the hardening time limitation on batching, only one sample was
tested for each combination, resulting in some lack of accuracy, especially for permeability
tests. However, a trend in the data emerged that helps to narrow the mixture variation
range to a domain closer to the targeted purposes. A future stage in this research will be to
employ three to five samples of each combination in order to be able to process the data on
a statistical basis, yet for a narrower subdomain, as proposed in Figure 15.

Figure 13. Viscosity vs. water/bentonite ratio.
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Figure 14. Viscosity vs. water/cement ratio.

C

Not recommended 
due to the alteration

 of mechanical properties 
induced by the high content 

of bentonite.

Recommended

Not recommended due to aggregate 
seggregation

 (amount of water is too high)

Figure 15. Boundaries of recommended water–bentonite–cement mixes based on the test results.

5. Conclusions

The plastic concrete used in urban hydrogeological barriers requires a set of properties
that sometimes yields to contradictory requirements. The best example is the tradeoff
between permeability and strength that involves using bentonite as a control component.
As shown in this study, a large amount of bentonite decreases permeability and thus
efficiency of the cutoff wall but, at the same time, also reduces compressive strength with
consequences for the cracking control of the structure. The best approach should be to
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choose bentonite content within limits that provide satisfactory behavior in terms of both
parameters. The recommended dosage is less than 17%, as shown herein.

Even if various authors proposed wide ranges of ratios of the mixture components,
extreme values definitely lead to unfavorable effects, such as sand segregation, low worka-
bility, or long setting time. Because sodium bentonite and cements are well standardized,
we consider it possible to predefine mixture recipes that are optimal for certain purposes.

This paper does not aim to set pre-determined mixture ratios but rather to guide
the choice of plastic concrete recipe towards the targeted design purpose. As is readily
noticeable, slight variations in components may induce an important improvement or
decay in certain mechanical characteristics.
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Abstract: Swales are widely used Sustainable Urban Drainage Systems (SuDS) that can reduce
peak flow, collect and retain water and improve groundwater recharge. Most previous research
has focused on the unsaturated infiltration rates of swales without considering the variation in
infiltration rates under extreme climate events, such as multiple stormwater events after a long
drought period. Therefore, fieldwork was carried out to collect hydraulic data of three swales
under drought conditions followed by high precipitation. For this simulation, a new full-scale
infiltration method was used to simulate five rainfall events filling up the total storage volume of
the swales under drought conditions. The results were then compared to earlier research under
regular circumstances. The results of this study show that three swales situated in the same street
show a variation in initial infiltration capacity of 1.6 to 11.9 m/d and show higher infiltration rates
under drought conditions. The saturated infiltration rate is up to a factor 4 lower than the initial
unsaturated rate with a minimal rate of 0.5 m/d, close to the minimum required infiltration rate.
Significant spatial and time variable infiltration rates are also found at similar research locations with
multiple green infrastructures in close range. If the unsaturated infiltration capacity is used as the
design input for computer models, the infiltration capacity may be significantly overestimated. The
innovative method and the results of this study should help stormwater managers to test, model,
plan and schedule maintenance requirements with more confidence, so that they will continue to
perform satisfactorily over their intended design lifespan.

Keywords: infiltration of stormwater; green infrastructure; nature-based solutions; bioretention;
hydrologic performance; full-scale testing; drought

1. Introduction

Urbanisation and climate change effect the water balance in our cities, resulting in
challenges such as flooding, droughts and heat stress. The development and urbanization
of watersheds increases impervious land cover and leads to an increase in stormwater
runoff volume [1,2]. Stormwater management has shifted to include techniques that reduce
runoff volumes and improve runoff water quality in addition to reducing the peak flow
rate. Sustainable Urban Drainage System (SuDS), green infrastructure (GI), nature-based
solutions (NBS) and bio-retention practices are typically designed to reduce runoff through
infiltration and have been used for decades globally to provide infrastructure conveyance
and water quality treatment [2–4]. Swales are typical landscape surface-drainage system
vegetated (generally grass-lined) channels that receive stormwater runoff through gentle
side-slopes and convey this stormwater downstream by way of longitudinal slopes [4–7].
Water quality treatment in a swale occurs through the process of sedimentation, filtration,
infiltration and biological and chemical interactions with the soil. Swales have been
shown to be very efficient in removing sediment particles from urban runoff [8–10]. The
embankment slopes of swales can provide a bonus for volume retention, which in turn is
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positively impacted by the infiltration capacity of the filter media, soil moisture deficit, and
side-slope length [11–14]. The type of vegetation, such as deep-rooted grass species and
proliferation of root and earthworm channels, also improve infiltration [15–17]. Regarding
soil composition in general, bioswales are composed of loamy sands, loams, or sandy
loams resulting in variation in the infiltration rates of bio-swales and bio filters [14,16].
Several studies show that the performance of swales and sustainable urban drainage
systems in general can be influenced by (human) failures in the design, implementation and
maintenance of swales [4,18,19]. Besides these factors, there is a general consensus on the
increase in extreme events in Europe in the 21st century [20–22], fostered by a temperature
rise in the context of global warming that will affect the performance of green infrastructure.
Drought impacts recorded in the recent past in Europe [23–25] will become more substantial
in the future, making the identification of areas where droughts are projected to become
more frequent and severe an important subject. In many European countries, the year 2018
broke drought records, with growing concerns in The Netherlands [26,27] after a 2-month
period of no rain. The dry visual state of green infrastructure (Figure 1) in 2018 compared
to 2017 raised many questions from Dutch municipalities and water authorities on the
efficiency of swales being the most commonly used Sustainable Urban Drainage Systems
in The Netherlands.

Figure 1. (a) Swale at study site in the municipality Dalfsen showing normal condition in 2017
and (b) the same swale after a 7-weeks dry period in 2018. The swales in Dalfsen is the case study
presented in this paper.

A large variation in the hydraulic performance of swales can be expected by the several
discussed factors as different filter media, soil moisture content, side-slope length, type
of vegetation, soil composition and (human) errors in the design, implementation and
maintenance phase. There are several international studies that determined the variation in
mean volume reduction in swales from 11 to 75% [10,28–32] and peak flow rate reductions
from 10 to 74% with detention provided by infiltration or check dams improving this
mitigation [33,34]. In The Netherlands, check dams are hardly applied; the hydraulic
efficiency of swales rely on infiltration and retention capacity. The infiltration capacity
of swales is usually estimated by measuring the rate at which water soaks away from
small test pits or boreholes [4,35–37] or ring infiltrometer tests [38–40]. A number of
studies have demonstrated a high degree of spatial variability between different infiltration
measurements since the results were based on the infiltration rate through a very small area
that is used to represent the total infiltration area [19,41–43]. Studies show large spatial
variation in infiltration rates with individually measured infiltration values varying by a
factor of 100, concluding that about 20 measurements at each swale is needed to reduce the
uncertainty [44].
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No studies have been found on the effect of long dry periods on the infiltration capacity
of (Dutch) swales. Since swales are the most implemented nature-based climate adaptation
method in the Netherlands (Figure 2a), research on this topic is advised. It is estimated that
over 5000 swales are implemented in The Netherlands and more will be constructed to
replace grey infrastructure in the near future. Urban planners and stakeholders need to
have an understanding of the spatial and temporal variability of swales under normal and
extreme circumstances, such as the severe drought in 2018. Therefore, this study set out to
answer the following questions:

• Which variation of the (un)saturated infiltration capacity can be expected under
extreme weather conditions of drought followed by severe rainfall?

• Do the swales empty their storage volume within 2 days under all circumstances
according to the Dutch guidelines [45]?

Figure 2. (a) Aggregated map of The Netherlands with over 1000 locations installed Dutch swales
(Source: ClimateScan. Available online: https://www.climatescan.nl/map#filter-1-1 (accessed on
1 January 2022)). (b) Exact location of 3 swales in the Reynoldstraat in Dalfsen (more information:
ClimateScan. Available online: https://www.climatescan.nl/projects/1114/detail (accessed on
1 January 2022)).

While previous research on swales used small scale (ring infiltrometer) tests to gain
insight into hydraulic performance, in this study, a full-scale test is applied where the total
volume of 3 swales is repeatedly filled up with a tanktruck.

Study Area and Data

To answer the research questions, Dalfsen was chosen as the study area (Figure 1),
since full-scale research on variation in infiltration capacity was conducted here in 2017 and
was repeated at the ending of the drought in 2018. It is a unique location as three swales
are constructed next to each other in the same street at the same time, built by the same
design characteristics under similar geo-hydraulic circumstances in 2010. At this location,
the variation in hydraulic performance can be studied and compared to earlier research
results, with the permission of the municipality and residents.

The open-source online platform “Climatescan” presented in Figure 2a shows over
1000 locations where swales have been installed in The Netherlands from 1999 to the
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present [46]. Figure 2b shows the exact location of the study area in the municipality of
Dalfsen, where three swales were implemented.

Dutch swales are shallow (often <0.3 m deep), dry, vegetated, and generally grass-
lined, receiving stormwater runoff through drainage pipes and gullies from the connected
surface area of roads and houses [45], see Figure 3. The figure shows the basic green
infrastructure with the road surface and the grassed swale with engineered soil and inlet
and outlet.

Figure 3. The swale construction in the municipality Dalfsen, The Netherlands.

A number of swale infiltration systems have been in use in The Netherlands for
years (Figure 2b), or even decades, but despite their long-term operation there is limited
documentation on their hydraulic performance over their expected lifetime.

Dutch guidelines dictate a maximum emptying time of 48 h for swales with a depth
of 30 to 50 cm [45]. Guidelines in The Netherlands are based on several factors such as
the limited availability of space in urban areas, the low permeability of the soil, high
groundwater tables and limited public health concerns (drowning of kids and mosquito
nuisance) as a safety factor, given that the infiltration capacity of swales may reduce over
time by clogging [19,45]. Similar guidelines on the hydraulic performance of swales can
be found in Germany, where advice has been given on a design that enables the swale to
infiltrate stormwater with a minimum infiltration rate of 0.864 m/d [47].

The study area in the municipality of Dalfsen is located in a residential area (30 km/h
zones) and the three individual swales are used as a surplus of the stormwater sewer in this
district. Figures 3 and 4 show the impact of drought on vegetation in 2018 compared to 2017.
The data of the full-scale infiltration test used in this study was executed on 20 April 2017,
which is compared to the data of infiltration tests on 27 July 2018 after 7 weeks of drought.
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Figure 4. Inlet of the swale in Dalfsen—(a) dry period in 2018, (b) during full-scale test in 2017.

The dimensions of the swales are presented in Figure 5. All swales have a maximum
depth of 50 cm to street level. Swales 1 and 2 are similar (both an average storage volume
7.6 m3 up to the overflow level of appr. 10 cm height); swale 3 is smaller (storage volume
1.7 m3 up to the overflow level).

Figure 5. Swale 1 (left) to 3 (right) and cross-section B-B (swale 2).

2. Materials and Methods

For the case study Dalfsen, a full-scale infiltration test was used [19] where the total
volume of the swales was submerged (simulating high intensive rainfall) and the emptying
time was measured by several measurements during regular and extreme drought con-
ditions during 2018 (7 weeks of drought). A number of issues were considered using the
full-scale test method in the municipality Dalfsen:
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1. Selection swale for testing;
2. Water supply alternatives;
3. Accurate determination of surface infiltration rate.

(1) The swales in the municipality of Dalfsen are a unique research location as the three
swales are situated next to each other and were all built by the same contractor
and with the same materials in 2010, under the same geo-hydraulic conditions. All
swales have a confined space which can be filled by a tank truck up to the water
level of outflow, without any additional constructions to prevent water leaving the
swale during the full-scale infiltration test.

(2) For this full-scale infiltration test in Dalfsen, a tanktruck was used with a larger
storage volume of 10 m3 than the volume of the swales (swale 1 and 2 have a
storage volume of 8 m3 up till the overflow level of 10 cm), so every individual
swale was filled with water continuously with the tanktruck (Figures 6 and 7). The
time interval between refilling the swales was within 10 min.

(3) Wireless, self-logging, pressure transducer loggers (Minidiver. Available online:
https://www.eijkelkamp.com/producten/sensors-monitoring_nl/ (accessed on 1
January 2022)) were used in the study as the primary method of measuring and
recording the reduction in water levels over time. Two loggers were installed
at the lowest points of the swale. The transducers continuously monitored the
static water pressures at those locations, logging the data in internal memory.
Three different measurement methods were used in conjunction with the pressure
transducers in order to verify the transducer readings, as shown in Figure 7. The
three methods were: hand measurements, underwater camera (Figure 7) and
time-lapse photography (movies available at ClimateScan. Available online: https:
//www.climatescan.nl/projects/1114/detail (accessed on 1 January 2022)).

Figure 6. The full-scale infiltration test with a tank truck executed repetitively for monitoring the
hydraulic behaviour of swales in Dalfsen—(a) under regular conditions in 2017, (b) Same monitoring
after 7 weeks of drought in 2018.
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Figure 7. The methods for monitoring the water height in the swales during the infiltration tests were
(a) hand measurements on a measuring tape and underwater video camera, continuous time-lapse
photography (b) and pressure transducer loggers.

3. Results and Discussion

Three swales were tested repeatedly with the full-scale infiltration tests on two occa-
sions under different (simulated) weather conditions. The results show the linear emptying
curves of the three swales in Dalfsen (Figures 8 and 9). The number of tests at individual
swales depended on the duration of each test and the availability of the tanktruck as the
water source. Swale 2 could be tested with a maximum of five full-scale tests (Figure 8).
For comparative reasons, all graphs display the measuring interval 8 to 4.5 cm of the water
column; 8 cm is the height just below the outlet, thereby ruling out any error due to leakage
in the data (Figure 8). Below 4.5 cm the infiltration surface of the swale was not regular,
with the water being just above the “bumpy” bottom of the swale, allowing water to flow
horizontally from a small puddle to puddle. By truncating the data, any subsurface flow
due to depressions effecting the emptying curve was ruled out (Figures 8 and 9).

Figure 8. Empty curves swale 2 (S2) and 5 tests (T1–T5) in drought situation.

The maximum standard deviation of the pressure transducer loggers is in the range
of +/−0.5 cm, which is reflected in the thickness of the lines in Figure 9. All the emptying
curves for the three swales under normal conditions show similar patterns; rapid emptying
time with steep linear curves for the first infiltration test and gradually increasing in time
with lower infiltration rates (Figure 9).
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Figure 9. Emptying time graphs of swale 1, 2 and 3 under regular (2017, left) and drought conditions
(2018, right).

Figure 9 shows a high variation in the infiltration rates of the swales. Simple linear
regression analysis was used to generate lines of best fit for the transducer readings from
each swale. A factor 7 difference in initial infiltration rate between swale 1 and 3 can be
observed in 2017 (factor 3 in 2018), while the design, construction and maintenance of the
swales are the same. Repeating the infiltration test can lead to reduction in infiltration rates
in the order of 50% (swale 2), Figure 10.

The equations of the linear regression lines were then used to calculate the average
infiltration rate in m/d. Figure 11 shows the calculated infiltration rates of all tests. The
infiltration rate after five tests of swale 3 in 2017 and 2018 was 25% of its initial infiltration
capacity. After five tests, a saturated steady state infiltration rate was not yet reached.
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Figure 10. Emptying time of swale 2 show a factor of about 50% decline after 5 full-scale tests.

Figure 11. Infiltration rate in m/d (results of linear regression analysis).

In drought conditions, all swales did not reach the saturated steady state infiltration
rate, even after five full-scale tests in contrast to swale 1 and 2 under regular circumstances
in 2017. Swales 1 and 2 showed increased infiltration capacity during the drought period.
The relatively small swale 3 (Figure 5) has a different pattern and the emptying time is
lower in the drought situation.

4. Discussion

The largest swales 1 and 2 have a higher infiltration rate during the drought period
in contrast to the smallest swale 3. Note that for swale 3 this difference in emptying time
is only in the order of some minutes due to the much higher infiltration rate compared to
swale 1 and 2 (the difference in emptying time is 47 min for swale 1). The municipality
expected a lower infiltration rate during drought (seeing the dry baren state of the swales
in Figure 1b) and feared intensive rainfall after the drought period, resulting in flooding.
A possible explanation for the increased infiltration rate during drought is preferential
flow [15,48] due to cracks in the soil and micro-pores as the result of dying roots, enabling
the vertical flow of air and water (Figure 12).
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Figure 12. Significant bubbles during the filling process indicating (preferential) flow during the
drought period: air-filled pores are filled with water forcing out the trapped air.

The variation in initial infiltration capacity of 1.6 to 11.9 m/d of the three swales
situated in the same street was received by the municipality with more surprise. However,
same observations were recorded in other municipalities, such as Tilburg and Arnhem,
where the same full-scale method was used on several green infrastructures on one street
(Figure 13) showing a high variation in infiltration rate (Figure 14).

Figure 13. Measurements at two streets with multiple green infrastructure in The Netherlands:
Azuurweg Tilburg (left, ClimateScan. Available online: https://www.climatescan.nl/projects/6052
/detail (accessed on 1 January 2022)) and Reestraat Arnhem (right, ClimateScan. Available online:
https://www.climatescan.nl/projects/1109/detail (accessed on 1 January 2022)).
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Figure 14. Range of infiltration rates in streets with multiple green infrastructure [19,49,50].
SW = Swale, RG = Raingarden, PP = Permeable Pavement, n = number of green infrastructures.

Surprising to the municipality is also the difference between the saturated and un-
saturated infiltration capacity: the measured saturated infiltration rates are up to a factor
of 4 lower than the initial unsaturated capacity, with a minimal rate of 0.5 m/d. Other
studies, where small-scale tests were used, such as (Modified) Philip–Dunne (MPD) or
infiltrometer tests [4,35–40,51], show a variation in (un)saturated infiltration rates. Research
locations with green infrastructure, where the full-scale test method was applied under
similar Dutch circumstances, also show a significant reduction in infiltration rates between
the unsaturated and saturated tests, ranging from 27% to 48% [52]. The most important
outcome of this research, particularly for public stakeholders, was that all swales empty
their storage volume within two days under all circumstances, according to the Dutch
guidelines [45]. These research results should raise awareness about the variation in infiltra-
tion rates among stormwater managers engaged with the planning, testing, and modelling
of green infrastructure about the spatial and time variable long-term infiltration capacity
rates of green infrastructure.

5. Conclusions

The full-scale infiltration testing method was applied in this study to determine the
variation in the hydraulic performance of three swales under different (simulated) weather
conditions. The results from this study show that the tested swales empty their storage
volume within 48 h under regular and extreme drought (un)saturated conditions, even
after five full-scale tests (lowest value 0.5 m/d) after 8 years in operation, and without
maintenance other than mowing the grass. Stormwater managers are satisfied that their
green infrastructure demonstrates the minimum required infiltration capacity, so any
tangible improvement to their design and characterization, such as additional drainage, is
not needed.

The individual swales in Dalfsen show a variation in the initial infiltration capacity of
1.6 to 11.9 m/d. Most previous research focused on unsaturated infiltration rates. However,
the results of this study show that the difference in infiltration rates between saturated

187



Water 2022, 14, 840

and unsaturated can differ by a factor 4 (after 5 full-scale tests). These large differences
by a factor of 4 in (un)saturated infiltration rate in one street is also determined in other
research with the full-scale test in The Netherlands. Therefore, if the unsaturated infiltration
capacity is used as the design input for computer models, the infiltration capacity may be
significantly overestimated. It is therefore recommended that an appropriate degree of
pre-saturation is accounted for in the design or a linear increase in the emptying time, as
shown in this paper. This could be applied by a simple reduction in the design unsaturated
infiltration rate. The results of this study should help stormwater managers with the
modelling, planning, testing and scheduling of maintenance requirements for swales with
more confidence, so that they will continue to perform satisfactorily over their intended
design lifespan.
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Abstract: An analysis of 17 Romanian cities’ Urban General Plans showed that urban planning
documents do not satisfactorily rely on groundwater information. The associated hydrogeological
supporting studies include only general recommendations. However, they should include specifi-
cations to improve water-balance and detail the need to implement monitoring systems to monitor
groundwater levels. The studies do not recommend special construction measures to be implemented
for future infrastructure elements and do not include maps delimiting the particular geotechnical
and hydrogeological characteristics. A study conducted on an urban river corridor using satellite
remote sensing and a methodology characterizing the chosen zone clearly shows a major concor-
dance between the groundwater level and vertical displacements. In addition, the presence of urban
anthropogenic strata associated with the groundwater level fluctuations showed amplified vertical
displacements of the ground when compared to the areas where the natural deposits exist. The
methodology combines subsidence occurrence, land-cover changes, hydrogeological, geological,
and hydrological characteristics, climatic aspects, the location, the extension of old quarries, and
the last 100 years of topographical changes. These observations emphasize the need for accurate
studies to properly discriminate between phenomena and processes generating subsidence, which
must be used systematically to support the general urban plans of cities as the documentation of
future developments

Keywords: urban groundwater; urban planning; hydrogeology; sustainable development

1. Introduction

Urban planners, innovators, and researchers are increasingly working on sustainable
and smart initiatives for urban transformation [1]. Various perspectives and disciplines
related to radical change towards sustainable and smart urban systems are being integrated
into urban plans and strategies. Despite the growing body of evidence highlighting the
importance of groundwater to the support of urban living, the impact of urbanism on
natural groundwater systems is rarely considered in city systems planning [2], even in
such cases where groundwater dynamics could modify the buildings structural behavior.
Discrepancies in communication between the scientific community and city administrations
add to the difficulties in addressing urban resilience and hydrogeology issues. Reliable
subsurface management must be based on relevant knowledge and an understanding of the
phenomena, processes, and data, which must be accessible, as well as knowledge of urban
planning procedures to minimize the impact of urban developments on the water cycle.
Experts should use robust datasets on urban fabric, infrastructure networks, groundwater,
and geothermal energy systems at the urban scale [3].

The influence of urban planning on hydrology has been explored by Carneiro et al. [4].
The authors [4] identify the need for building accurate hydrogeological models that can
be used as tools for urban planning decisions. These models must be based on accurate
geological modeling which takes into account both vertical and lateral facies variations.
Consequently, accurate local studies are needed to characterize hydraulically anthropogenic
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heterogeneous deposits and embankments. The models should englobe the influence of
the underground structures and consider the drains, dewatering systems, and the losses
from the water supply transportation pipes. In Canada and the United States, the required
level of groundwater information for land use planning purposes has been described by
Roxane et al. [5], and demonstrates that the centralization of groundwater data leads to
an increased accessibility for land planners. The paper also confirmed the existing gap
between groundwater information production and regional planning. The urgent need
to guide urban planners on how to manage urban development with minimal damage
to groundwater resources has also been demonstrated in several works [6,7]. Carmon
et al. [6] provided solutions on how to protect groundwater for the development of water-
sensitive urban planning. The paper highlighted the effects of urban development on the
quantity and quality of rainwater that infiltrates into the soil on its way to recharge the
aquifer. The authors analyzed the effect of urban development on runoff and infiltration
processes, focusing on the effect of certain patterns of urban development and identifying
options to mitigate the negative aspects through relatively simple and inexpensive means.
Components of urban planning which influence runoff and infiltration were presented.
As an aid to understanding the urbanization process and to the designing of policies and
regulations, Patra et al. [7] studied the impacts of urbanization on land cover changes and
its probable implications for the local climate and groundwater level. The authors pointed
out that the increase in the urban built-up area over the last two decades led to fluctuations
of the groundwater level in the Howrah Municipal Corporation (HMC) area of the Indian
state of West Bengal. In the city of Erbil, in the Kurdistan Region of Iraq, Hameed et al. [8]
identified a significant correlation between urbanization areas and groundwater levels. As
the urban expansion increased by 278% between 2004 and 2014, a decline in groundwater
levels was detected in the study area [8].

A study focusing [9] on the situation in the coastal peatlands of Netherlands detailed
where careful land use planning was adopted with special attention paid to groundwater.
This was due to the long history of subsidence followed by adaptation strategies over a
period of more than nine centuries.

Focusing the use of satellite remote sensing techniques, another study [10] proposed
the use of the satellite radar interferometry system InSAR to define potential ground
fractures linked to aquifer system compaction, in Toluca Valley, Mexico. The ground
fractures map was validated through a field campaign. The authors highlighted the great
benefit of this map to providing operational support to urban planning. It was suggested
that the ground fracture mapping shows a higher reliability when derived from InSAR
than solely based on field observations.

The long-term urban development plan established in 2011 in Hanoi, Vietnam (Hanoi
Master Plan to year 2030 and vision to 2050), with the purpose of a more sustainable
development of the city, considers various environmental aspects, such as soil pollution, air
quality, and water quality [11]. As groundwater is one of its main water supply resources,
the continuous rapid urbanization of Hanoi city since the 1990s has led to the acceleration
of groundwater withdrawal and the emergence of land subsidence [12]. Several other
studies were carried out using satellite radar interferometry for land subsidence monitoring
since 2007 [12–14], where the authors mention numerous foundation failures of different
constructions in the 2000s [12]. The authors highlight the crucial role that a knowledge of
surface deformation plays for urban planning to minimize the severe influences of surface
subsidence [14].

The continuous monitoring of land subsidence is recognized as a critical instrument
for the detection of potential hazards and for the designing of compensation strategies and
urban planning activities, as in the case of Beijing (China) [15,16].

Furthermore, the lack of accurate data on urban groundwater represents a major
problem in many cities and metropolitan areas, and more aspects should be addressed as
mentioned below. The first aspect is the reduced number of monitoring wells for a certain
urban area. This was mentioned in the scientific literature for Mexico City [10], Hanoi
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city [14], Lisbon, Portugal [17], Merton area, London [18], and Glasgow, UK [3]. The second
aspect arises from the unknown number of users, wells, and corresponding pumping
rates, as mentioned in [19] in a study for Gioia Tauro, Italy, in [20] for several Indonesian
urban areas including Jakarta, and in [9] for Ho-Chi-Minh City (Vietnam). Management
problems [21] and the issue of proprietary data production might additionally lead to a
lack of data accuracy, as stated in [22] for several urban areas in the USA.

The connection between urban planning/city development and subsurface hydrology
is therefore a work in progress, and our study undertakes an initial step to understanding
this connection from a multi-perspective approach. Our study brings into discussion the
necessity of hydrogeological data to the documentation of city development (buildings
and infrastructure) as a complete and coherent picture of the underground environment’s
behavior with respect to supporting the healthy evolution of cities.

Objectives of the Paper

The first interdisciplinary exploratory study on the connection between urban plan-
ning, urban development, and urban subsurface hydrology in Romania is provided
(Figure 1). Three research objectives are proposed: (1) analyze the urban plans in 17 large
cities in Romania to examine the urban strategic and planning frameworks and thus
understand the connection between the cities’ development and urban groundwater;
(2) analyze the land instability map of Bucharest to discern the role groundwater plays
in main subsidence triggering factors; (3) discuss the results obtained from the previous
objectives and formulate recommendations for the local and national authorities, urban
planners, and water companies.

 

Figure 1. Research methodology for exploring the connection between urban development and urban
subsurface hydrology. Source: elaborated by the authors.

2. Exploring the Connection between Urban Development and Urban Subsurface Hydrology

The direction of the first analysis includes two steps outlined in Figure 1: (i) an analysis
of the urban planning documents and support studies for 17 large cities in Romania,
exploring the reliance of the General Urban Plan (GUP) on groundwater documentation;
(ii) the analysis of strategic documentation [23] for the city of Bucharest, namely the
Integrated Urban Development Strategy for Bucharest (strategy for absorbing EU funds,
elaborated in 2021) and of the strategic concept for Bucharest 2030 (elaborated in 2011); in
addition, the analysis of urban planning documentation, namely the current general urban
plan (drafted in 1998, with extended validity until the new GUP is completed).
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Based on the land instability map of Bucharest, the second direction presented in
Figure 1 focuses on discerning the role of groundwater within the main subsidence trig-
gering factors and analyzing its relation to the urban planning framework. By monitoring
vertical ground displacement it is possible to indirectly estimate the generated subsidence
phenomena, with one of the most important of these phenomena being related to the
dynamics of urban groundwater. The recent method for monitoring urban subsidence is
the satellite remote sensing technique that uses Persistent Scatterer Interferometry (PSI),
which allows for vertical ground displacements to be determined to the millimeter or-
der [24] by measurements made along the Line of Sight (LoS) of the satellite [25]. PSI
is a radar-based technique from the Interferometric Synthetic Aperture Radar (InSAR)
family [26]. The InSAR operates by generating an interferometric pair using two radar
scenes, acquired approximately from the same look angle, and over the same area, at
different times [27]. If more interferograms are generated, their phase difference is used
for estimating the displacements in the monitored area along the Line of Sight (LoS) of the
satellite [28]. Considering the available radar data and the particularities of the studied
area, different methods are used for estimating the vertical ground displacements from
LoS displacements. For the PSI technique, the ground displacements are determined in
temporally stable highly reflective ground features known as persistent scatterers (PS) [25]
using multiple SAR interferograms generated from a time series of satellite radar data.
The main advantages of the SAR techniques consist of its large area monitoring capability
and high temporal resolution [27]. As an example, Sentinel-1, the current European SAR
missions, provides a large amount of satellite data and has a revisit time of 6 days when
both satellites of the constellation are considered. The Sentinel-1 Interferometric Wide
Swath (IW) products, which are used for PSI, have a swath of 250 km, [29] facilitating an
analysis at city level, or even at regional level. One disadvantage of the SAR technique
is represented by the temporal and spatial decorrelation, which leads to a lack of ground
displacement information for land surfaces covered with vegetation or for areas where
land changes occur during the studied time interval [30].

2.1. Current Urban Planning and Development Framework

Romanian legislation requires localities to have a General Urban Plan (GUP) that has a
directive character and includes operational regulations, thus being the legal support for the
implementation of development programs and actions [23]. A GUP includes several written
documents such as a summary report, a general report (the main results of the studies
justifying the chosen solutions), local planning regulations, and graphic representations:
the city or commune plan, an analysis illustrating the identified dysfunctions, planning
regulations and zoning, the land ownership, and the legal circulation of land. Geotechnical
or sometimes hydrogeological studies are part of the support studies.

A GUP follows the structure of a guide approved by a Ministerial Order. This indicates
that the content and topics covered by the support studies must be decided by the contracted
service provider along with the municipality. However, by default, some sections are
considered mandatory, optional, or non-required, depending on the locality category.

An amount of 17 large cities (Figure 2) with more than 170,000 inhabitants have been
selected (Table 1). It has been examined whether or not groundwater characteristics are
considered in their General Urban Plans.
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Figure 2. The location of the chosen 17 cities on the Romanian map. Map generated in Esri® ArcMap™
10.3. Base map source: ESRI. Source: elaborated by the authors.

Table 1. Summary of the selection criteria.

Region Name
Built Area Density

(Inhabitants/sq km)
Population

(2019)
Function GUP Elaborated in

Northeast Ias, i 6347.08 382,767
County residence

municipality
(CRM)

1999

Northeast Bacău 5819.05 197,097 CRM 2009
Southeast Constant,a 5372.78 312,250 CRM 2010
Southeast Galat, i 5172.35 305,386 CRM 2017
Southeast Brăila 7017.42 201,414 CRM 2021

South Ploies, ti 4293.23 226,133 CRM 2017
South Pites, ti 7043.76 173,537 CRM 2021

Southwest Craiova 5286.90 300,375 CRM 2000
West Timis, oara 5333.53 326,636 CRM 2021
West Arad 3165.74 176,455 CRM 1998

Northwest Cluj Napoca 4810.47 326,145 CRM 2018
Northwest Oradea 2987.65 221,301 CRM 2021
Northwest Baia Mare 3844.24 145,220 CRM 1999

Centre Bras, ov 3223.75 289,190 CRM 2010
Centre Sibiu 5211.81 168,477 CRM 2010
Centre Târgu Mures, 5442.24 147,305 CRM 2010

Bucharest-Ilfov Bucharest 8903.9 2,139,493 Country capital 1998

The selection criteria included: the region (minimum one town in each existing devel-
opment region), the number of inhabitants (2019 as the year of reference) according to the
National Institute of Statistics, the population density (more than 3000 inhabitants/sq km),
and the year the GUP had been finalized (before 2000, between 2010–2015, and after 2015).

2.2. Land Instability in Bucharest City

Located in southeastern Romania, with an area of approximately 240 km2 and a
population of over 2.1 million inhabitants [31], Bucharest is crossed by two rivers: the
Dâmbovit,a and Colentina. The first is extensively canalized and the second was reshaped
at the beginning of the 20th century in a series of chained lakes [32], which have a direct
hydraulic connection to the shallow aquifer.
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Bucharest is a dynamic city with an expanding population and surface coverage, and
thus its infrastructure shows considerable development and subsurface changes. Aspects
of urban development in connection to groundwater dynamics have been highlighted.
Two parallel directions of study have followed: the examination of the current urban
development and planning framework and a land instability analysis (Figure 1).

Considering the particularities of the subsidence phenomena, two time periods have
been considered, for which data sets from two European satellite radar missions were
available. Thus, for the 2004–2010 period, data from the ENVISAT ASAR mission have
been used and processed using the Persistent Scatterer Interferometry (PSI) technique.
For the 2014–2018 period, data from the current European radar mission (Sentinel-1) has
been used. Maps of the vertical displacements of the terrain for the entire urban area
were generated using these data sets for the two time intervals mentioned above. The
consistency of the results for the two time intervals has been observed by analyzing two
corresponding land displacement maps. Numerous areas of instability that were identified
on the land displacements map for the 2004–2010 interval show the same trends as for
the 2014–2018 interval. Alongside the PSI technique, a land surface change detection
technique was used for a better interpretation of the changes and displacements at the
land’s surface level. A new cartographic product has been obtained through combining the
map of the vertical land displacements with the surface terrain change detection map [28].
Therefore, the potential areas that locate the source of vertical displacements have been
established accurately.

The chosen area is located along the Colentina River corridor (Figure 3). For the
2014–2018 period, a methodology to characterize the area has been proposed. It considers
specific elements of the studied area, such as: subsidence occurrence; land-cover changes;
hydrogeological, geological, and hydrological characteristics; the history of the study
area (considering the location and the extension of old quarries for building materials);
the last 100 years of topographical changes to the Colentina River chained lakes; and
climatic aspects.

Figure 3. Colentina River corridor study area. Map generated in Esri® ArcMap™ 10.3. Base map
source: OpenStreetMap. Source: elaborated by the authors.
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Short Overview of the Processing and Analysis of Satellite Data for Identification and an
Outline of the Main Subsidence Triggering Factors

To generate the PSI maps for the 2004–2010 and 2014–2018 time intervals, two dif-
ferent data sets and methodologies were used. Based on the data coming from the radar
European mission ENVISAT ASAR, a land displacement map was generated for the June
2004–July 2010 time interval using the ENVI SARScape software (ENVI SARScape version
5.5, L3Harris, purchased from ESRI Romania (Bucharest)-authorised distributor of Harris
Geospatial products (ENVI and SARScape) for Romania) for data processing [33] and
by applying the PSI technique. ENVISAT ASAR data are available in the archive of the
European Space Agency (ESA) along with data from other historical missions of ESA [34].
For this study, some of the SAR ENVISAT ASAR data used for processing was purchased
through the ESA C1P 6050 proposal, using the Romanian Space Agency as coordinator.

The main PSI processing steps for the ENVISAT ASAR data in ENVI SARScape
include [33]:

• ENVISAT ASAR images were imported to ENVI SARScape;
• Application of the Orbit File: precise orbit files were downloaded from ESA archive

while the SAR images were downloaded;
• Connection Graph Generation: the SAR pair combination (Master and Slaves) are defined

together with the connection network, used for the generation of the multiple differential
interferograms. The Master image that was used was from 24 February 2007;

• Area of Interest Definition: Bucharest city;
• Interferometric process, including the coregistration, interferogram generation, and

the flattening and Amplitude dispersion index. Here, the digital elevation model
(DEM) is specified. The STRM-3 v4 DEM was used for this processing;

• Inversion: First Step—estimation of the first model inversion to derive the residual
height and the displacement velocity;

• Inversion: Second Step—estimation of the atmospheric phase components, considering
the first linear model product coming from the previous step;

• Geocoding—the PS products are geocoded, and the displacements can be displayed.

During satellite data processing, the baseline was considered between the master and
the slave scenes to have values lower than 300 m. The coherence threshold established for
the ENVISAT ASAR data series is 0.8.

For 2014–2018 surface displacements in Bucharest, data from the SAR Sentinel-1
sensor have been used. The data that were used, available on the “Copernicus Open
Access Hub” website [35], cover the period between October 2014–April 2018 and consider
acquisitions from both a descending (109D) and an ascending orbit (131A). The PSI maps
for both ascending and descending orbits were produced by the Norwegian Geological
Survey within the Norwegian Ground Motion Service [36], by applying the classic PSI
technique. The PSI processing of the Sentinel-1 data was carried out as an activity within
the INXCES-INnovations for eXtreme Climatic EventS project [37].

Based on the ascending and descending PSI maps, where the land displacements are
measured along the Line of Sight (LoS), a PSI map of vertical displacements was computed
considering the methodology described in [38].

Several areas showing subsidence on the PSI map have been outlined: even the general
trend of the city of Bucharest for the period 2014–2018 showed stability. Most of these areas
are located along the corridors of each the two rivers crossing the city. Figure 4 illustrates
the PSI map of vertical land displacements obtained using Sentinel-1 images. They are
classified according to several criteria, depending on the main triggering factor, as it is
shown in Table 2.
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Figure 4. PSI map of vertical land displacements in Bucharest city (obtained from Sentinel-1 images)
and the identified subsidence areas (modified after [38]). Map generated in Esri® ArcMap™ 10.3.
Source: elaborated by the authors.

Table 2. Areas with identified displacements (modified after [28]).

Areas Where Displacements Have Been Identified, Classified by Land Use Category Areas on the Map

Areas with small above-ground constructions (residential, office, or commercial buildings) and
a small number of floors, where previous demolition took place A4, A12, A10

Urban areas where land has shifted from green space to construction during the last 10–15 years A6, A9, A13

Peri-urban areas in the pasture or forest category whose use has passed into the construction
category during the last 10–15 years A7

Green areas where works have been carried out for the practice of leisure sports (bicycle courts,
tennis courts, or skateboarding) A3, A5

Areas where the land use category has not changed, but there are specific factors producing
displacements—e.g., the presence of an anthropogenic superficial layer of construction debris A1, A8

To understand main the phenomena and processes that take place along the Colentina
River corridor, several types of data sources were used. These include data describing
natural environment of the area, geographical and urban conditions, and hydrogeological,
hydrological, and geotechnics information. Table 3 mentions data types and information
along with their sources used in the analysis.
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Table 3. Data types and sources (modified after [28]).

Data Sources

Hydrological data

Water level data of the Colentina chained lakes for the 2014–2017 period were provided
by several institutions: the National Administration “Romanian Waters”, the Arges,
Water Basin Administration, the Vedea-Ilfov-Bucharest Water Management System, and
the Administration of Lakes, Parks, and Leisure of Bucharest city. We used the series of
data for the lakes Herastrau, Floreasca, Tei, Plumbuita, and Pantelimon I.

Geographical characteristics

The maps comprising the geographical characteristics of the area (landscape units,
morphological maps, hypsometric maps), geological data representing the thicknesses
of the loess formation, and geotechnical data on the location of former construction
quarries were taken from the Geo-Atlas of Bucharest City [39].
The Digital Surface Model (DSM) that was used, which represents the land surface
including buildings, infrastructure, and vegetation, is the digital model developed
under the European Copernicus Earth Observation Program [40].

Geological data The geological maps of Bucharest and Romania, scale 1: 200,000, sheet 44, were used [41]

Hydrogeological data

The hydrogeological data (Hydrogeological map of Bucharest city, groundwater levels
during the analyzed period, location of the wells, results of existing urban
hydrogeological models, and others) have been extracted from the databases of the
Groundwater Engineering Research Centre of the Technical University of Civil
Engineering, Bucharest [41].

Geotechnical data

Geotechnical data on anthropogenic soil areas and information on the geotechnical
monitoring boreholes extracted from the Groundwater Engineering Research Centre of
the Technical University of Civil Engineering, Bucharest [41]. Other geotechnical
information was extracted from the Geotechnical Zoning Map of Bucharest, made by the
Institute of Studies and Design in Land Improvements (ISPIF) in the 1970s.

Meteorological data Extracted from Romania’s statistical yearbooks, published by the National Institute of
Statistics [42].

In addition to the SAR products used for radar interferometry, which use phase
information, SAR images also contain amplitude information that can be used for other
types of analysis. Thus, through the Interferometric Wide Swath (IW) mode of operation,
in addition to the SLC (Single Look Complex) products used for interferometry, Sentinel-1
sensors provide GRD (Ground Range Detected) products. By using this type of product,
it is possible to analyze the land-cover surface changes between the times of acquisition
of the first image and second images. For consistency with previous land displacement
analyzes, in which Sentinel-1 SLC data were acquired between October 2014 and April
2018, two Sentinel-1 GRD images were used to detect changes: the first from 25 October
2014, and the second from 25 April 2018 [38]. The data were downloaded free of charge
from the Copernicus Open Access Hub [35].

Figure 5 shows the land-cover changes detection map generated for Bucharest. The
areas where changes occurred in 2018 in respect to 2014 are marked in red. Areas where no
changes occurred between the two moments of time are symbolized in gray tones. Water
bodies have a high reflectivity, and the backscatter towards the radar is low; therefore, the
lakes and rivers appear dark on the map. Ground changes are encountered mainly in areas
where new residences (e.g., the western border of Bucharest city) or commercial centers
are built. More details on the methodology and change detection trends in Bucharest city,
considering the 2014–2018 time interval, are presented in [43].

199



Water 2022, 14, 1627

 

Figure 5. Detection map of land surface changes for Bucharest (2014–2018), obtained from Sentinel-1
GRD images (modified after [28]). Gray tones symbolize areas where no changes were detected
between 2014 and 2018. Areas where ground changes occurred between 2014 and 2018 are symbolized
in red. Water bodies are shown on the map in dark tones. Map generated using ESA SNAP (Sentinel
Application Platform) and QGIS open-source software. Source: elaborated by the authors.

3. Discussion of Urban Planning and Subsidence

3.1. Analysis of the Current Urban Planning and Development Plans in Romania

The analysis performed by the authors on the urban planning and development
documentation emphasizes that groundwater information is not regularly mentioned in
the urban planning documentation of the 17 cities [44–60]. According to the Romanian
legislation, the plans are based on support studies, but only the main planner decides
which studies are required. The information from the support studies is incorporated
into the general report. Only in some cases such as Iasi, Braila, Bacau, Ploiesti, and
Pitesti [44,45,48,50] do the plans include geotechnical or hydrogeological analysis. In some
cases, even if these studies include the hydrological component, they only refer to surface
water (for example, the city of Bacau [45]), thus outlining the areas that are unsuitable for
construction due to the risk of floods or erosion.

In other cases, for example the city of Pitesti [50], the local planning regulation accom-
panying the plan, which takes the information from the support study, provides measures to
encourage building on difficult foundation sites. For example, underground parking areas
are allowed to be built if the beneficiary can prove that the terrain has difficult foundation
conditions, including high groundwater levels. The proof is presented by the significant
comparative costs estimated for both underground and surface options, supported by
geotechnical or hydrogeological studies.
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In some cases, for example the Manta Ros, ie district of Iasi city (where new high
buildings have been constructed) [44], although the problem of a high groundwater level
flooding the cellars of old houses is acknowledged in the general report of the urban
planning documentation, the associated regulation does not prescribe specific construction
restrictions nor recommend specific measures to improve the urban hydrogeological con-
ditions. Although recently elaborated, other general urban plans for the cities of Braila,
Galati, Timisoara, and Sibiu [47,48,52,58] incorporate only generic statements of the cur-
rent legislation (General Urban Planning Regulation adopted by Government Decision
525/1996, updated in 2002), namely that, in the “constructions are allowed in the buffer
protection zone of the rail transport infrastructure if all measures triggering landslides,
subsidence, or altering the groundwater table, are provided”.

For Bucharest, the analysis of the studied strategies and General Urban Plan [60–62]
concluded that information related to groundwater is not considered.

3.2. Analysis of the Subsidence Trigerring Factors in Colentina River Corridor

The study area has been defined by using a buffer zone of 1 km on both banks of
the Colentina River. It starts from the northwest area of Bucharest, from the entrance to
Herăstrău Lake, and ends at the exit of Pantelimon II Lake, in the southeastern part of the
municipality (Figure 3).

Based on the vertical displacement PSI maps of the land surface for the 2004–2010
and 2014–2018 intervals, it was possible to analyze the evolution of vertical displacements
in the Colentina study area. Figure 6 shows the evolution of the terrain instability in the
studied area. The areas that presented subsidence during the period from 2004–2010 are
highlighted in red. Areas with negative vertical displacements during the period from
2014–2018 are outlined in purple [28]. In most of the cases, in the immediate vicinity, the
areas overlap during the two time intervals. This is the case for the areas situated on the
right shore of the Tei, Colentina, and Pantelimon I Lakes, as well as some of those situated
on the left shore of Floreasca and Colentina Lakes. For the subsidence areas situated on the
right shore of Tei Lake, a detailed study is presented in [38], the main factors involved in
the ground displacement process being the presence of a thick anthropic soil, the dynamics
of the water supply losses in the area from 2006 to 2014, and the decrease in the area
groundwater hydraulic head. For the 2014–2018 period, there are several areas showing
subsidence without having a correspondent to the previous period from 2004–2010. These
new subsidence areas occurred due to construction work extensions in areas where other
categories of use were previously involved (e.g., the pasture area replaced by residential
area in the area situated on the left shore of Pantelimon II Lake; the industrial area replaced
by a commercial center in the area situated on the right shore of Fundeni Lake, near the
border of the study area). The current extension of the lakes has been delineated using
Open Street Map data [63].

From the land-cover change detection map generated from Sentinel-1 GRD data for the
Colentina River buffer zone, the areas where land use changes occurred during 2014–2018
have been identified. Figure 7 shows the map for determining the land-cover changes,
along with these areas. The identified areas are marked in blue.
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Figure 6. Subsidence areas in the Colentina River buffer zone, for the time intervals 2004–2010 and
2014–2018 [28]. Map generated in Esri® ArcMap™ 10.3. Base map source: OpenStreetMap. Source:
elaborated by the authors.

 

Figure 7. Land-cover changes for the Colentina River buffer zone modified after [28]. Map generated
in Esri® ArcMap™ 10.3. Base map source: ESRI. Source: elaborated by the authors.
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These areas include:

• Areas covered with vegetation in 2014 on which high buildings (residential complexes)
were built until 2018;

• Areas covered with vegetation in 2014, which were transformed into residential
districts with houses until 2018;

• Areas where infrastructure elements have been developed (e.g., parking extensions,
construction of new parking lots for already built buildings);

• Areas with buildings that have been demolished and where new buildings have been built;
• Areas covered with construction sites where the works were completed by 2018 [28].

Figure 8 shows the areas with land-cover changes during 2014–2018 (marked in brown)
as well as the areas showing vertical displacement during the two studied time intervals,
2004–2010 (red color) and 2014–2018 (purple). Some areas with land-cover changes are
independent of areas with subsidence or uplift. However, it is evident that there are also
areas where the two types of phenomena occur in the immediate vicinity. In many cases,
this happens due to the extension of construction work into distinct residential areas. The
combined analysis of the two types of phenomena can help when looking for the factors
generating subsidence and their localization. As an example, for the Intrarea Chefalului
area, situated on the left shore of Tei Lake, near the area indicating subsidence, on the
northeast, there is an area where changes were detected. The values of negative subsidence
are higher on the border of the two types of areas. From the other available information, it
was evident that in the area with land changes detected, construction work took place and
was finalized in mid-2019. This work can contribute to the ground displacement values in
the neighboring area.

Figure 8. Areas showing land-cover changes and vertical displacements for the periods 2004–2010
and 2014–2018. Map generated in Esri® ArcMap™ 10.3. Base map source: OpenStreetMap. Source:
elaborated by the authors.
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The map presented by Figure 9 brings together both areas with potential instability
and areas showing land-cover changes, and areas with negative vertical displacements
determined from PSI maps generated from Sentinel-1 data for 2014–2018 and ENVISAT
ASAR data for 2004–2010. Most of the subsidence areas, both for the 2004–2010 and
2014–2018 periods, are in regions that have been determined to have the potential for
instability, generated by construction activity and outlined by the land-cover changes or
historical activities in terms of quarries for building materials or similar. In the vicinity of
the lakes of Colentina, an important land-cover change yet to be mentioned is the drainage
of some areas which in the past were part of the lakes of Colentina and are now urban areas.
These are highlighted in shades of red in Figure 9. In some areas (e.g., the embankment
zone of S, oseaua Nordului), partial stabilization of the area could occurred between the
analyzed time intervals due to the interruption of the construction works or by completion
of the buildings settlement processes.

Figure 9. Areas showing subsidence and instability potential. Map generated in Esri® ArcMap™
10.3. Base map source: OpenStreetMap. Source: elaborated by the authors.

Four of the 37 instability areas are further discussed, namely Promenada, Pod BV,
Gara Herastrau, and Soseaua Nordului. Table 4 provides the processed information used
in the analysis: the name of the area; Sentinel-1 orbit used to generate the PSI map; the
behavior of the area during the period 2004–2010; the average annual velocity along the
line of sight (LOS); the distance between the centroid of the area and the lakes; the presence
of anthropogenic soil and its thickness; the thickness of the loess layer; the previous area
situation (water or swamp cover identified in the historical maps); the presence of a career
of construction materials used in the past; the geology of the area; the monitoring of
borehole locations nearby each area; the depth of the shallow aquifer strata (Colentina
gravels); the depth of the water table of the shallow aquifer (unconfined). Changes of
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the shallow aquifer groundwater hydraulic head matches the chained lake’s water level
variation as their bed shows a direct hydraulic connection to the shallow aquifer.

Table 4. Processed information for Promenada, Pod BV, Gara Herastrau, and Soseaua Nordului areas.
Used data sources [28,38,41,64].

Name of the
Area

PSI SI
Subsidence

during
2004–2010

Average
Displacement

(LOS)
[mm/year]

Distance
Area-Lake

[m]

Anthro-
pogenic

deposits [m]

Loess
Presence [m]

Ðried Area

Previous
Career of

Construction
Materials

Geology

Depth to the
Shallow
Aquifer

Strata [m]

Depth to the
Water Table

of the
Shallow,

Unconfined
Aquifer [m]

Promenada 109D No −1.3 460 No No No Yes qp2/3-Dd 5 to 20 0.3
Gara

Herastrau 109D No −2.1 611 <2 15–17 No No qp2/3-Dd 10 to 20 15.8

Pod BV 109D No −1.1 547 No 2.5–6 partially No Partially qp2/3-Dd 10 to 20 8.3
Soseaua

Nordului 131A Partially −1.4 513 2.5–6 No No qp2/3-Dd 0 to 5 4.27

Located on the left bank of Lake Floreasca, at a distance of over 500 m, the areas
Promenada, Pod BV, and Gara Herastrau (Figure 8) are characterized by the presence of
anthropogenic deposits or as being used as the location for previous construction materials
quarries. The construction work that carried on during the period preceding the 2014–2018
interval in these areas as well as in neighboring ones represent the identified land-cover
changes. Most of these land-cover changes are related to the construction of high office
buildings. Table 4 shows the comparison between the evolution of the water level in the
Floreasca Lake and the evolution of the values of the vertical terrain displacement. Even
for both, there is a general downward trend during the period when the water level of the
Floreasca Lake decreased at a sharp pace; a steeper downward trend for vertical terrain
displacements has been registered (Figure 10). Therefore, when the lake’s water level
decreased 2 m from November 2014 to April 2016, a negative displacement of more than
20 mm occurred at the ground surface. An offset of a few months can be observed between
the water level and ground displacement trends. This is due to the different behavior of the
surface water and of the groundwater. Considering the linear trendline for Floreasca Lake
and for the ground displacements, for medium decrease of 1.5 m in the water lake, 15 mm
of subsidence is registered.

The Soseaua Nordului area has similar characteristics to the aforementioned ones,
more precisely, it has neighboring areas with anthropogenic deposits and areas with land-
cover changes in the vicinity due to construction activity. The main difference is that
the construction work in the Soseaua Nordului area includes office buildings along with
apartment buildings. A peculiarity of the area is the fact that it was partially affected by land
displacements during 2004–2010. Figure 11 shows the comparison between the evolution
of Herastrau Lake water level and the land displacement trend of this area. Herastrau Lake
is the only lake of Colentina River where the water level increases periodically (controlled).
It is evident that there is a slight reverse correspondence between the two data series.
Although the general trend of the vertical displacements shows subsidence, during the
periods when the lake water level registers minimum values, the values of the terrain
surface displacements have a slight ascending trend followed by a descending trend.
During periods when the lake water level has maximum values, the terrain surface shows
a descending trend followed by a slight rising trend.
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Figure 10. Comparison between the Floreasca Lake water level and the evolution of the land vertical
displacements in the Gara Herăstrău area. Source: elaborated by the authors.

 

Figure 11. Comparison between the Herăstrău Lake water level and the evolution of the land vertical
displacements in Soseaua Nordului area. Source: elaborated by the authors.

The obtained results show a major concordance between the water level of the lakes
and the vertical displacements of the surrounding areas, both with decreasing tendencies, in
the context of a strong hydraulic connection between the Colentina riverbed and the shallow
aquifer strata. The presence of anthropogenic deposits associated with groundwater
fluctuations showed amplified ground vertical displacements, compared to the areas where
natural deposits exist. Another association that can produce land movements is provided
by the presence of marshy soils as a base layer for heterogeneous anthropogenic deposits.
In all the areas mentioned above, these observations lead to the necessity for further local
studies [65] in order to properly discriminate between the phenomena and processes
generating subsidence. Civil engineers and urban planners should use these studies to
further investigate local geology and possible anthropogenic strata, the ground geotechnical
properties, and the local hydrogeological settings. These studies, providing an accurate
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overview of the ground conditions, should be included as support for the general urban
plans of the cities, documenting future developments.

4. Conclusions and Recommendations

The analysis of the support studies of the Urban General Plans for 17 Romanian cities
showed that urban planning documents do not sufficiently rely on groundwater infor-
mation. Corresponding hydrogeological studies include only general recommendations,
and these do not include specifications targeting reliable water-balance preservation or
detailing the necessity of implementing monitoring systems to survey groundwater levels.
These do not recommend either special constructive measures to be implemented for future
infrastructure elements and do not include maps delineating particular geotechnical and
hydrogeological characteristics.

The analysis of Bucharest clearly shows that anthropogenic influences severely alter
the water cycle in urban areas. The change in the water cycle induced by urban areas
directly affects the groundwater level. Increasing groundwater levels can lead to flooding
while lowering groundwater levels can lead to subsidence.

The construction of high-rise offices or residential buildings, made in several locations
in the Colentina study area, create basements on several levels, which makes the extension
of the buildings exceed 10 m in depth. This leads to the use of dewatering systems required
to locally reduce the hydraulic head of the shallow aquifer to ease the construction work
and later allow for the optimal use of the basements. In the case of the intensive develop-
ment of the subsurface constructions, the associated procedures of lowering or raising the
groundwater level would have a strong impact on the neighboring infrastructure elements
or networks. Depending on the pumped volume of the groundwater, this operation can
have effects on the aquifer dynamics and can lead to displacement of the land surface,
water level decrease in neighboring lakes, and the instability of infrastructure elements or
changes of their hydraulic interaction.

The vertical displacement of the earth’s surface generally has a combined cause,
involving problems of geotechnics, hydrology, hydrogeology, and geological aspects. Since
elements in urban areas both underground and aboveground are exposed to more factors
than in the extra-urban area, it is very difficult to accurately identify the causes and effects
of certain phenomena that occur. The historical component of this problem is that in the
past various works were carried out without keeping coherent and concrete records of the
work process. In the rare cases where this information exists, it is not sufficiently detailed.

Increasing awareness of the strong linkage between urban development and ground-
water is necessary for urban planners and decision makers because of the urgent need
for applying coherent and correct city guidelines that consider both aboveground and
underground development, including groundwater management.

Accurate analysis of urban groundwater should be performed with two considerations:
(1) the resilience of city development, and (2) groundwater resource protection. The first
consideration focuses on the unfailing development of city infrastructure in terms of its
ecological resilience as well as land stability, preventing the delay of construction projects
and cost overrun, and of subsequent damage to urban infrastructure [3]. The second
consideration emphasizes the qualitative and quantitative protection of the entire aquifer
system the city is laying on.

Underground city management could be performed by implementing a service within
the municipalities in charge of data and decision-making concerning geology, groundwater,
and the subsurface infrastructure elements and networks. This management should directly
cooperate with the main actors represented by the city institutions and professional groups.
This inter-institutional framework should regroup the (a) public administration including
the municipality’s environmental department; the institutions in charge of underground
transportation networks, utility operators, the management of Lakes and Parks, and oth-
ers; (b) urban planners; (c) water operators and infrastructure developers—those who
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make underground constructions: subways, railways, warehouses, buildings with deep
foundations; and (d) academic research centers.

The directions that should be followed are: (1) The development of a guide for
urban hydrology data to be collected and used in urban planning; (2) defining a pallet
of constructive solutions to allow a steady urban water cycle, for example, measures to
allow aquifers to recharge or reduce the barrier effect; (3) integrating urban hydrogeology
technical guides in the cities’ urban planning documents, thus focusing the low impact
development in terms of minimizing the hydrological urban balance disruption.

As future research continues, it must be mentioned that even if the time interval
in which the subsidence analyses are performed is relevant (a period of four years), the
follow-up over a longer period may allow for a broader analysis. This will facilitate a more
accurate identification of the subsidence triggers which are mainly related to geotechnical,
hydrogeological, or geological data. Although the time frame is relevant, the consistency of
the analyses may be affected by the heterogeneity of the data acquisition intervals, which
differ for each data set. In the case of climate and satellite data there are daily or a few days’
step measurements, however, in the case of the hydraulic head measurements performed
for this case study, measurements were at longer intervals. By improving the hydraulic
head data acquisition system, a coherent overlap with other types of data can be obtained.
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