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Travertine and calcareous tufa are the lithological terms generally used to describe
continental carbonates. They form in subaerial environments, located around groundwater
seepages, springs, and along streams and rivers, via the precipitation of calcite/aragonite
from waters that range in temperature from ambient to boiling [1]. These deposits exist
across all continents, some of them are confined to small, local discharge aprons below
spring emergences, whereas others cover extensive areas and form impressive structures
(e.g., Tivoli in Italy, Pamukkale in Turkey, Mammoth Hot Springs in USA, Plitvice in Croa-
tia). Travertine and calcareous tufa are complex systems, which are generally investigated
using a multidisciplinary approach in order to elucidate the formation processes, envi-
ronments, depositional models, and diagenesis. The multidisciplinary approach involves
geochemistry (elemental and isotope compositions, dating), meso- and macro-scale mor-
phological observations, mineralogy, petrography and sedimentology, and the analysis of
biotic content. The active carbonate-depositing systems are natural laboratories, enabling
the study of the geochemical characteristics of forming-travertine/tufa and their parental
waters. Fossil deposits are important terrestrial archives that are capable of recording
past climates, environmental changes, neotectonic activity, and hydrological-hydrothermal
circulations. They indicate the possible locations of geothermal resources or contribute to
the reconstruction of the carbon cycle.

This Special Issue, entitled “Geochemistry of travertines and calcareous tufas”, in-
cludes eleven contributions about travertine and calcareous tufa. The topics discussed
included fossil and/or active deposits of natural or anthropogenic origin from three con-
tinents (Europe, Asia and America). These carbonate deposits were investigated using
several geochemical methods, such as the determination of major and trace element compo-
sition, mineralogy, stable (oxygen, carbon, strontium) and clumped isotopes, and radioiso-
topes (radiocarbon, uranium series). In many cases, the geochemistry of the parental waters
of the precipitating carbonates was also considered. Combining different geochemical
methods with results from field survey and facies analysis, several contributions aim to
determine the genesis of the deposits, the characteristics of the precipitating waters, and
the relationship between carbonates and the geological/tectonic settings (Contributions
1,5,6,7,8,9,11). Some studies focus on the use of travertine as a paleoclimate record
(Contributions 2, 6, 10), or as an indicator of geothermometric sequence, via the analysis of
the Mg/Ca ratio (Contribution 4). With a different purpose, a study on clumped isotopes
focuses on a methodological aspect regarding the use of this new technique on carbonate
systems of anthropogenic origin (Contribution 3). The main features of these articles are
reported in the summary below.

The paper of Porras-Toribio et al. (Contribution 1) investigates the laminated aragonite
travertines currently precipitating from a high-temperature hot spring (70 °C) with active
degassing on the coast of Tamiahua Lagoon (Mexico). The authors assess mineralogy and
petrography, trace elements, stable isotopes (C, O, S) on carbonates, elemental sulfur, and
sulphates, as well as the chemical (major and trace elements) and isotopic characterization
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of freshwater and hydrothermal fluids. The authors conclude that aragonitic travertines are
generated by CO, and H,S emanations of deep origin and by oxidation-reduction reactions
that are linked to surficial bacterial activity.

The paper of Li et al. (Contribution 2) presents detailed petrographic and mineralogical
observations, stable C and O isotopes, and U/Th dating of a travertine dam from Zabuye
Salt Lake, which is a semi-dry salt lake located in the southwest of the Tibetan Plateau
(China). This study tries to explain the precipitation sequence of Zabuye Salt Lake over
the last 800 years (1191-1982 AD), suggesting that travertine might record the evolution of
meteoric paleo-precipitation (paleo-monsoon) on a decadal-centennial scale at least.

The paper of Holdsworth et al. (Contribution 3) investigates the clumped isotope val-
ues recorded in anthropogenic tufa from high-pH (>10), hydroxylation-related carbonates
sampled in northeast England. The authors present the test results of these human-derived
carbonates as an archive for evaluating the impact of kinetic fractionations on A47.

The paper of Auqué et al. (Contribution 4) focused on the utility of the Mg/Ca
elemental ratio of calcite as a temperature indicator in continental carbonates. Recent tufa
stromatolite records from four rivers on the Iberian Peninsula are selected for trace element
analysis based on six-monthly sampling. The authors report that the seasonal variations in
mineralogy, stable isotopes (C and O) of carbonate and water, and hydrochemistry offered
the opportunity to decipher the behavior of Mg/Ca ratio in the continental carbonates. The
authors concluded that the wide variety of parameters that are involved in the (Mg/Ca)caicite
limit it as a geochemical thermometer in continental sedimentary environments.

The paper of You et al. (Contribution 5) investigates the lithofacies and stable carbon
and oxygen isotopic compositions of banded travertines sampled from the fissure ridge of
Xiagei (southwestern China) in order to examine their formation mechanisms. The parental
CO; and the paleotemperature are determined, and two lithofacies are recognized. The
latter show distinct calculated paleotemperatures, suggesting that temperature is a non-
negligible control factor in the deposition of the two types of travertines, with important
implication for paleo-environment studies.

The paper of Lv et al. (Contribution 6) investigates the Jiuzhaigou calcareous tufa
deposit, located at a high altitude (about 2200 m a.s.l.) in the eastern margin of the Tibetan
Plateau (China); the study is focused on a profile recently that was exposed by an Mw
7.0 earthquake that occurred in the region on 8 August 2018. Mineralogy, petrography,
major/trace element content, stable isotope composition, and radiocarbon dating allow
the authors to investigate the origin of this deposit, its paleoclimate significance, and its
relationship with the seismic activity of the region.

The paper of Lu et al. (Contribution 7) studies a travertine mound from Sobcha, a
high-altitude deposit (about 4700 m a.s.l.) in central Tibet (China). The Sobcha travertines
are fossil deposits, but modern hot springs, with alkaline pH and deficient in Ca?*, are still
present near the studied deposit. Using stable isotopes (C, O, Sr), trace elements including
the rare-earth elements (REE), U/Th dating, mineralogy, and petrography, the authors
reconstruct the genesis, the paleofluid source(s), and fluid evolution of this deposit.

The paper of Deev et al. (Contribution 8) studies the travertine cements that occur
within the zones of active faults bordering two intramontane basin in the Gorny Altay
area (Russia). The authors present results for petrography and mineralogy, major and
trace elements including REE, stable C and O isotopes. They also perform U/Th dating on
carbonates and analyze major and trace elements and stable O and H of present-day waters.
Combining the results of their analyses, the authors discuss the origins of paleofluid, the
factors influencing the precipitation of calcite and aragonite, the relationship of travertine
formation with paleoearthquake and paleoclimate, the possibility of use travertine cement
as important tool for paleoseismological research in seismically active regions.

The paper of Giustini and Brilli (Contribution 9) reviews the literature data available
on the uranium content and 2**U /23U initial activity ratio of 15 travertine and calcareous
tufa deposits found in Italy. Using a graphical method, data are interpreted considering the
U geochemistry in natural environments as well as the geological, hydrogeological, and
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hydrogeochemical features of each site. The paper discusses the factors that appears to
affect the U content and 234U /238U initial activity ratio in travertine and tufa, such as the
availability of U in the aquifer rocks, the redox state of the waters, and the alpha-active
radionuclide recoil phenomenon. The results suggest an interpretative model that might
contribute to the paleo-environmental reconstruction of fossil travertine and calcareous
tufa-depositing systems.

The paper of Brilli and Giustini (Contribution 10) investigates the stratigraphy of a
buried travertine deposit, identified in a well at Prima Porta (north of Rome, Italy), using
stable C and O isotopes, trace elements, and U/Th dating. The resulting isotope and chemi-
cal stratigraphy describe the temporal evolution of events that are correlated with global
climatic variability. The authors reconstruct how paleoclimatic changes influenced the
hydrological regime and indirectly altered tectonic activity by modulating the emission of
deep CO,, the chemistry of the groundwater, and ultimately the precipitation of travertine.

Using stable and clumped isotopes, U/Th dating of carbonates, and the isotopic
composition of water sampled at active travertine spring mounds, the paper of Vieira et al.
(Contribution 11) proposes a geochemical study of active and fossil travertine mounds
found in several localities of Slovakia. The authors outline the age, origin, precipitation
conditions, and temperature of these travertines, reconstructing the paleoclimate and
paleo-environment during their deposition.

Overall, the contributions published in the Special Issue of Minerals, entitled “Geo-
chemistry of travertines and calcareous tufas”, have confirm the ability of geochemical
tracers to integrate and deepen the knowledge obtained from the geomorphological and
sedimentological studies of travertine and calcareous tufa deposits. We are particularly
pleased to present the contributions relating to the new clumped isotope technique and to
the use of trace elements which, due to their behavioral complexity, have been outpaced
over the years by the more easily interpretable conventional isotopes, with the idea be-
ing that “an intelligent application of complementary techniques is a powerful means of
constraining the validity of competing theoretical options” [2].

As the Guest Editors of this Special Issue, we hope you enjoy reading these varied
and excellent contributions. Our sincere thanks go to the Minerals staff for their help and
guidance, and to all reviewers for their hard work.

Conflicts of Interest: The authors declare no conflicts of interest.
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Abstract: Laminated travertine forms in and around an active hot spring on the west coast of
Tamiahua Lagoon, north of the state of Veracruz, Mexico. Fluid chemistry is characterized by
discharging slightly acidic pH hot water and gas at a constant flow rate. Moreover, finely interbedded
mineralogical products from discharging waters at 70 °C host scattered hydrocarbons. The mineralogy
and geochemistry of the travertine formations were characterized to determine their origin. Rock
samples were collected and further studied by transmitted light petrography, X-ray diffraction, and
EDS-coupled scanning electron microprobe. Identified mineralogy from outcrop samples includes
aragonite, gypsum, anhydrite, and elemental sulfur as essential minerals, with calcite, celestine, barite,
jarosite, opal, and fluorite as accessory minerals. Isotopic analyses for C and O were determined in
carbonates, S isotope ratios on both elemental sulfur and sulfates, whereas measurements for trace
elements and lanthanides were performed on carbonates. A suit of brines and condensates from gas
samples was collected for H and O isotopic analyses and concentration determinations of the main
ions and major and trace elements. Isotopic values of §'>C and §'80 of aragonite are in the range of
+1.75%o0 to +2.37%0 and —1.70%. to —0.78 %o, respectively. The 534S isotopic values of native sulfur
and sulfates ranged from —4.0%o to +1.2%.. The isotopic values of 52H (—5.50%0) and 8180 (+7.77 %)
of hot water samples collected in terraces where aragonite precipitates suggest a mixture between
meteoric water and the Gulf of Mexico oil-field related waters. It was concluded that the aragonitic
formations near Tamiahua Lagoon are hypogenic and were generated by CO, and H,S emanations
of deep origin and by oxidation-reduction reactions that can be linked to surficial bacterial activity.

Keywords: travertine; meteogene carbonates; thermogene carbonates; hydrocarbon; native sulfur;
dendritic aragonite; oil-field waters; sulfates

1. Introduction

Travertines are very active sedimentary continental systems around the world, where
above ambient temperature carbonates (calcite and aragonite) chemically precipitate by
rapid CO, degassing from highly supersaturated calcium carbonate brines. Travertine
formation results from a complex interaction between geochemical, physical, and microbial
processes [1-5]. Carbonates precipitated from hot spring water, seeps, and fumaroles are
classified as thermogenic travertines [6-8], while those derived from ambient-temperature
water are known as tufas. According to Pentecost (2005) [6] and Pentecost and Viles
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(1994) [9], those carbonates formed from groundwater loaded with some meteoric compo-
nent and where atmospheric carbon dioxide is fixed are called meteogene. The carbonic
acid formed in this process dissolves the regional deep limestone layers and enriches the
groundwater with CO, [6]. On the other hand, thermogene travertines are formed by
CO; [8,10] released by thermal processes within the earth’s crust. When CO; is dissolved
in groundwater under higher-pressure conditions, it dissolves rocks rich in calcium and
rises to the surface as hot springs, often in zones of recent volcanic or hydrothermal activ-
ity [6,11,12]. It is worth mentioning that different authors [13] choose to use the acronym
CATT (Calcite and Aragonite Travertine and Tufa) to designate these deposits jointly.

The detailed study of travertine formations requires the combined use of different dis-
ciplines and analytical methods such as mineralogy, sedimentology, isotope geochemistry,
carbonate chemistry kinetics, paleoclimatology, and geomicrobiology ([8,14] and references
therein). The most frequent low-temperature travertine morphologies are mounds, pen-
dants, and terraces associated with dams. The laminations are the most common textural
lithofacies observed in many of these formations. Their cyclicity, origin, and relationship
with biogenic activity are still discussed [8,15-26].

Travertines have historically been recognized worldwide as construction material [27,28];
they are also located in sightseeing areas, and their scientific importance is even more
relevant. Travertine formation results from complex interactions between the upper crust
lithologies, aqueous chemical processes in the sub-surface environment, and microorganism
metabolic processes. According to some authors, current continental deposits represent a
recent analog of the non-marine stromatolites from the past [29]. In addition, travertine
characterization is important to understand the effects of past climate change based on
its paleoformation, the survival mechanisms of extremophile microorganisms at high
temperatures, and the natural mechanism of CO, sequestration [6].

The Gulf of Mexico is a well-known zone characterized for hosting a series of hydro-
carbon oil fields at depth. On this area, on the west coast of Tamiahua Lagoon—north of the
state of Veracruz and just on the shoreline—laminated travertines currently precipitate near
a high-temperature hot spring with active degassing. Although it was previously reported
solely as a hydrothermal feature, the present work is the first study to characterize the
hydrothermal precipitates in the margin of Tamiahua Lagoon. The present work aims to:
(a) determine the mineralogy, fluid chemistry, and classification of the travertine formation;
(b) characterize the compositional and isotopic signatures of the different types of water
(brines) related to the travertine precipitation; and (c) determine travertine genesis, estab-
lishing its relationship with the regional fault system and with the hydrocarbon emanations
of the area.

2. Geological Context

The studied area is located in the northern area of the state of Veracruz, east of the
Campo del Mamey oil field, on the eastern side of Tamiahua Lagoon, and between the
coordinates 21°31'27" N and 97°36/26" W (Figure 1).

Non-consolidated detrital sedimentary units and carbonates from the Eocene to the
Pleistocene ages outcrop in the study area. Recent lacustrine-type material is recorded,
given the constant influence of the Tamiahua Lagoon and the rivers that flow into it,
whereas basement units are not superficially exposed (Figure 2).

At the regional scale, Tamiahua Lagoon is located on the Gulf of México coast and
belongs to the "Eastern Intraplate Volcanism" sector of the Trans-Mexican Volcanic Belt
(TMVB), being the area therefore dominated by a convective-type heat flow [30]. The
center and the southeast area of this province are characterized by recent volcanic activity
of the Miocene to the Quaternary age. The most important volcanic fields in the zone
are San Carlos, Sierra de Tamaulipas, Tlanchinol-Tantima-Alamo, Chiconquiaco-Palma
Sola, Anegada High, and Los Tuxtlas Volcanic Field, all of which are associated with an
extensional tectonic setting [31], which in turn determines the existence of the main scale
tectonic lineaments with regional NW-SE orientation. The second type of lineament is
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associated with the Otontepec or Tantima mountains, which display 40° to 60° NE-SW
direction. Finally, a third younger lineation from NE 80° SW to E-W [32] is recorded,
tectonically unrelated to the previous ones.

400 km

Figure 1. Location of the studied area: Tamiahua Lagoon, Veracruz, Mexico.
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Figure 2. Geologic map of the area. Modified from Maldonado Lee et al., (2004) [32].
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The travertine formations of Tamiahua Lagoon could indirectly be associated with an
anthropogenic event that occurred in July 1908, during the drilling of an oil well called San
Diego de la Mar Number 3, which was conducted by the “Pennsylvania Oil Company of
Mexico”. When the drilling reached a depth of approximately 556 m, it suddenly went out
of control, causing the release of the oil and setting fire to the areas where the hydrocarbon
spilled out. Furthermore, due to the reservoir’s internal pressure, a second outlet was
generated, causing the collapse of the surface and the formation of a crater denominated
“Pozo de dos Bocas”, situated at 2.65 km of the studied area (Figure 1).

The spilled oil flowed to the east into Tamiahua Lagoon, covering an area of 30 km?.
After the explosion, it left an artificial lagoon with a diameter of ~500 m, where the fire lasted
for approximately three years until the oil field was exhausted and the fire extinguished.
Currently, this artificial lake is a remnant of the well San Diego de la Mar Number 3, which
intermittently emanates crude oil (chapopotera) and sulfurous saltwater [33].

Outcrop Description

The studied travertine formation is on the eastern shoreline of Tamiahua Lagoon,
and—according to Pentecost’s [6] classification—it can be described as a small composite
autochthonous flat mound with subcircular morphology and an irregular sub-vertical cone
(Figure 3).

Figure 3. General and detailed views of the travertine formation at Tamiahua. (a) General view
of the travertine formation; (b) main fumarole where the steam outlet can be seen (E-W direction);
(c) sub-horizontal carbonate and black hydrocarbon layers near the vent; (d) general view of aragonite
terraces; (e) cavity in the superficial part of the principal mound; (f) general view of the spring water;
(g) iron mineral deposit associated with fractures near the vent; (h) fault with NW-SE orientation;
and; (i) vertical layers of aragonite (banded palisade carbonate) travertine near the fumarole cone
(E-W direction).
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In 2017, the original cone elevation was less than a meter high and was almost inactive
(probably by sealing at depth), but later raised, and lateral emanations on lower cones have
been developed. Morphologically, it is characterized by a slight elevation (approx. 2.5 m
above sea level) towards the center, where small fumaroles that exhale vapors stand out
(Figure 3b). The surficial outcrops of older precipitates are laterally exposed as thin terraces
concentrical to the main fumarole and have a diameter of nearly 50 m. The present surface
is covered by elemental sulfur, giving a characteristic yellow—green color (Figure 3a,b,e).
Small fissure walls were observed surrounding the original cone, and the whole system
is crossed by fractures enriched in iron oxides (Figure 3g,h). The carbonate layers are
intercalated with very dark ones and related to hydrocarbon emanations (Figure 3c).

The current active spring is situated at sea level to the west of the fossil formation
and covers an area of approximately 12,000 m?. Additionally, the area is characterized by
the presence of mud terraces (0.5 to 1.5 m in height), shallow pools (~10-30 cm), and low-
temperature hot waters flow, from which the hydrothermal fluid emanates (Figure 3d,f).
The measured surface temperature is ~70 °C. The deposition rate in the terraces is very
high and the carbonate accretion remains ongoing.

3. Materials and Methods

Aiming to reveal the origin of the hot spring precipitates, investigations were carried
out during two field trip periods corresponding to November 2017 and September 2018.

3.1. Rock System

Forty-seven rock samples from the travertine formation were collected from several
sites (Figure 4), cut, and polished to characterize mesofabric textures, after which they were
selected as dedicated samples for the transmitted light petrographic analysis (Figure 4).
Polished slabs and thin sections were observed with a Zeiss Discovery V8 and a Zeiss
Axio Imager A2m, respectively; both are equipped with an AxioCam camera (Carl-Zeiss
Micrscopy, Oberkochen, Germany). Microscopic features were described using petro-
graphic and scanning electronic microscope observations (SEM). The SEM operated at
low vacuum (as environmental electronic microscope) and this allowed the samples to
be visualized without coating them. Nitrogen gas and small pressure variations were
used to increase conductivity. Samples were studied using both backscattered electrons
(BSE) and semi-quantitative analysis by energy-dispersive X-rays (EDS). The equipment
used was a Zeiss model EVO MA10 (Carl-Zeiss Micrscopy, Oberkochen, Germany) from
the Laboratory of Electron Microscopy and Nacional de Geoquimica y Microanalysis of
LANGEM (Laboratorio Mineralogia, UNAM, Mexico City, Mexico).

For X-Ray diffraction (XRD) analysis, 36 selected samples were finely grounded using
an agate mortar and pestle, sieved (<45 pm), and mounted as random fractions using
a double-sided aluminum holder to determine their mineralogy. The fine material with
banded texture was sampled using a micro-drill with a DREMEL 4000 tungsten carbide
bit. XRD measurements were made using a Malvern Panalytical Empyrean diffractometer
(Malvern Panalytical, Malvern, UK) at the LANGEM, operating with an accelerating voltage
of 45 kV and a filament current of 40 mA, using CoK« radiation and iron filter (samples rich
in iron) and CuK« radiation and nickel filter (all the samples). All samples were measured
using high-resolution routines over a 20 angular range of 4-80° at a step scan of 0.003°
and an integration time of 40 s by step. Phase identification and Rietveld quantification
were made with a PDF-2 database using Highscore v.4.5 software. Relevant data from
the diffractometer used in the refinement are shown in Table 1. The refined specimen-
dependent parameters were the zero error, displacement error, polynomial fitting for the
background with six coefficients, cell parameters, crystallite size, atomic coordinates, and
isotropic temperature factors. The GOF values (Goodness of Fitting) show the fit between
Rietveld refinement and the experimental profile.
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Figure 4. Location of sampled waters (A) and rocks (B) of the studied site at Tamiahua Lagoon. In
the left image (A): (a) thermal water that emanates from the aragonite terraces; (b) freshwater from a
well close to the area; (c) seawater from the coast of Tamiahua Lagoon; (d) water from a small river
that flows next to the carbonate formation and flows into the lagoon; and (e) condensate from the
fumarole obtained using a titanium bell. In the right image (B): to avoid overlapping samples in the
figure, only the rock samples that have been cited in the body of the manuscript have been labeled.

Table 1. Relevant data from X-ray diffractometer EMPYREAN XRD used for the Rietveld refinement.

Geometry Bragg-Brentano
Goniometer radius 240 mm
Radiation source CoKa & CuKa
Generator 45 kV, 40 mA
Tube Fine Focus
Divergence Slit 1/2° (fixed)
Soller Slits 0.04 rad (incident and diffracted beam)
Incident beam optics Parallel mirror
Filter Iron filter & Nickel filter
Detector PIXcel3D
Step Size 0.002°
Integration Time 40s

Trace element analyses were obtained from ACTLABS (Activation Laboratories, On-
tario, CA, Canada) in four aragonite samples (Lithogeochemistry package 4B2-Res). The
samples were melted with a flow of lithium metaborate and tetraborate using an induction
furnace. Once this process was completed, digested samples were continuously mixed with
a 5% nitric acid solution containing an internal standard until the sample was completely
dissolved. Dissolved samples were analyzed with a Perkin Elmer Sciex ELAN 6000, 6100,
or 9000 ICP-MS (PerkinElmer, Waltham, MA, USA). Two samples were analyzed with
blank and three controls (two before the sample group and one after).

The carbon and oxygen isotopic measurements were determined in six calcium carbon-
ate powders obtained with a DREMEL 4000 tungsten carbide bit. First, each sample was
cleaned with acetone to remove surface organic residues. Then, the analyses were carried
out (by triplicate) using the procedure described by Révész et al., (2001, 2002) [34,35] using a
Gas Bench II coupled to a Thermo Finnigan MAT 253 (Thermo Electron, Bremen, Germany)
stable isotope mass spectrometer at LANGEM Stable Isotope Laboratory. An Oztech CO,
tank of certified isotopic composition (6"80yppp = —9.78 and §'3Cyppp = —10.99) was used
as a working standard. Two types of calcium carbonate internal standards (Sigma and
Merck) were included, each with a different isotopic fingerprint. 5'80yppp and 5'3Cyppp
results of carbonates were normalized using NIST reference materials NBS-19, NBS-18,
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and LSVEC to the VPDB scale according to the corrections described by Coplen (1988) [36]
for 6'80yppp and scale change to 5180yspow (Vienna Standard Mean Ocean Water) and
Coplen et al., (2006) [37] for 813Cyppp. A standard deviation of 0.2% was obtained for
oxygen and carbon with this technique.

The determination of 5!*C and %S in solid hydrocarbons (chapopote) was carried out
in two samples of approximately 2 g each. The analyses were performed at the GeoMark
Research laboratory in Houston, Texas, USA, using a Vario ISOTOPE Cube elemental
analyzer and a VISION isotope ratio mass spectrometer. Carbon isotopic analyses were run
twice each and calibrated using international standards (USGS24 and NBS22) and three
internal standards, with an analytical error of +0.1%. on the VPDB scale. Sulfur isotopes
were measured in triplicate and were calibrated using international standards (IAEA-5-1,
IAEA-S-2, and NBS127) with an analytical error of £0.3%. and reported on the VCDT scale.

Seven samples of native sulfur and three samples of sulfates (gypsum and anhydrite)
were selected to obtain their 534S isotopic fingerprints; all these samples were previously
sieved to <45 microns. The method used was described by Grinenko (1962) [38], using
cuprous oxide (CuyO) as an oxidizing agent. For the samples to enter the sulfur line,
each one was mixed with copper oxide and quartz in an agate mortar, and later the
material was introduced into glass tubes with quartz wool at the ends to allow the gas
to flow. In the sulfate samples (30 mg), 200 mg of cuprous oxide and 600 mg of quartz
were used, whereas only 200 mg of cuprous oxide was added for the elemental sulfur
(10 mg). The sulfur and sulfate in the samples were transformed to SO, through a furnace,
employing oxide-reduction processes at temperatures above 1000 °C (1080 °C for native
sulfur and 1150 °C for sulfates). The SOz was reduced to SO, in a second copper furnace
at 750 °C to avoid fractionation, and the water was trapped in an acetone trap cooled with
solid CO, while the vacuum pumps discarded the gaseous CO, through a pentane trap.
Final SO, removal was performed by passing gas trapped on a cold finger (liquid nitrogen)
into a bottle. Subsequently, SO, was isotopically analyzed in a SIRA II mass spectrometer
at the University of Salamanca, Spain.

3.2. Hydrothermal System near Tamiahua Lagoon

Fluid sampling consisted of acquiring five samples from hydrothermal brines (Figure 4A):
(a) thermal water that emanates at constant flow from the aragonite terraces; (b) freshwater
from a well close to the studied area; (c) seawater from the coast of Tamiahua Lagoon;
(d) water from a small river that flows next to the carbonate formation and into the lagoon;
and (e) condensate from the fumarole obtained using a titanium bell. According to the
pursued chemical analysis, samples were placed on polyethylene containers that were
previously washed. Four bottles of 120 mL (analysis of stable isotopes, trace elements,
anions, and cations) and one of 250 mL (analysis of bicarbonates) were filled with brine
for each sample. It was difficult to accumulate enough volume of condensate from the
fumarole, hence only stable isotopes (H and O) and major ions could be measured in this
sample. Type 1 water was used as a blank.

Additionally, a HANNA Instruments Waterproof Tester was used to obtain in situ
physicochemical measurements (pH, temperature, conductivity, salinity, and total dissolved
solids) of the different waters.

Samples for trace elements and isotopic analysis were filtered using a 0.45 um cel-
lulose acetate membrane. Major ions, trace, and isotopic analysis samples were filtrated
using cellulose acetate membrane. After filtration, the water samples for cation and trace
elements determinations were acidified (pH = 2) with ultrapure HNOj3 (70% w/w%). The
bicarbonate/carbonate concentration was determined in the field by volumetric acid-base
titration with pre-normalized HCI and visual indicators to identify the endpoint.

Using a Thermo brand Dionex ICS-5000 ion chromatography instrument, anions and
cations were determined. The eluent used for the anions was sodium hydroxide (NaOH)
and methanesulfonic acid for the cations. The calibrating solutions used were High Purity
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Standard with a stock concentration of 1000 mg/L. As a quality criterion of the standards
and sample repetitions, the variation coefficient was less than or equal to 2%.

For the §180 and §%H analyses, the containers were filled, avoiding the formation
of bubbles. Furthermore, each flask was sealed and stored in a cooler to refrigerate the
samples at 5 °C, and later taken to the laboratory for analysis. Stable isotope analyses
of 8180 and §H in water samples were carried out using an intracavity laser absorption
spectrometer (CRDS) Picarro L2130i with a high precision vaporizer from the Geothermal
Fluid Geochemistry Laboratory of the Instituto de Geofisica, UNAM, using international
standards (VSMOW?2 and GRESP). The analyses performed on the water samples for
isotopes were done in triplicate, with reproducibility of 4-0.1%. and +1.0%. for §'0 and
8%H, respectively.

4. Results
4.1. Rock System
4.1.1. Mesofabric

The Tamiahua Lagoon travertines are constituted mainly by abiogenic cyclic crystalline
multi-layered crusts. The principal mound is formed by well-bedded and finely laminated
compact carbonates, intercalated with very thin layers of native sulfur (yellow—orange color)
and sulfates (mainly white). In addition, layers of variable thickness and very dark color are
scarce and related to the emanation and deposition of asphaltene-like hydrocarbons (cookie
oils). Microbialitic bio-formations were not observed on the fumarole site, although active
biogenic processes cannot be ruled out due to small concentrations of algal mats being
found closer to the main discharging high-temperature hot spring. Lime-mudstone layers
dominate the facies and, bordering the fumaroles, cross-cutting bands (banded palisade
carbonate, [39-41]) were observed (Figure 3i).

4.1.2. Microfabric

The lamination at different scales (microns to centimeters) is the most noticeable textu-
ral feature of the deposits and it can be associated with a periodic change in precipitation
rates (Figure 5a—f) or to changes in the dynamics of the hydrological cycle, associated
with processes of natural or anthropogenic origin. The layers are plane, undulated, or
wavy and, in general, show alternate (two fabrics and colors) or cyclic (more than two
fabrics) repetitions [28]. The process of formation of wavy and porous lamination can be
observed in the terraces zone, carbonate layers being white or with different hues of blue.
The sequences with layers of different thicknesses (heteropachous) are predominant but
not exclusive on the site (Figure 5a,b).

The size and distribution of porosity are very heterogeneous. The cavities have greater
length than width, are parallel to the bedding, and seem related mainly to the inclusion and
emission of gas, causing fenestral type porosity (Figure 5c). Characteristic soft-sediment
deformation textures associated with the recurrence of gas bubbles (e.g., [12]) were also
frequently observed (Figure 5b,e).

In the petrographic observation, it was possible to verify that the aragonite is the
predominant mineral (Figure 6g). Crystalline crusts can be defined as bundles of acicular to
dendritic crystals of aragonite (e.g., [18,42—46] and references therein). This mineral occurs
as euhedral crystals with a fibrous habit (length to width > 6:1) (Figure 6a,b). These fine
needle-shaped crystals of tens of microns in length are rarely found as single crystals and
form regular arrays as plume-like fans, and spherulites made up of hundreds of fibrous
crystals (Figure 6d,h). Sometimes, in the center of these structures, small particles of other
mineral phases are observed; in some cases, the structures are a little more complex and of
a branched or dendritic type (Figure 6c). Acicular aragonite crystal growth was observed
directly in the water from terraces. The aragonite crystals are oriented perpendicularly to
the surface and can be associated exclusively with a rapid and inorganic crystallization
process [20,44,47-49]. In the water—air interface at the terraces zone and where the hot
spring is active, the rapid formation of aragonite paper-thin raft fabrics (also described as
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‘hot water ice’) and its continuous accumulation at the bottom was identified [6,27,50,51].
These textures were also recorded in the travertine’s fossil outer part (Figure 6e,f). This
texture is not very compact; therefore, sulfate crystals (gypsum, anhydrite, and, more
specifically, celestine) have been most frequently identified in the cavities between the
aragonite crystals (Figure 7a—c).

Sulfur

\ Hydrocarbons
i /
)

$ ¥

Gypsum

Figure 5. Main textural varieties observed in travertines. (a) Wavy homopachous aragonite layers
of different colorations and some very thin interspersed layers of sulfates (gypsum and anhydrite).
Native yellow sulfur crystals can be observed on the surface of the sample. The crystals of aragonite
have different sizes and are mainly arranged in radial aggregates of fibrous crystals. The radial fans
have an approximate diameter of 1 cm and their core is formed by solid hydrocarbon fragments
(black coloration) (Tami. 3.1). (b) Cross-section of the sample Tami 1.2, formed by slightly wavy
homogeneous and compact layers of aragonite in the upper section and more porous sheets with evi-
dence of soft-sediment deformation in the lower section. (c) Cross-section of sample Tami 1.1, formed
by porous wavy layers of aragonitic composition. The porosity is of fenestral type. This sample was
taken in the highest part of the formation near the gas emanation. (d) Plane heteropachous aragonite
layers with different thicknesses and some interspersed thin layers of sulfates (gypsum and anhydrite)
and low native sulfur. A sample was taken from the thicker white central band for lanthanide analysis
(Tami BC). (e) Blue wavy layers of aragonite with evidence of soft-sediment deformation on the left
section. A sample was taken from the thicker blue central band for lanthanide analysis (Tami AC).
(f) Little porous and almost horizontal levels of aragonite (mainly blue) interspersed with sulfates
(pure white) in the upper section; native sulfur (dirty yellow) and intercalated hydrocarbons (black)
can be observed (Tami 6.2). Table S1 (Supplementary Material) shows the mineralogic results obtained
by XRD, with the exception of the Tami BC and Tami AC samples, which were used to measure
lanthanides.
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Figure 6. Aragonite crystals with the acicular (a) (Tami 2.2); fibrous (b) (Tami 6.2); or dendritic
(c) (Tami 9.2) habit and forming aggregates with fan morphology (d) (Tami 1.2). Paper-thin raft fabrics
(e,f) of aragonite with gypsum filling the cavities (Tami 1.1). Regular, cyclic, and non-porous aragonite
layers of different colorations (g) (Tami 9.2). Pseudo spherulitic aggregates of aragonite associated
with gypsum (Tami 10.2) (h). Arg—aragonite; Anh—anhydrite; Gp—gypsum; HC—hydrocarbons;
S—mnative sulfur. Table S1 (Supplementary Material) shows the mineralogic results obtained by XRD,
with the exception of the Tami 9.2 and Tami 10.2 that were not analyzed.
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Figure 7. Small layers of native sulfur between the different aragonite layers (a) (Tami. 8.1). Gypsum,
anhydrite, and native sulfur filling cavities (b,c) (Tami #5). Native sulfur appears mainly as irregular
or botryoidal aggregates of small crystals with low crystallinity (d) (Tami #5). Arg—aragonite; Anh—
anhydrite; Gp—gypsum; S—native sulfur. Table S1 (Supplementary Material) shows the mineralogic
results obtained by XRD, except for the Tami 8.1 that was not analyzed.

In the petrographic study, it was also possible to verify that calcite is a very minor phase
(less than 10%); it appears as aggregates of very small anhedral crystals (a few microns) of
the micrite type. X-ray diffraction shows that such carbonate has low crystallinity (very
wide peaks in the diffractograms), and thus it is not ruled out that its precipitation may
be related to some process associated with biological activity. However, no petrographic
evidence of this hypothesis could be found.

Sulfur is abundant, unevenly distributed, and occurs as botryoidal aggregates of
anhedral crystals, often associated with iron oxides, making it difficult to observe in a
transmitted light microscope (Figure 7d). Small layers of native sulfur and hydrocarbons
(Figure 6g) are also found between the different aragonite layers. Associated with the
presence of sulfur, it is also common to find aggregates of euhedral to subhedral crystals of
gypsum and anhydrite (Figure 7b,c). These minerals are mainly found filling the cavities
that exist between the aragonite crystals, but it is also common to find them forming thin
layers interspersed between the carbonate layers

4.1.3. Mineralogy

The predominant minerals identified by XRD analysis were aragonite, gypsum, an-
hydrite, and elemental sulfur. Aragonite is mainly found forming regular aggregates of
acicular crystals. Gypsum and anhydrite occur mainly as subhedral crystals forming irreg-
ular aggregates and filling cavities. Finally, elemental sulfur appears as microcrystalline
and botryoidal aggregates associated with iron oxides and sulfates. The accessory minerals,
generally filling cavities or in the interior of the main phases, were calcite, celestine, barite,
quartz, and opal (Figures 7 and 8 and Table S1 of Supplementary Material). In addition,
hematite, goethite, and local hydronium jarosite-group minerals have been identified in the
small fractures present in the area.
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Figure 8. XRD patterns of characteristic samples of Tamiahua Lagoon travertine deposits: (a) Sample
Tami 1.3; (b) Sample Tami 1.6; (c) Sample Po 14R; (d) Sample Tami 6.2.

Aragonite, elemental sulfur, gypsum, anhydrite, celestine, opal, fluorite, and goethite
were identified using scanning electron microscopy coupled to SEM (Figure 9a—d). It is
worth mentioning that some authors (e.g., [26]) have also described the presence of fluorite
in travertines of deep origin. Quartz (<5 um) is scarce and has been identified as detrital
origin (Figure 9a). Celestine crystals (~10um) were found to be associated with aragonite
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by the bright hue of the image due to the presence of Sr (Figure 9a). Measurement with EDS
allowed us to determine the existence of 1-3% of Sr in the aragonite structure. Furthermore,
the presence of opal particles—rounded in shape, without crystalline faces, and with a
diameter of approximately 60 pm—was also identified (Figure 9c), as well as aggregates of
native sulfur of poor crystallinity (Figure 9d).
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Figure 9. SEM Images. (a) Detrital quartz and authigenic celestine crystals (top left image).
(b) Aragonite prismatic crystals (top right image). (c) Rounded opal inclusion (lower left image).
(d) Native sulfur crystals (lower right image). (e) EDS spectrum of fluorite crystal (lower center). The
identity of these minerals was identified by SEM-EDS and all of them, except fluorite, also by XRD.
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4.1.4. Geochemistry and Isotopic Composition of the Rock

Table 2 and Figure 10 show the concentrations of trace elements measured by ICP
in four Tamiahua Lagoon samples with pure aragonite crystals and one sample of native
sulfur. The sample labeled as Tami AC has a dark blue coloration and contains the highest
concentration of Y, Zr, U, and of all Rare Earth Elements (REE), while the samples Tami BC
and Tami 2.2, of white coloration, have a slightly higher concentration of Ni. All aragonite
outcrop samples have a high content of Sr (>1%), whereas the barium content in aragonite
samples is low (17-82 ppm) [13].

Table 2. Trace element composition of travertine samples including lanthanide concentrations of
four aragonite samples and one native sulfur sample (Tami 2AS) normalized to chondrite-type
meteorites [52].

Sample \'% Cr Co Ni Cu Zn Ga Ge As Rb Sr Y Zr Nb
DL 5 20 1 20 10 30 1 0.5 5 1 2 0.5 1 0.2
TAMI 6.2 <5 <20 <1 <20 <10 <30 <1 <0.5 <5 <1 10300 <0.5 1 <0.2
TAMI 2.2 <5 <20 <1 50 <10 <30 <1 <0.5 <5 <1 9350 <0.5 <1 <0.2
TAMI 2AS <5 <20 <1 <20 <10 <30 <1 <0.5 <5 <1 2370 <0.5 <1 <0.2
TAMI AC <5 <20 3 <20 10 <30 <1 <0.5 <5 <1 >10,000 3.5 2 <0.2
TAMI BC <5 <20 3 40 <10 <30 <1 <0.5 <5 <1 >10,000 <0.5 <1 <0.2
Sample Mo Ag In Sn Sb Cs Ba Hf Ta W Tl Pb Bi Th U
DL 2 0.5 0.1 1 0.2 0.1 3 0.1 0.01 0.5 0.05 5 0.1 0.05 0.01
TAMI 6.2 <2 <0.5 <0.1 <1 <0.2 <0.1 35 <0.1 <0.01 <0.5 <0.05 <5 <0.1 <0.05 <0.01
TAMI 2.2 <2 <0.5 <0.1 <1 <0.2 <0.1 17 <0.1 <0.01 0.8 <0.05 <5 <0.1 <0.05 0.01
TAMI 2AS <2 <0.5 <0.1 <1 <0.2 <0.1 12 <0.1 <0.01 <0.5 <0.05 <5 <0.1 <0.05 <0.01
TAMI AC <2 <0.5 <0.1 <1 <0.2 <0.1 70 <0.1 <0.01 <0.5 0.06 <5 <0.1 <0.05 1.33
TAMI BC <2 <0.5 <0.1 <1 <0.2 <0.1 82 <0.1 0.02 0.5 <0.05 <5 0.1 <0.05 0.02
Sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu XZREE
DL 0.05 0.05 0.01 0.05 0.01 0.005 0.01 0.01 0.01 0.01 0.01 0.005 0.01 0.002
TAMI 6.2 <0.05 <0.05 <0.01 <0.05 <0.01 <0.006 <0.01 <0.01 0.01 <0.01 <0.01 <0.005 <0.01 <0.002 0.01
TAMI 2.2 <0.05 <0.05 <0.01 <0.05 0.01 <0.005 0.01 <0.01 0.01 <0.01 <0.01 <0.005 <0.01 <0.002 0.03
TAMI AS <0.05 <0.05 <0.01 <0.05 <0.01 <0.005 <0.01 <0.01 <0.01 <001 <001 <0.005 <0.01 <0.002 0
TAMI AC 2.57 3.51 04 1.53 0.3 0.057 0.45 0.07 0.42 0.08 0.25 0.034 0.21 0.035 9.916
TAMI BC 0.09 0.17 0.02 0.1 0.01 0.007 0.01 <0.01 0.01 <0.01 0.01 <0.005 0.01 0.002 0.439
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Figure 10. Lanthanide concentrations of four aragonite samples and one sample of native sulfur
normalized to chondrite CI meteorites (Wasson and Kallemeyn 1988) [52].

Regarding the lanthanide content (Table 2 and Figure 10), there is a notable difference
between the concentrations normalized with chondrite [52]. The Tami AC sample has the
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highest abundance of lanthanides (}_REE = 9.9 ppm); while light-colored aragonite samples
(Tami 6.2 and Tami 2.2) have the lowest (}_REE < 0.5 ppm).

The 5'3C and §'80 values obtained for the six samples of aragonite (Table 3) are similar;
the §13C range is of +1.75 to +2.37 %0, while for §'80 it is of +1.70 to —0.78 %o.

Table 3. Isotopic composition of travertine deposits of Tamiahua Lagoon (carbonates, sulfates, and

sulfur) and solid hydrocarbon samples. Cc—calcite, Arg—aragonite, Gy—gypsum.

Carbon and Oxygen Isotopic Composition of Travertines

Sample Number Sample Code XRD Mineralogy 513Cyppg (%o) 5180y ppg (%o) 5180y smow (%o)
1 Cima 1 31% Ar, 9% Cc, 60% Gy +2.37 —-0.78 +30.11
2 Capa 2 100% Ar +1.83 —-1.39 +29.47
3 Banda 3.1 78% Ar, 28% Gy +1.93 —1.52 +29.34
4 Banda 3.2 100% Ar +1.83 —1.60 +29.26
5 Banda 3.3 100% Ar +2.02 —1.46 +29.40
6 Tami 7 100% Ar +1.75 —1.70 +29.16
Sulfur Isotopic Composition of Travertines
Sample Number Sample Code XRD Mineralogy 8348 (%o)
1 Tamiahua 2 Gypsum-anhydrite —4.0
2 Tamiahua 1 Gypsum-anhydrite —0.6
3 Tamiahua 5 Gypsum-anhydrite —0.8
4 M 1.2 Cristal Native sulfur —-0.1
5 Tamiahua 2R Sup Native sulfur =37
6 M5 Native sulfur +1.2
7 M5.2 Native sulfur —-2.3
8 Mé6 Native sulfur -15
9 M 8.2 Sup Native sulfur —0.6
10 M13 Native sulfur +0.3
Sulfur Isotopic Composition of Hydrocarbons
Sample Number Sample Code 513Cyppp (%0) % Sulfur 534S (%o)
1 MX0242 —26.85 2.16 7.64
2 MX0243 —26.44 3.02 7.50

Table 3 shows the §%*S results for the ten analyzed samples of native sulfur and
gypsum. The range of 534S is of —4.0%o to +1.2%o. The isotopic values obtained for native
sulfur (+1.2%o to —3.7%o) are very similar but slightly more positive than the sulfur isotopic
values obtained for sulfates ( —0.8 %o to —4.0%o).

Table 3 also shows the results for §!3C and §%S for the hydrocarbon asphaltene-like
samples (chapopote). Isotopic values do not vary significantly; values between —26.85
and —26.44%. are obtained for carbon, whereas values from +7.65 to +7.50%o. are acquired
for sulfur. The extremely negative carbon values of the hydrocarbon are due to its organic
origin, and the range of sulfur isotopic values are compatible with a thermochemical (53S:
5-15%o) or bacterial (§3*S: 0-10%o) sulfate reduction genesis [53].

4.2. Water System

A Durov diagram [54] was constructed to visualize the chemistry of major ions and to
compare it with pH and total dissolved solids (TDS). The pH of the hydrothermal emanation
water in the aragonite terraces is slightly acidic (Figure 11a), approaching neutral, as is
the water from the well (meteoric water). In comparison, the water from the river and the
lagoon is slightly alkaline (Table 4). The temperature recorded in the three-point intake
(well, river, and lagoon) is similar, being between 27 °C and 34 °C (the average annual
maximum temperature recorded at the climatological station of Majagual in Tamiahua is
29 °C; https:/ /smn.conagua.gob.mx/es/informacion-climatologica-por-estado?estado=ve
(accessed 15 June 2022), while the minimum surface temperature of the aragonite terraces
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was registered as 70 °C, similar to the outer part of the fumaroles in which steam emanates.
Table 4 contains the physicochemical data taken and recorded in the field of the water
samples, except for the condensate from the fumarole, which was not determined due to
the limited amount of water collected.

Table 4. The chemical and physicochemical properties of the water samples collected at different
points in the Tamiahua Lagoon area. The isotopic composition of stable elements in the water results
is also presented.

Surficial Electrical

Sample Description Temperature (°C) pH Conductivity (mS/cm) 81" 0vsmow: 8*Hvsmow?
a Terraces water 70 6.1 118 +7.94 —5.39
b Well water 27 6.4 3 —3.82 —18.87
c Lagoon water 34 8.1 45 +3.73 +23.75
d River water 32 7.9 0.06 +3.58 +22.49
e Fumarole water Not measured 8.4 3 +3.53 —9.54
f Duplicate of a 70 6.1 Not measured +7.77 —5.50
g Duplicate of b 27 6.4 Not measured —3.76 —18.85

We determined whether the aragonite is in isotopic equilibrium with the water from
which it precipitates. Among the numerous equations of carbonate—water isotopic equi-
librium, two equations were chosen. The first (Equation (1) is from a classical source [55],
and the second (Equation (2)) is one of the most recent recalibrations [56]. First, the cal-
culation uses a mean value of §'80 = +7.86 from the two available water measurements
(Table 4, analyses a and f). Second, for each carbonate (Table 3), its oxygen value was used
(8180 = —1.30 to —1.70), except for sample Cima 1, which had much calcite and gypsum
besides aragonite. Finally, both oxygen values for each sample (aragonite, water) were
used to calculate « = (1000 + 6180aragonite)/ (1000 + 5'8Oyater), which is then input into the
equations, and the temperature was calculated by solving the equations iteratively. The
error in T obtained from Equation (2) is from the =+ stated in the equation [56].

1000 In Xcarbonate-water = 09521 (10°/T?) + 11.59 (10%/T) — 21.56 (1)

1000 I 0taragonite-water = 17.88 [ 0.13] (103/T) — 31.14 [+ 0.46] @)

The temperature calculated using Equation (1) [55] is 65 °C and using Equation (2) [56]
is 69 % 4 °C, both similar to the water temperature measured in aragonite terraces (70 °C).
Based on this result, we can consider that the aragonite precipitation occurred not too far
from the chemical equilibrium [55,56].

The ionic balance was carried out with the cation and anion concentration from the
different Tamiahua Lagoon water samples (Table 5). The allowable range in ion balance for
geothermal systems is &= 10%, therefore the only water sample outside the limit corresponds
to the well sample.

The analytical results were plotted on the Durov diagram (Figure 11A), indicating
that all water samples can be classified as chloride-sodium water type and are related to
subsurface seawater invasion, given their proximity to the shoreline sedimentary basin. The
bicarbonates and lithium content are low for almost all the samples, except for the terraces
sample, which presents the highest values with 730 mg/L of bicarbonate and 20 mg/L of
lithium. The terraces, river, and lagoon samples have similar concentrations in some anions,
such as fluorides, chlorides, sulfates, and cations including sodium, magnesium, and
calcium. However, the terraces sample contains almost double the chloride (31,013 mg/L)
and sodium (15,953 mg/L) content and has half the sulfate content of the other two marginal
samples. The lagoon sample with 104 mg/L of fluoride, has almost twice the amount of
this element as the other samples. The potassium content is similar for the lagoon and
the river samples, which show the highest amount, while the other samples show low
concentrations. A ternary Na-K-Mg diagram (Figure 11B) [57,58] was created using the
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water sample values: these are major elements only for water from terraces, which presents
the highest surface temperature, and the fumarole, since it represents the condensate of
the vapor and gas that comes from the hydrothermal vent. The condensate sample from
the fumarole is almost at the equilibrium line, which corresponds to a temperature of
around 200 °C in the reservoir.

Table 5. The concentration of ions and trace elements from water samples in mg/L. DL—detection
limit; QL—quantification limit; NA—not analyzed.

Sample Al As B Ba Fe Cs Mn SiO, Sr \'
Terraces 0.02 0.13 32.27 0.18 <DL 8 <DL 38 73 <DL
River 0.02 <DL 2.96 0.1 <DL 2.06 0.16 6.6 4.55 <DL
Fumarole NA NA NA NA NA NA NA NA NA NA
Lagoon 0.42 <DL 3.11 0.07 0.36 2.88 0.03 6.8 4.61 <DL
Well 0.04 <DL 0.07 0.08 <DL 1.13 0.5 67.4 0.87 0.01
DL NA 0.08 0.03 0.003 0.002 NA 0.001 0.15 NA 0.002
(mg/L)
Sample F Cl— SO,2~ HCO;~ Na* Mg?* Ca%* K* Li*
Terraces 58 31,014 1288 730 15,953 1121 410 0.1 20
River 59 17,830 2864 45 9236 1023 452 339 0.03
Fumarole 0.2 907 151 15 634 0.1 40 44 5
Lagoon 104 16,836 2548 45 9762 1080 446 347 0.03
Well 13 864 655 231 366 49 147 15 0.03
DL 0.2 0.3 0.3 NA 0.1 0.1 0.08 0.1 0.03
(mg/L)
100% SO Legend
A YA
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Figure 11. (A) Durov diagram showing the dominant ions in relation to pH and Total Dissolved
Solids (TDS) of the water samples from Tamiahua Lagoon. The plot was created with the AqQA
(version 1.2.0). (B) Na-K-Mg diagram showing the chemical equilibrium of the waters of Tamiahua
Lagoon. The plot was created with the Liquid Analysis v3 program from Powell and Cumming
2010 [58].

In Table 5, it can be observed that the water labeled as terraces sample presents the
highest contents of B, Ba, As, Cs, Li, and Sr with values of 32.27, 0.18, 0.13, 8.0, 9.21,
and 20 mg/L, respectively. On the other hand, the well sample has the highest value of
510, with 67.4 mg/L. Although it is of near-alkaline conditions, the abundance of silica in
well water can be related to the dissolution of silicate minerals at higher temperatures and
depths, conditions that do not exist around the lagoon and surficial terraces where we only
found carbonates and sulfates.

The analytical results obtained for trace elements indicate low values, even below the
instrument’s detection limit, as is the case for As, Fe, Sb, Pb, and V.

The diagram proposed by Arnérsson and Andrésdéttir [59] was replicated for this
study in order to represent the relationship between Cl and B in the waters and to infer
the origin of these elements either derived from being located in the coastal zone or
arising from hydrothermal activity at depth (Figure 12A). Generally, the boron content in
groundwater is less than 1 mg/L; concentrations above this may be due to the presence of
hydrothermalism [60], evaporative processes, seawater intrusion, evaporite dissolution [60],
mineral weathering [60], anthropogenic contamination [61,62], and sorption and desorption
processes on mineral surfaces [63,64].

The mineral saturation index was calculated with the software The Geochemist’s
Workbench (version 11.0.8; module SpecE8) and the results are plotted in Figure 12B.

Isotopic 5°H values for each type of water are quite different, with negative 580
values (—4.0 to —4.1%o.) for well water and positive for terrace water (+7.4 to +7.6%o), river
water (+3.2%), water from the lagoon (+3.6 %), and fumarole (+3.3%o) (Table 4). The values
for the isotopic pairs *H and 8'0 were plotted in Figure 13. The duplicates (aragonite
water and well water) yielded similar values to the original samples (Samples 1 and 5).

As can be seen in Figure 13, the well water is found above the meteoric water line,
while the other water samples tend to be away from this line; this can be attributed to the
fact that water from the terraces and the fumarole may be the product of a surficial mixture
between meteoric waters and ascending oil-field derived brines. In addition, the water
from Tamiahua Lagoon presents anomalous high values of *H that can be linked to the
high coastal environment evaporation rates.
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Figure 12. (A) Schematic diagram (Arnérsson and Andrésdoéttir, 1995) [59] showing the C1/B ratio
of the water samples from Tamiahua Lagoon. (B) Saturation index (SI) from the water chemistry
of some minerals identified by XRD analysis in rock samples from Tamiahua Lagoon. The SI was
calculated with module SpecE8 of the Geochemist’s Workbench.
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5. Discussion
5.1. Origin of the Hydrothermal System

All the water samples collected at the different points of Tamiahua Lagoon were
classified as chloride—sodium water type, related to seawater or sedimentary brines. When
analyzing the ion content in the water, it was found that Tamiahua Lagoon exerts a strong
influence on the hydrothermal system, mainly by providing Cl~, SO4%", Na*, and Mg?* as
the most abundant ions. Therefore, if the influence of marine sodium chloride is eliminated,
the water from the aragonite terraces could be classified as magnesium sulfate since the
sulfate is above 1200 mg/L and the magnesium itself is above 1100 mg/L. According to
Herman et al. [65], the B/Cl ratio in the terraces sample (0.00104) is indicative of a deep
fossil brine input. The other samples (well, lagoon, and river samples) have a ratio outside
the range established for a fossil brine (0.0099-0.00056) but have a strong influence from
seawater (Figure 12A). Well water also contains similar ions such as C1~, S0,42, and Na+,
possibly due to the proximity to the coastline.
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Figure 13. Isotopic composition of different types of waters in Tamiahua Lagoon. Values for the
waters from Los Humeros springs and wells were obtained from Martinez-Serrano [66].

As the discharge temperature for the terraces sample was around 70 °C, the corre-
sponding temperature at the depth of this sample point and the fumarole was estimated
using the Giggenbach diagram. Before the estimation, the existence of the equilibrium
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state had to be considered to apply the cationic geothermometry. According to Figure 12B,
the terraces sample is coherent with the surface temperature, but the fumarole chemistry
reveals a temperature of approximately 200 °C (Figure 12B) at depth, which corresponds to
the starting stage of catagenesis, the hydrocarbon generation window. An objective of the
present work was to determine the origin of the fluids; therefore, the isotopic composition
of hydrogen and oxygen obtained from the water of the aragonite platforms was compared
with the nearby water sources: well water, water from Tamiahua Lagoon, and water from a
small river that flows into the lagoon and is in contact with the aragonitic formation.

The §*H and §'80 values of the well water sample indicate that it is dominantly
meteoric water, since they are projected above the global meteoric water line (Figure 13).
Isotopic values are similar, for example, to those measured for the waters of the distant hot
springs of the Los Humeros geothermal field [66], but the latter displays more negative
values due to latitude and sea distance differences between both areas. On the other
hand, isotopic values of fluids sampled at aragonite terraces (8*H: —7 to —9%.; 5'80:
+7.4 to +7.6%o) are close to those published for the waters of the oil brines of the Gulf of
Mexico [67] but with slightly more negative §?H. The fumarole sample’s isotopic values are
similar to those in the brines, but slightly different from those of the terraces sample; these
differences could result from a condensate generating an isotopic fractionation or that the
vapors come from a deeper source.

The terraces sample that gives rise to the aragonite terraces has two components; the
first is a meteoric component given by well water (sample on meteoric global line) with
82H at —21%o0 and 5180 at —4.1%o. In contrast, the second component is related to the oil
brines of the Gulf of Mexico (average §°H = —0.18 %o and 580 = +4.75%o).

Tamiahua Lagoon presents an anomaly in the §°H of the lagoon sample being highly
enriched in deuterium (5?H = 21.5%). These high values have been previously reported
in meteoric waters in the Tamiahua Lagoon area, ranging from +17 %o to +35%o; these are
observed as an annual trend in the winter seasons, mainly in January and February [68].
Evaporation tends to be significant for the isotopic record only in closed basins of relatively
arid regions, where lake waters may be deuterium-enriched by 10-15%o [69]. Therefore,
the high values reported for the waters of Tamiahua Lagoon indicate the presence of an
evaporative/hypersaline system. Continuous evaporation of water from Tamiahua Lagoon
is an ongoing process and could contribute to an enrichment of the heavy isotopes of the
water (?°H and '80). The increment in $'80 in basinal brines that comes with a temperature
increase is primarily due to its effect on the isotopic and chemical exchange rate between
the water and the enclosing rock. Sedimentary rocks have very high 5'80 and the water
becomes enriched due to exchange with the surrounding host rocks during rising thermal
waters. Furthermore, the loss of H by gases such as H,S, Hy, or CHy—associated with
hydrocarbon emanations—also provokes deuterium enrichment in water relative to the
rocks and precipitates [70]. It is important not to discard the possible influence of deep
brines associated with the hydrocarbon layers that were mixed with the surface water in
the lagoon area due to the spill that occurred approximately 110 years ago.

5.2. Origin and Classification of Mineral Travertine System
5.2.1. Aragonite Precipitation and Its Typologies

Calcite occurs only in Tamiahua travertines as a minor phase of low crystallinity. This
point could be verified in the XRD patterns by the punctual presence of very small and
wide peaks in the 2theta positions characteristic of this mineral. The calcite saturation
indices for the terrace area show the balance of the fluid with this mineral (Figure 12B). The
theories that explain the precipitation and formation of aragonite layers instead of calcite
precipitation are diverse [71-73]. Three main factors that favor aragonite precipitation
have been identified in the water from the Tamiahua aragonite terraces. The first factor
is the temperature being greater than 70 °C; when the temperature is higher than 40 °C,
aragonite will precipitate regardless of the fluid’s composition [74]. The second factor is the
Mg/Ca molar ratio, which is greater than 1:1 [75]; magnesium molar content is greater than
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calcium molar content in the water. The third and last factor is the content of Sr present in
the water and the aragonite structure; the strontium content in aragonite is relatively high
since it is found as a major element (>1%). This composition has been observed in aragonite
formed in hot springs from non-marine sources such as the travertines of Rapolano Terme,
Italy [45], where aragonite incorporated approximately 1% strontium into its structure
(Figure 13). The Ca®* ion has a coordination number of nine in the aragonite structure,
while calcite has a coordination number of six [76]. The CaZ* distribution in calcite has a
cubic packing, unlike the Ca®* in aragonite that has an almost hexagonal packing. Sr?* is
slightly larger than Ca?* when forming a bond with CO32’; it tends to form a coordination
of nine—greater than that formed with Ca?*—that transforms the packing from cubic to
hexagonal [77]. When the aragonite nucleates, the structure’s growth will be controlled if
the concentration of Sr and the temperature do not change. Aragonite does not precipitate
exclusively in the zone of higher temperature, and the saturation indices of calcite and
aragonite present parallel trends and are very similar to each other in the different parts
of the deposit (Figure 12B). Consequently, the high concentration of some ions (mainly
Mg, SO,%, and Sr) can be the key factor that favors, by inhibiting the growth of calcite,
aragonite precipitation in the Tamiahua zone.

The most evident micro-factory in the different typologies described for Tamiahua
is the fibrous laminations of aragonite, formed by aggregates of acicular crystals. These
microfabrics, associated with CO, degassing and high carbonate precipitation rate, have
been preferentially defined in thermogene travertines and are characterized by presenting
fine, sequential, or rhythmic lamination, with low permeability and low, mainly fenestral,
porosity [78]. Genetically they are related to the inorganic processes that predominate in
the formation of the travertines of the Tamiahua coast (e.g., [43,79,80]).

Another micro-factory found in travertines are the so-called "rafts" structures formed
at the water—air interface that later, when sinking, accumulate at the bottom of terraces or
pools where the flow of water is very slow [46].

A less frequent micro-factory is the formation of "bushes" or dendrites; they appear
as fans of fibrous aragonite with undulating extinction (Figure 6d. Whether the origin of
these microfabrics is inorganic or biogenic continues to be discussed by various authors;
however, the prevailing conditions (for example, temperature ~70 °C) in the Tamiahua area
and the predominance of aragonite allow us to link their origin to a dominantly inorganic
process [79]. The porous and less consolidated textures seem to be associated with lower
flow conditions [20].

5.2.2. Geochemistry, Isotopic Composition, and Travertine Classification

A factor to consider is that the aragonitic laminations present different colorations,
especially white and blue in the light and dark tones. When comparing the rare earth
content (lanthanides) of the samples with contrasting coloration (white and dark blue),
it was possible to verify a notable difference in the samples of distinct colors. The bluish
coloration seems to be related to a higher lanthanide content, mainly in light rare earth
(Table 2). The colorless (white) aragonite has the lowest }_REE (sum of all lanthanides)
content (<0.5 ppm), while the } REE of dark blue aragonite has higher values (9.9 ppm).
The sample Tami BC has a higher abundance in all rare earth than other samples and shows
a negative anomaly in Eu (Figure 10); this anomaly is very common in the sediments of
the upper continental crust and surface waters [81,82]. The darker bands with the most
abundant rare earth content can be related to hydrothermal pulses more enriched in these
elements, and it is possible to interpret that the pattern of lanthanides in aragonite is
analogous to that of the initial fluids [83].

The stable isotopes of carbon and oxygen in aragonite do not present significant
variations, suggesting that the fluid’s chemical composition remains constant throughout
the crystallization of this mineral. The carbonate dissolved in the fluid that gives rise to
the mineralization seems to originate from the dissolution of Mesozoic marine carbonates
of the El Abra formation, as they form the carbonate platforms characteristic of the oil
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fields of the Tampico-Misantla Province. Nonetheless, we cannot rule out a small carbon
component from hydrocarbon generating rocks. Although the high contents of strontium
in the fluid also seem to indicate that the dissolution of the Mesozoic carbonates may be the
fundamental process in the formation of the carbonates of the travertines, a contribution
from other rocks rich in calcium (mainly magmatic) cannot be ruled off. Therefore, in a new
sampling campaign, we plan to carry out isotopic analyses of water on a more regional scale
to better understand the hydrological cycle—for example, possible processes of mixing and
isotopic fractionation due to CO, degassing—of the area that, due to the presence of the
lagoon, the sea, the deep oil system, and anthropogenic activity, results in a quite complex
system.

Oxygen isotopic values are very close to zero and the obtained isotopic temperatures,
using Equations (1) and (2), seem to indicate equilibrium precipitation conditions despite
evaporation and degassing [84]. Additionally, the carbon isotopes of aragonite suggest that
the CO, degassing is associated with the decarbonization of limestones. The waters are
very hot; therefore, the effect of evaporation is probably the dominant §'80 controlling
factor [85].

The classification of the travertines as thermogene was based on the stable isotopes of
carbon from aragonite, as well as the microfabric observed during the petrographic study.
Travertines of thermogenic origin are characterized by having more positive values of §'3C
(enriched in 3C, —3 to +8%o) than meteogene [6,79]; thus, they are more consistent with
the isotopic values obtained for aragonite (51*C from +1.75%0 to +2.37%o) in Tamiahua.
According to different authors [5], the 180 signature of aragonite is strongly linked to
meteoric waters and therefore does not allow to define the origin of the travertines correctly.

According to Teboult et al., (2016) [13], the relation between Ba and Sr allows for
discrimination between epigean and hypogean travertines and can help to discriminate
between different source rocks. For example, limestones, evaporites, and dolomites exhibit
low barium (>100 ppm) and high strontium (>400 ppm) contents [13]. In Tamiahua, the
low barium (70 to 82 ppm) and high strontium (>1%) contents of aragonite, and mainly the
presence of powerful carbonate layers with levels of evaporites in the subsoil, suggest the
fluids” hypogean nature and point to a source rock constituted mainly by limestones and
evaporite [13] (Figure 14).
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Figure 14. Comparison of Tamiahua Ba/Sr values (purple stars) with the travertine and tufa literature
data (dashed area), modified from Teboult et al., (2016) [13].
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The El Abra Formation, composed mainly of limestone, contains abundant layers of
anhydrite [86], which was thought to be in origin related to the sulfates found interspersed
in the layers of carbonates. The thermal springs in the Tamiahua area contain H;S, giving
them the characteristic smell of sulfur. H,S can likewise be related to hydrocarbons from oil
wells [87]. In the presence of hydrocarbons and a reducing environment, bacterial activity
consumes H* and can release HjS into the system [88-90]; this reaction (Equation (3))
implies that sulfates can be reduced in the presence of hydrocarbons, producing H,S.

S04% + 2(CH,0)n + 2H" — 2nCO, + 2H,0 + H,S ®)

The isotopic data concluded that the elemental sulfur that covers the carbonate forma-
tion is attributed to the mainly inorganic oxidation of the deep-source H;S [91], probably
following Equation (4) and consequently precipitating elemental sulfur and carbonate in
one step.

Ca (HCO3), + 2HS — CHO + CaCOs | + 25 | + 2H,0 4)

However, the isotopic data do not allow us to rule out the possibility that there is a
deep sulfur component of volcanic origin.

5.3. Geotectonic Context of Formation

The rise of hydrocarbons mixed with the carbonate formations can be attributed to a
regional fault and fracture system generated by deformation events during the Cretaceous-
Paleogene. The first event occurred due to the magmatism generated during the Laramide
deformation, which determined tectonic structures with NW-SE orientation. Later, this was
followed by a lateral regime that predominated during the Cenozoic [92]. These dextral
transpressive slip fault and fracture systems also had an NW-SE orientation [93], affecting
the Chicontepec Formation and originating new migration routes for hydrocarbons. These
events share the same NW-SE direction, which is in accordance with the fractures identified
at different points of the carbonate formations (N05° W to N17° W).

These old fractures and faults are how fluids rise to the surface, allowing waters from
different sources to mix during the ascent. However, it is still unclear why the temperature
is ~70 °C in the aragonite terraces, while it is less than 35°C in the other nearby water
sources. The fractures operate as fluid conduits, permitting the flow of groundwaters to the
surface [6]. Different authors such as Berriguete et al., (2017) [94], have determined that the
flow of water and its physicochemical characteristics can be greatly affected by diagenetic
modification (dissolution, cementation, recrystallization) of the underlying rocks from the
substrate. Unfortunately, in the case of the studied travertines and their location at sea level
on the coast of Tamiahua lagoon, it is impossible to observe the travertine deposit roots
without perforating the carbonated body. Therefore, it is unattainable to verify whether
these diagenetic processes modified the water flow in depth [94].

Where the extensional zone is located, and the conditions in which the fluids rise
through faults and fractures with NW-SE orientation, suggest that the heat source may
come from a deep zone, which can be linked to a regime dominated by convection in a
zone extension [30].

6. Conclusions

Based on the analyses carried out on the collected samples, the representative mineral-
ogy of the hydrothermal formations is constituted by aragonite, sulfur, gypsum, anhydrite,
celestine, barite, calcite, quartz, opal, hematite, jarosite, and halite.

Aragonite is the main mineral identified in the hydrothermal formation; it has high
crystallinity and a mainly inorganic origin. The precipitation of this carbonate is due to several
factors, including a high content of Mg in solution, a high content of Sr (>1%) in the aragonite
structure, and a temperature of ~70 °C. On the other hand, the scarce calcite crystals found
are of low crystallinity and, in some cases, a biogenic origin is attributed to them.
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According to the results obtained for the mineral microfabric, the stable isotopes of
carbon and oxygen and the temperature measured at the surface, the aragonitic formations of
the Tamiahua coast can be classified as travertines mainly of thermogenic (hypogean) origin.

The dominant microfabric is of fibrous laminations formed by acicular crystals of
aragonite and fine rhythmic laminations attributed to an inorganic origin. The dendritic
textures found in aragonite indicate rapid precipitation.

Native sulfur seems to be related to the emission of H,S present in hydrocarbons from
oil wells, which generates the precipitation of native sulfur and calcium carbonate under
suitable physicochemical conditions.

Based on the isotopic results, the water analyzed in the aragonite terraces must have a
mixed origin, including two components: a first one of meteoric origin, represented by well
water; and a second component isotopically related to the oil-field waters of the Gulf of
Mexico. Deep brines associated with the hydrocarbon layers were mixed with the surface
water in the lagoon area due to the spill approximately 110 years ago. These basin waters
are, in turn, mixtures of meteoric water and evolved seawaters.

The mixing of meteoric water and brackish water is carried out at depth, where it
passes through sedimentary sequences in which there are hydrocarbons typical of ware-
house rocks of petroleum systems such as the El Abra Formation; these formations contain
interspersed evaporites typical of marine environments. Finally, the fluids are heated at
depth and rise by convection through faults and fractures generated by extension events;
during this process, there occurs the dissolution of carbonates from the sedimentary units
through which they rise, as well as the isotopic exchange of carbon, oxygen, and sulfur
between fluids and dissolved components.

Once on the surface, the variations in pH, oxidation, the very limited bacterial activity,
and the escape of gases result in the precipitation of different minerals such as elemental
sulfur—which oxidizes to sulfates—and aragonite, as well as the release of H,S and CO, gases.

Supplementary Materials: The following supporting information can be downloaded at: https:
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Abstract: The Tibetan Plateau is known as the core area of the third pole of the Earth and is a key
area for global climate change research. This study uses the Zabuye Salt Lake travertine dam as the
research object and U-Th dating as the chronological framework and proposes that the carbon and
oxygen isotopes of travertine can be used as a precipitation index through the analysis of hydrogen
and oxygen isotopes of spring water, and petrology, mineralogy, carbon and oxygen isotopes of
travertine. The precipitation records of Zabuye Salt Lake over the last 800 years show a dry condition
in 1191-1374 AD (Medieval Warm Period), a humid condition in 1374-1884 AD (Little Ice Age),
and a dry condition in 1884-1982 AD (Current Warn Period), indicating a warm-dry/cold—-moist
climate pattern, which is consistent with precipitation records from many places on the Tibetan
Plateau. We preliminarily point out that travertine can record the evolution of paleoprecipitation
(paleomonsoon) at least on the decadal-centennial scale. The Indian summer monsoon has been the
main factor influencing precipitation change in Zabuye Salt Lake over the past 800 years, and the
change in evapotranspiration intensity caused by temperature change driven by solar radiation is
also an important factor affecting dry—moist change.

Keywords: travertine; paleoprecipitation; Zabuye Salt Lake; Tibetan Plateau

1. Introduction

The Tibetan Plateau is known as the core region of the Earth’s third pole [1]. It is critical
to the hemispheric and even the global atmospheric circulation system due to its huge area,
geographic location, and high altitude [2], and is a key region of global climate change
research [3]. The past 2000 years have been a key period for global climate change research,
and a condition in 2000 years ago can be considered as a baseline for current conditions,
as the climate has been very similar to the present [4]. The precipitation records of the
Tibetan Plateau over the past 2000 years mainly come from tree rings [5-8], ice cores [9,10],
and lake sediments [11-14]. Trees are mainly distributed in the eastern, northeastern,
and southeastern parts of the plateau where the climate is suitable, and ice is mainly
distributed at high altitudes where snowfall can be continuously preserved. Chronological
control for nearly all published paleolimnological records from the Tibetan Plateau has
been based on radiocarbon dating [15]; however, the radiocarbon age of lake sediments
may be subject to reservoir effects due to the input of dead carbon from local bedrock or
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wetlands within the catchment [16]. The reservoir effect has made it challenging to establish
reliable chronologies for lake sediment cores from the Tibetan Plateau [15]. Little attention
has been paid to high-resolution travertine sequences from the past 2000 years; however,
travertine is a relatively common sedimentary phenomenon on the Tibetan Plateau and has
great potential for environmental archives [17].

Travertine is a non-marine calcium carbonate deposited around springs, rivers, lakes,
or caves, mainly composed of calcite and aragonite, and widely distributed in terrestrial
environments [18-21]. Pentecost et al. divided it into meteogene and thermogene travertine
according to the source of CO; in the environmental water. The former is also called tufa,
and its carbon originates from soil CO, and carbonate rock, with §'3C mostly ranging
from —12%o0 to —2%o. The carbon of the latter comes from various sources, including
hydrolysis and oxidation of reduced carbon and decarbonation of limestone or directly
from the upper mantle, with §'3C usually ranging from —2%. to 10%. [20,22]. In Ford
and Pedley’s classification, tufa corresponds to meteogene travertine and travertine to
thermogene travertine [19], and in this paper we use this term for discussion. For a long
time, tufa was mainly used for paleoclimate reconstruction [23], and its resolution can reach
years, seasons, months, and maybe even weeks [24-26]. Recently, more researchers have
emphasized the close relationship between travertine distribution and climate [17,27-30].
Ricketts et al. compiled a global dataset containing 1649 published ages of travertine, which
showed that although the deposition of travertine was spatially controlled by crustal faults
and fractures, it was temporally regulated by global or regional climate change [31].

In the hinterland of the Tibetan Plateau, previous climate-related research was carried
out on ancient travertine, which had ceased to grow and lacked the direct connection
between modern spring (lake) water and its deposition [17,32-36]. Wang et al., based
on a systematic study and a summary of their research results, proposed that the widely
distributed travertine on the Tibetan Plateau could provide a record of paleoclimate (pa-
leomonsoon) evolution at least over the decadal-centennial time scale [37]. Travertine
dams are common in caves, springs, and rivers all over the world, ranging in size from
millimeters to several meters [38,39].

This paper studied travertine based on U-Th dating, petrology, mineralogy, and
carbon and oxygen isotopes as well as hydrogen and oxygen isotopes of spring (lake) water,
taking the growing Zabuye Salt Lake travertine dam as the research object. We discussed
the significance of travertine to the paleoenvironment in order to provide a basis for better
use of travertine in reconstructing the climate of the Tibetan Plateau.

2. Geological Setting

Zabuye Salt Lake (31°14/47"” N—31°33/10" N, 83°52/34" E—84°23'47" E) is located in
the southwest of the Tibetan Plateau, at the intersection of the westerlies and the Indian
summer monsoon (Figure 1), and is very sensitive to climate change. According to the
meteorological data of the Long-Term Observation Station from 1991 to 2020, the annual
average temperature in the Zabuye Salt Lake area is 3.1 °C, the annual average precipitation
is 168.7 mm, and the annual average evaporation is 2579.1 mm. Precipitation is concentrated
in the rainy season from early July to mid-September, which accounts for more than 90%
of the total annual precipitation [40], indicating that summer monsoon rainfall dominates
annual precipitation in the Zabuye Salt Lake area.

The Carboniferous and Permian strata are mainly distributed in the northern part of
the Zabuye Salt Lake area, which consist of clastic and carbonate rocks. The Cretaceous is
exposed in the south and southwest and the Paleogene in the east, and both are composed of
clastic and volcanic rocks. The Neogene is distributed in the west and is a set of pyroclastic
rocks. The Quaternary is mainly distributed around the lake, including residual slope,
fluvial, lacustrine, and travertine deposits. The intrusive rocks in the salt lake area are
mainly intermediate-acid rocks, ranging from diorite to granite (Figure 1c). The main
structures are NW, NE, and nearly NS trending faults [42].
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Figure 1. Maps of study site, Zabuye Salt Lake. (a,b) Zabuye Salt Lake and some related research
sites on Tibetan Plateau: Guliya ice core [41], Ngamring Tso [13], Yamzhog Yumco Lake [11], and
Linzhou tree rings [7]. EASM stand for the “East Asian summer monsoon”, ISM stand for the “Indian
summer monsoon”, and DEM stand for the “Digital Elevation Model”. Black arrows indicate climate
systems. (c) Simplified geological map of lake area.

Zabuye Salt Lake covers an area of 243 km? at an average elevation of about 4421 m. It
is a semi-dry salt lake with a combination of surface brine and salt flats. Large-scale ancient
travertine accumulation developed in the middle of the lake and formed a travertine island
(Figure 1c). From the travertine island as the starting point to the west, a sand embankment
was formed that divides Zabuye Lake into south and north lakes, and there is a waterway
connecting the two on the east side. The springs around and in the lake are relatively well
developed, and those on the travertine island have the largest water inflow [43].

3. Materials and Methods
3.1. Research Materials

There are many springs on Zabuye travertine island. The spring water flows into the
salt lake and forms a travertine dam at the junction of the lake water. In this study, samples
of spring water, lake water, and travertine were collected from a travertine dam with good
topographic conditions (Figure 2). A 23.5 cm section was carved from the travertine dam,
and a horizontal travertine bedding was developed (Figure 2e). A total of 24 samples
(ZD01-24) were taken from top to bottom. Lake water samples (ZH01) and spring water
samples (ZQO01) were taken from both sides of the travertine dam (Figure 2d), and one
water sample (ZQ02) was taken from the spring hole. Travertine samples were transported
back to the lab and dried in a drying oven at 50 °C.
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Figure 2. Outcrops of Zabuye Salt Lake. (a) Travertine dam formed by spring. (b) Spring outlet. (c—e)
Close-up of travertine sampling sites, indicated by red circles. Black squares indicate the positions
of (b,c,e).

3.2. Analytical Methods
3.2.1. U-Th Dating

Four travertine samples were collected for U-Th dating. Pure and compact calcite
was selected as a test sample, and the impurities were washed with alcohol and hydrogen
peroxide in an ultrasonic cleaning machine. The procedures for chemical separation and
purification of uranium and thorium were similar to those in previous studies [44,45]. The
230Th /232Th atomic ratio of Zabuye Salt Lake water as the initial 2°Th/2*2Th atomic ratio
of (6.7 + 0.67 x 10°) was used to correct the initial 2Th amount. These samples were
analyzed on a Thermo Fisher Neptune Plus multi-collector inductively coupled plasma
mass spectrometer (MC-ICP-MS) at the Institute of Geology and Geophysics, Chinese
Academy of Sciences, Beijing, China.

3.2.2. Petrography and Mineralogy

Petrographic and mineralogic observations of the travertine were conducted using a Le-
ica DM4500P polarizing microscope on polished thin sections, and an FEI Nova NanoSEM
450 scanning electron microscope (with working condition of 20 kV and beam current
of 15 pA) on carbon-coated samples. Thin sections were prepared and photographed at
the MNR Key Laboratory of Saline Lake Resources and Environments, Beijing, China.
The mineralogical composition analysis of travertine was performed by using a Bruker
D2-PHASER X-ray diffractometer (Cu K, 30 kV, 10 mA, 7°-90° 20, 0.02° 20 step size,
6° /min) at the Sichuan University of Science and Engineering, Zigong, China. Quantified
mineral results were analyzed with MDI Jade 6.5 software (Materials Data, Inc., Livermore,
CA, USA). The MgCOj3 content of the carbonate minerals was calculated from the shift of
d-spacing of the (104) reflection peak of calcite from their stoichiometric peak positions in
the diffraction spectra [46,47]. Calcite with <5 mol% MgCOs is classified as low-magnesium
calcite (LMC), and calcite with >5 mol% MgCOj3 is considered high-magnesium calcite
(HMC). These are often denoted simply as calcite and magnesium calcite [48].

3.2.3. Stable Isotopes

Travertine carbon and oxygen isotopes were analyzed by using a Finnigan MAT
253 mass spectrometer. Carbon and oxygen isotopes were analyzed by the 100% phospho-
ric acid method, and analytical precision was £0.1%o for §'3C and +0.2%. for §!80. The
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measurement results of carbon and oxygen isotopes were scaled by the V-PDB standard.
Spring (lake) hydrogen and oxygen isotopes was measured by isotope ratio mass spec-
trometry. For the measurement of the '80/1°0 ratio, the CO, equilibration method was
employed; for the D/H ratio, Hy was generated by the Zn-reduction method. Isotope ratios
of CO; and H; were measured using a MAT-253 mass spectrometer, and the results are
reported relative to V-SMOW with a standard deviation of +0.5%. and £0.1%o.. This work
was done at the Analytical Laboratory of the Beijing Research Institute of Uranium Geology,
Beijing, China.

4. Results
4.1. Chronology

The U-Th dating results are shown in Table 1 and Figure 3. The 23°Th/232Th activity
ratio of all samples is lower than 20, indicating that they are contaminated by 2*Th
debris, so the age error has great uncertainty [49], and debris correction must be carried
out [50]. The 2°Th/232Th in Zabuye Lake water can represent the average value of detrital
230Th /232Th of the terrigenous detrital material transported into the lake from the periphery
of the catchment basin. In this study, 22°Th/23?Th in Zabuye Salt Lake (6.7 & 0.67 x 10°)
is used as the initial value of travertine for correction. ZD02 did not get effective age
correction. Although the errors of ZD10, ZD17, and ZD24 age values are large, they have a
good age sequence of lower old and higher new. By fitting the ages of ZD10, ZD17, and
ZD24 samples to make the time-depth trend line of the travertine profile (Figure 3), the
following formula can be obtained: Age = 3.6305 x D + 2.678 (R% = 0.9766), where D is
depth (mm) and R? is the square of the correlation coefficient. In this study, samples were
collected in the field in 2020, and the top (0 mm) of the travertine profile was deposited,
with a theoretical age of 0 years (—20 yr BP). According to the trend formula, the age of the
top (0 mm) of the travertine profile was calculated to be 2.678 yr BP, with a difference of
only about 23 yr. This indicates that U-Th dating can represent the age of travertine to a
certain extent.

Table 1. 22°Th dating results for profiles in study area (+20).

28y 22Th 230Th/232Th a&u 230T/238y #Th Age #Th Age A Upnisial #Th Age

Sample (yr) (yr) (yr BP)
(ppb) (ppt) (Atomic x 10-¢)  (Measured) (Activity) (Uncorrected)  (Corrected) (Corrected)  (Corrected)
ZD10 4518 + 16 379,893 + 7712 7.6+02 7488 +£4.1  0.0389 + 0.0003 2452 + 17 304 + 308 749 £ 4 283 + 308
ZD17 3660 £ 11 469,369 £ 9489 81+0.2 7519 £ 3.8 0.0628 + 0.0004 3972 £ 25 689 £ 470 753 £ 4 668 £ 470
ZD24 3759 +£13 669,952 + 13,565 79+02 746.7 £3.9  0.0851 £ 0.0005 5430 =+ 36 830 + 660 748 + 4 809 + 660

dB4U = ([23’4U/ZSSU]amVity — 1) x 1000. d®*Ujpita was calculated based on 2Th age (1), ie.,

d%*Uinisial = d%*Uneasured X €2 % T Corrected 2°Th ages assume the initial 230Th /232 Th atomic ratio of
6.7 + 0.67 x 107, Those are the values for the modern lake water. The errors are arbitrarily assumed to be 10%.
B.P. stands for “Before Present”, where the “Present” is defined as the year 2000 AD.

The trend line formula was used to calculate the ages at 0 mm of travertine section.
Combined with the measured ages of ZD10, ZD17, and ZD24, the deposition rate of each
section was calculated (2.4-4.4 mm/yr). The ages of other samples were obtained by linear
interpolation (Figure 3).

4.2. Petrography and Mineralogy

Among the travertine lithotypes proposed by Guo and Riding [51], the crystalline crust
was recognized in Zabuye Salt Lake travertine. The travertine was formed from abiotic
feather dendrite, radiating dendrite, micrite, and intraclast (Figure 4). The inner clasts are
composed of travertine clasts, quartz, and feldspar grains. Travertine stratification is good,
with overall density and few voids. The interaction between micrite and microsparry is
more reflective of the difference in water environment. The formation of sparry calcite was
under hydrodynamic conditions of high flow velocity, and the formation of micrite calcite
was under hydrodynamic condition of low flow velocity.
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Figure 3. Age-depth profile based on U-Th dating from Zabuye Salt Lake travertine dam
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Figure 4. Textures of travertine of Zabuye Salt Lake. (a) Travertine profile with good stratification.
(b) Sample at top of profile (ZD01) with higher porosity. (c) Dense middle section sample (ZD12).
(d) Clastic nuclei are composed of travertine clasts, quartz, and feldspar grains. (e) Generation growth

relationship exists between base of microsparry and micrite. (f) Crystalline dendrite textures showing

wavy and banded internal zonations. The length of the red line segment is 500 pm.

XRD analysis of 24 samples shows that the mineral composition of the travertine
profile is simple, mainly calcite, and some samples contain a small amount of quartz and
feldspar. The calcite content ranges from 95.2% to 100%, with an average of 98.3%. Quartz
content varies from 0.5% to 3.8%, with an average of 1.6%. Feldspar content ranges from
0.5% to 1.6%, with an average of 1.2%; feldspar content is very low, and specific feldspar
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species can no longer be distinguished. Quartz and feldspar are detrital mineral grains of
rocks around the basin carried mainly by wind and rain. The presence of small amounts of
authigenic quartz and feldspar also cannot be ruled out. The range of MgCO3 content in
calcite (mol%) in the travertine dam is 0.5 to 3.6%, with an average of 1.8%, all of which is
LMC (Figure 5).
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Figure 5. X-ray diffraction patterns of travertine samples. (a) X-ray diffraction patterns of samples
ZD01-ZD12. (b) X-ray diffraction patterns of samples ZD13-ZD24.

Since the travertine dam is basically composed of calcite, the presence of aragonite
and other calcium carbonate minerals was not observed, and the influence of the change

of carbonate mineral facies on the change of carbon and oxygen isotopes of travertine can
be excluded.

4.3. Hydrogen and Oxygen Isotopes of the Water Samples

Two spring samples (ZQ01-02) and one lake water sample (ZH01) were used for
hydrogen and oxygen isotope analysis. The 6Dvy_gpow values ranged from 12.5%o to 15.9 %o,
5180v.smow from —118.9%. to —136.6%. (Table 2). Craig first found a linear correlation
between 8D and §'80 in atmospheric precipitation: 5D = 85'80 + 10 [52,53], which is also
called the global meteoric water line (GMWL) on the graph of the relationship between 6D
and 8'80. The §D and 5'80 test data of the three water samples collected were combined
with the 8D and §'80 data of the two spring waters samples of the travertine island [43] to
draw the §D-5'80 diagram (Figure 6). It can be seen that for the GMWL, the data of the
sampling point have a slight 8O drift, but it is not far from the GMWL, indicating that
the hot groundwater comes from atmospheric precipitation but has a certain 0 exchange
with rocks and minerals during the deep cycle.

Table 2. Hydrogen and oxygen isotope data of Zabuye water samples.

Sample SDV-SMOW (%) élsov_SMow (%o0)
ZQ-01 —132.9 —145
7Q-02 —136.6 —15.9
ZH-01 —118.9 -12.8
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Figure 6. Plot of §D-5'80 of Zabuye spring samples. Blue dot indicates data from [43].

4.4. Carbon and Oxygen Isotopes

Twenty-four travertine samples were used for carbon and oxygen isotope testing.
§13Cy.ppp values ranged from 0.5%o to 2.6 %o, with an average of 1.0%., and 5180 values
ranged from —12.4%o to —6.4%., with an average value of —10.3%o.. There is a good correla-
tion between §'80 and §'3C (r = 0.92). All carbon isotope data of travertine are within the
range of thermogenic travertine.

The 8'3C value of travertine can be used to calculate the carbon isotopic composition of
the parent CO, gas, using the empirical equation: 513Ccon = 1.2 x 8"3Cavertine — 10.5 [54].
Applying this equation to the carbon isotope data of the travertine dam, the obtained
513Ccop values ranged from —9.9%o0 to —7.4%., with an average of —9.3%o.

There are three major CO, sources for travertine: soil, magma, and limestone decar-
bonation [39]. The 5'*C of soil CO, is controlled by the predominant vegetation type in
the region. Globally, the §!3C of C3 plants varies from —37%o to —20%., with an average
of —28.7%0 [55]; the 5!3C of C4 plants varies from —15% to —9%., with an average of
—13%o [56]. The §!3C of CO, from the mantle generally ranges from —8%o to —3%o [57] or
from the §!3C of magmatic CO, generally ranges from —7%o to —5%o [58]. The §!3C of CO,
from typical limestone metamorphic sources is —1%o to 2%. [59]. Comparing the carbon
and oxygen isotopes to the data [60] indicates that the CO, originated from carbonates or
igneous rocks (Figure 7).

Based on the above analysis and taking into account that C4 plants are scarce in
high-elevation regions [61], according to the current data, it is suggested that the parent
CO; of the travertine dam mainly originated from thermal decarbonation of carbonates
and intermediate-basic volcanic rocks around the basin, partly from magmatic mantle
degassing and soil CO,. The fault system developed in the Zabuye Salt Lake area, and
soil CO; in the basin was transferred into the groundwater cycle through atmospheric
precipitation and mixed with CO, from deep underground sources. Since the §'3C of soil
CO, is obviously negative, even a small change in soil CO, will cause obvious changes to
§13C in travertine.
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Figure 7. Results of stable isotopes overlain on clusters. All dots plotted within hypogean travertine
area of Teboul et al. [60], with CO, derived from carbonates or an igneous source.

5. Discussion
5.1. Paleoclimatic Implications

The premise of travertine deposition is flowing water rich in dissolved CO, [62]. When
high pCO, groundwater discharges from the spring, due to the low atmospheric pCO,, CO,
will be degassed rapidly, resulting in oversaturation of calcite, then calcite precipitation [63].
Travertine deposits can retain geochemical characteristics inherited from the parent fluid,
so it is considered to be a favorable object for reconstructing paleoclimate and paleofluid
characteristics [64].

Travertine is a comprehensive product of interactions between underground mate-
rials (mantle-derived carbon dioxide, magmatic water, surrounding rocks involved in
groundwater circulation), atmospheric precipitation, and surface materials (soil carbon
dioxide, major and trace elements). The information carried by travertine can reflect surface
information when the subsurface material remains basically unchanged. That is, when the
magmatic and tectonic activities in a certain area are stable, the area maintains relatively
stable hydrothermal activity. The travertine formed against this background is relatively
stable under the influence of mantle-derived CO, and CO, and magmatic water formed by
decarburization of surrounding carbonate rocks. The carbon and oxygen isotope change
in travertine is less affected by the above, but more controlled by the change in soil CO,
supply and atmospheric precipitation, which are directly affected by climatic factors. The
amount of groundwater infiltration by atmospheric precipitation is directly related to the
rainfall in the region, the soil CO; is related to the type and density of vegetation in the
region, and the climatic conditions determine the vegetation.

Studies based on the hydrogen and oxygen isotopes of geothermal spring water in-
dicate that geothermal springs are mainly supplied by meteoric precipitation and water
from melted glaciers/ice, and most geothermal spring water circulates rapidly deep un-
derground with a cycle time of only 2040 years [65-67]. The Zabuye Salt Lake area is
structurally stable, and no earthquakes of magnitude 5 or greater have been recorded [68].
The average age of travertine samples from the edge stone dam of the lake is about 33 yr.
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From the perspective of chronology, travertine can reflect the geological information carried
by atmospheric precipitation in the water cycle process in this region.

The 5'3C and 5'80 of travertine show an obvious positive correlation (r = 0.922),
indicating that the two are affected by the same or similar factors. In a continuous high-
resolution (monthly) study of stable isotopes of §!3C and §'80 in travertine in Baishuitai,
there is a strong correlation between carbon and oxygen isotopes (r = 0.75); Liu et al. believe
that rainwater is the main factor causing the seasonal variation of 513C and 580 [69]. This
indicates that §'3C and §'80 of the Zabuye Salt Lake travertine dam can reflect changes in
the surface climate environmental system.

Under the condition of relatively stable tectonic movement, CO, from deep sources and
the hydro-rock interaction of hot springs are relatively fixed. In arid climates, it is difficult
to form a suitable plant cover, while in humid climates, 513C in travertine shifts to negative
values when biomass develops more [70]. The §'8Oyyp0 value of hot springs depends on
the 5!80 value of atmospheric precipitation. Because the temperature of Zabuye spring is
stable and less affected by air temperature [43] and the travertine dam is located only a few
meters from the spring hole (Figure 2), the effect of water temperature change on its §'80
during the deposition of travertine is negligible. Therefore, the variation of !0 of Zabuye
Salt Lake travertine dam can reflect the variation of 'O of atmospheric precipitation.

In the transition region between the westerlies and Indian summer monsoon
(80°N-35°N) over the Tibetan Plateau, the factors that influence atmospheric precipitation
isotope change are complex and are sensitive to the water vapor source and transport
process [71]. In this region, the 5180 in precipitation formed by water vapor from Indian
summer monsoon entering the southern plateau is lower, and the stronger monsoon activity
lowers the §!80 in precipitation. The §!80 values of water vapor from the northern Tibetan
Plateau and precipitation formed by local evaporation water vapor are higher [71-73].

Based on the above discussion, in this paper we believe that the §'3C of travertine dam
can be used as an index of precipitation change: lighter (heavier) §!3C indicates increased
(decreased) precipitation; 580 mainly indicates variations of monsoon intensity and water
vapor source, and lighter (heavier) 5180 indicates increased (decreased) Indian summer
monsoon precipitation.

5.2. Precipitation Changes at Zabuye Salt Lake over the Past 800 Years

With the exception of a warm period in the 20th century, which occurred simultane-
ously all over the globe, the changes in warm and cold phases around the world before the
Industrial Revolution were not synchronized. Based on previous research results [74-77],
in this paper we roughly divide the temperature stages of the Tibetan Plateau over the past
thousand years into the Medieval Warm Period (MWP, 800-1400 AD), Little Ice Age (LIA,
1400-1900 AD), and Current Warm Period (CWP, 1900-2000 AD).

Based on the changes in §!3C and §'80 of travertine in this study, we reconstructed
the precipitation records of Zabuye Salt Lake over the past 800 years (1191-1982 AD). The
results show a dry condition in 1191-1374 AD (MWP), a humid condition in 1374-1884 AD
(LIA), and a dry condition in 1884-1982 AD (CWP), indicating a warm—dry/cold-moist
climate pattern (Figure 8). Zhang et al. [74] studied climate change over the past 300 years
at Taro Co, 10 km south of Zabuye Salt Lake (Figure 1c), and showed that the climate
was humid during 1750-1860 AD and was dry from 1860 AD to the present [78], which is
consistent with our reconstruction results.

We compared the precipitation records of Zabuye with other typical precipitation
records of the Tibetan Plateau (Figures 1b and 8), including the accumulated records of
the Guliya glacier in the northwestern part of the plateau [41], annual mean precipitation
based on quantitative pollen reconstruction at Yamzhog Yumco Lake in the southern part of
the plateau (MAP) [11], precipitation records reconstructed from tree rings in Linzhou [7],
and June to September (JJAS) precipitation based on grain size reconstruction in Ngamring
Tso [13]. These records are very similar to the precipitation records of Zabuye Salt Lake, and
are also characterized by a warm—dry/cold-moist pattern. In addition, Lugu Lake [79] and
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Erhai Lake [80], which are subjected to seasonal risk control in the southeast of the Tibetan
Plateau, both showed warm-dry/cold—moist climate characteristics in the MWP/LIA. This
climatic pattern appeared not only in areas controlled by the westerlies, but also in wider
areas controlled by Indian summer monsoon. In southern Oman, the stalagmite 5'80
record from Qunf Cave shows higher values during the MWP than the LIA, indicating
a weakening of Indian summer monsoon intensity during the MWP [81]. Over the past
100200 years, the Indian summer monsoon has gradually decreased in intensity, and the
climate has become drier under warmer conditions [82-84]. In the entire monsoon region,
the climate conditions during the MWP and the past 100-200 years were significantly dry
and during the LIA were relatively humid, and this pattern was prevalent [79].
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Figure 8. Comparison of climatic records from Zabuye Salt Lake travertine dam with other climatic
records. (a) Carbon isotopes of carbonate of travertine dam. (b) Oxygen isotopes of carbonate.
(c) Mean annual precipitation (MAP) at Yamzhog Yumco Lake [11]. (d) June to September (JJAS)
precipitation at Ngamring Tso [13]. (e) Tree ring precipitation anomalies at Linzhou [7]. (f) Ice core
accumulation at Guliya [41]. (g) Solar radiative forcing [85]. MWP, LIA, and CWP refer to Medieval
Warm Period, Little Ice Age, and Current Warm Period, respectively.

Monsoons and westerlies interact with each other over the Tibetan Plateau at glacial—
interglacial, millennial, decadal, and seasonal scales, bringing water vapor to different
areas of the plateau [86]. Although the climate characteristics of warm—dry, cold-wet in
the Zabuye Salt Lake area are similar to those recorded in the Guliya ice core, the oxygen
isotopes of travertine become lighter in humid periods (LIA) and heavier in dry periods
(MWP and CWP) (Figure 8a,b), indicating that climate change in the Zabuye Salt Lake area
in the past 800 years has mainly been controlled by the influence of the Indian summer
monsoon. In addition, the temperature change driven by solar radiation will lead to a
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change in evaporation intensity, and then affect the dry and wet climate change of the
Tibetan Plateau [11]. The precipitation records for the Zabuye Salt Lake area are consistent
with the solar radiation (Figure 8g). This study argues that during the MWP, the Zabuye Salt
Lake region had higher temperatures, strong evaporation, and less precipitation, resulting
in an arid climate during this period; during the LIA, the temperature was low, evaporation
was inhibited, and there was more precipitation, so the climate was humid.

6. Conclusions

Based on U-Th dating of a travertine dam, this study establishes the chronology of
Zabuye Salt Lake travertine over the past 800 years, preliminarily discusses the carbon and
oxygen isotopes of travertine as a precipitation index, and points out that travertine might
record the evolution of paleoprecipitation (paleomonsoon) on at least a decadal-centennial
scale. The precipitation records of Zabuye Salt Lake over the past 800 years show a dry
condition in 1191-1374 AD (MWP), a humid condition in 1374-1884 AD (LIA), and a dry
condition in 1884-1982 AD (CWP), indicating a warm—dry/cold—moist climate pattern.
The Indian summer monsoon has been the main factor influencing precipitation change at
Zabuye Salt Lake over the past 800 years, and the change in evapotranspiration intensity
caused by temperature change driven by solar radiation is also an important factor affecting
the dry—moist change. It should be pointed out that our precipitation reconstruction index
is relatively single and lacks evidence from other proxy indices. Whether the westerlies
have an influence and to what extent still needs further study.
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Abstract: Clumped isotope values (A47) of carbonates forming in high pH conditions do not cor-
respond to mineral precipitation temperatures due to certain effects including kinetic isotope frac-
tionation and dissolved inorganic carbon (DIC) endmember mixing. Field-based archives of these
carbonate environments are needed to evaluate and quantify these effects accurately. In this study,
we measure the clumped isotope values of anthropogenic carbonates for the first time. Tufa layers
were analyzed from samples precipitating in a high pH (>10) stream that drains a major slag heap
in north east England. A4y values are 0.044%0—0.183 %o higher than expected equilibrium values.
Non-linear distribution of clumped isotope data is diagnostic of DIC endmember mixing, rather than
partial equilibration of DIC. Episodic dilution of hydroxide-rich stream waters by equilibrated rainfall
surface runoff provides the mechanism by which mixing occurs. A4y values are ~0.010 %0—0.145 %o
higher than linear clumped isotope mixing profiles, suggesting that the majority of A4y increase
results from a combination of endmember non-linear mixing effects and an atmosphere-hydroxide
sourcing of DIC. The diagnostic trends and variation in clumped isotope values present in these
results demonstrates the potential of anthropogenic carbonate systems as a useful archive for studying
and quantifying kinetic effects in clumped isotopes.

Keywords: tufa; anthropogenic carbonates; clumped isotopes; CO, hydroxylation; kinetic isotope
fractionation; isotope disequilibrium

1. Introduction
1.1. Clumped Isotope Palaeothermometry

Clumped isotope analysis uses the abundance of '*C-180 bonds in carbonate anions to
measure mineral precipitation temperature. For carbonates forming in a system where wa-
ter and composite dissolved inorganic carbon (DIC) pool are close to isotopic equilibrium,
the occurrence of this heavy isotope clumping is inversely proportional to mineral precipi-
tation temperature [1-6]. Clumped isotope values (A47) correspond to excess mass 47 CO,
measured during acid digestion of carbonates. These data are calibrated against carbonates
precipitated at known temperatures [1,7-14], with increasing A47 equating to decreasing
mineral precipitation temperature. The ability to extract precipitation temperatures directly
from carbonate mineral chemistry without any prior knowledge of parent water chem-
istry gives the clumped isotope method a significant advantage over conventional oxygen
isotope palaeothermometry. As a result, there are now numerous examples of clumped
isotope studies from across the earth sciences, covering topics including paleoclimate
reconstruction [15-20], diagenetic histories [21-25], and fluid flow [26-28].

1.2. Non-Equilibrium Precipitation

There are certain carbonate-forming environments where equilibrium is not reached
prior to mineral precipitation. Examples of this have been recorded at extremes of
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pH [29-34], temperature [16,35-38] and precipitation rates [5,39,40]. In these settings,
§13C, §'80 and A4y record disequilibrium effects; isotopic and kinetic processes that relate
to solution chemistry and carbonate-forming reactions, rather than mineral precipitation
temperatures [5,6,39-42].

Kinetic Isotope Effects

Carbonates precipitating rapidly in alkaline waters (pH > 10) at low temperatures
(<30 °C) are likely to record kinetic isotope effects due to water-DIC equilibration times
increasing with pH and decreasing with temperature [5]. In high pH conditions, CO; is
rapidly draw in to the water column and converted into DIC via CO; hydroxylation [31].
This kinetic process preferentially selects lighter isotopes (12C and 1°0), depleting DIC in
13C and '80 [42-44]. Near-instantaneous carbonate precipitation prevents any isotopic equi-
libration between DIC and water, therefore preserving kinetic depletions in mineral bulk
isotope signatures that are significantly below expected equilibrium values [31,32,34,45].
Our understanding of how these kinetic effects impact clumped isotopes is still in its in-
fancy [6,46]. Depletions of '3C and 'O in high pH carbonates in Oman have corresponding
enrichments in A4y [33], with authors concluding CO, hydroxylation also to be the cause of
this. In this study, we investigate human-made (anthropogenic) carbonate deposits that
form in similarly alkaline conditions and, in this instance, even lower temperatures (<20 °C).
The independence of A47 from growth rate above pH 10 means only kinetic disequilibrium
effects should be recorded in these carbonates if the DIC speciation A4y offset is corrected
for [5,6,35,39,40,47-51].

1.3. Anthropogenic Carbonates

Anthropogenic carbonates typically form in the low temperature, high pH conditions
described above. Weathering of human-sourced materials such as legacy industrial waste
results in the liberation of divalent cations (e.g., Ca, Mg, and Fe) and hydroxide (OH™) into
surface waters. These alkaline leachates promote rapid in-gassing and hydroxylation of
atmospheric CO;, followed by near-instantaneous carbonate precipitation [52,53]. A similar
process of carbonate formation occurs through the weathering of natural silicate minerals
in mafic and ultramafic rocks [33,34,54]. Accumulations of anthropogenic carbonates are
recorded at banana plantations [55], quarries [56,57], landfill sites [58,59], furnace slag
heaps [53,60-65] urban soils [52,66,67], and on cement [68,69] or concrete structures [70,71].

1.4. Purpose of Study

Our understanding of how kinetic effects impact A4y is particularly hindered by a
lack of field case study datasets from high pH, hydroxylation-related carbonate archives.
This study tests anthropogenic carbonates as a useful archive for evaluating the impact of
kinetic fractionations, such as CO; hydroxylation, on A4y. These clumped isotope values
will be the first taken from human-derived carbonates.

Samples were collected from a high pH (>10) stream that drains a legacy slag heap on
the outskirts of Consett in northeast England. Carbonate layers from up- and down-stream
samples were analysed and compared to historic environmental data (water temperature,
flow, chemistry, etc. in [53,63,65,72]) to quantify the extent of clumped isotope disequi-
librium. We expect A47 values to record a kinetic enrichment from CO, hydroxylation,
combined with the product of any isotope endmember mixing processes.

2. Materials and Methods
2.1. Site of Study

Carbonate samples for this study were collected from the Howden Burn, a ~500 m
stream that drains the main slag heap of the now-closed Consett Iron and Steel Works in
northeast England (Figure 1A). The works was operational between the mid-19th century
and 1980, producing ~120 Mt of steel and iron and >20 Mt of slag materials over its
lifespan [53]. Slag was dumped in heaps surrounding the site (Figure 1B), as is captured
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by the westerly progression of heap deposits seen between 1880 and 1960 on historic
map records (Supplementary Materials Figures 51-57). The main heaps are underlain by
alluvium and glacial till resting on top of Carboniferous mudstones [53]. Following the
closure of the works the heaps were landscaped and redeveloped in the late 20th century.
Recent estimates suggest the heaps reach a maximum thickness of 45 m and have a total
volume of ~16 Mm? [53]. The constituents of the heaps vary substantially, with steel and
iron slag, spoils, flue dusts, pot ashes and building demolition materials all being recorded
as present [73]. Average compound composition of blast furnace and steel slag are reported
in [63]. 314 tons of Ca is calculated to have leached from the main heap between 1980 and
2017 [53]. Based on CaO and MgO concentrations of heap constituents, this represents as
little as 0.004% of the Ca present.

A EDINSURGH ? B E) S g X
Consett RiverDerwéit ) pmSm=smmmmsemmsicssmen 5
o of \ - -
T r*\ i 4
So, S~ I 1
Howden /7>l A\ d
ENGLAND Burn \\ " Subsurface
“.. | drainage flow
WALES =
50 km - _caroiFF LONDON 100 m
— o ° aman The Grove I
pH~11, OH"
rich waters

Figure 1. (A) Location of Consett in northeast England. (B) Area where slag deposition occurred
during the lifespan of the steel and iron works. Red dashed area shows the extent of slag deposition in
Consett. Black dashed circle indicates the extent of the Howden Burn. Blue and red markers indicate
the locations of upstream (blue) and downstream (red) samples on the Howden Burn. (C) Upstream
tufa barrage located immediately after the Howden Burn emergence from slag heap subsurface
drainage. Stream waters here are hyperalkaline (pH~11), rich in OH™, Ca and slag-derived metals.
Upstream sampling point indicated by dashed blue circle. (D) Downstream tufa barrage located
~50 m before River Derwent confluence. Deposits are darker and harder than those found upstream.
Downstream sample in-situ location indicated by dashed red circle. (E) In-situ picture of upstream
sampling point showing mm-scale tufa layering; (F) Picture of downstream tufa sample showing tufa
layer accumulation around a small stick.
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2.1.1. Howden Burn

The Howden Burn drains the interior of the largest heap at Consett, emerging from a
culverted subsurface drainage outflow on the western side of Pemberton Road. Historic
map records document the direct infilling of the Howden Burn profile with slag between
1880 and the steelworks closure (Supplementary Materials Figures S1-57). The culverted
section from which the burn emerges follows the 1880 burn profile for ~150 m into the heap
before ceasing on current drainage map records. The burn also receives leachate discharge
from a surface water manhole cover which overflows to the immediate south east of the
culvert emergence. Total burn catchment is measured at 0.68 km? and surface waters flow
for ~500 m before reaching a confluence with the River Derwent [53].

The main hydrochemical characteristics of the Howden Burn are summarized in
Table 1. Waters are hydroxide enriched and contain high loadings of Ca and metals leached
from the heap contents [63,65]. Water temperature records from 1978-1999 range from 4 °C
to 20 °C, with a median value of 10.3 °C [53]. Subsequent water temperature measurements
record average values of 13.0 °C upstream and 12.8 °C downstream [72]. Burn pH records
from 1978 to 1999 range from 6.5 to 12.7, with a median value of 11.0 [53]. Lower pH
measurements (<9) present in this range correspond to measurements taken before slag
heap redevelopment in the late 1990s and during periods when the burn was being actively
dosed with acid to reduce surface water pH [53]. Following heap redevelopment non-
slag leaching waters were redirected away from the burn via a combined sewer overflow
pipeline [65]. This led to a change in burn catchment and a relative concentration of high
pH (>10) slag leachate waters [65]. Subsequent water pH measurements throughout the
2000s show this higher pH has remained [65], with the most recent records showing average
values of 11.6 upstream and 11.3 downstream [72].

Table 1. Major hydrochemical characteristics of Howden Burn discharge from [53] unless marked
with * [72]. Median values are shown with data ranges in brackets to highlight the concentration of
high pH slag leachate in stream waters following heap redevelopment in the late 1990s.

Temperature (°C) 10.3 (4.4-20.0)
pH 11.0 (6.5-12.7)
Flow (I/s) 5.0 (2.5-10.0)
Major Ions (mg/1)
Al 0.1 (<0.1-5)
Ca 150 (45-315)
Fe 1.6 (<0.1-4.7)
Mg 8.5 (3.3-13.9)
K 412 (143-688)
Na 172 (45-287)
Cl 67 (2-550)
SOy 755 (42-2700)
Total Alkalinity 162 (93-315)
OH™ * 29 upstream, 13 downstream
CO5 * 139 upstream, 20 downstream
HCO3 * 9 upstream, 3 downstream

2.1.2. Carbonate Classification

Enrichment of OH™ and Ca in burn waters leads to substantial accumulations of
CaCO;3, which precipitates via the formation of (bi)carbonate from the hydroxylation of
atmospheric CO; [53]. Precipitation rates have been calculated to range between 8 and
259 g/m?/day by dividing the difference in Ca mass loss at the leachate source and
downstream by the sampling area (see [53] for full details). This is estimated to produce
11-117 kg of CaCOs per day and 4-42 tons per year [53]. Such substantial volumes of precip-
itation results in extensive smothering of the stream channel and banks, increased opacity
of the water column and accumulations of carbonate terraces, barrages and mini-cascade
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systems. The largest of these barrages is found immediately after the first emergence of the
culverted watercourse (Figure 1C). Barrage size decreases downstream corresponding to
changes in carbonate color and morphology.

Previous XRD analysis of Howden Burn carbonates indicates CaCO3 polymorphs
aragonite and vaterite are present upstream but not downstream [63]. Precipitates are
white-pale yellow upstream and resemble a soft, unlithified sediment. Downstream color
darkens through orange to red-brown, and hardness increases towards that of a lithified
carbonate rock (Figure 1C,D). Carbonates precipitating in the Howden Burn share charac-
teristics indicative of tufas and travertines. The climatic and hydrological characteristics of
the Howden Burn combined with the millimeter-scale laminations and cascade/barrage
morphology of carbonates dictate that a tufa characterization is most appropriate for How-
den Burn carbonates [74-77]. Tufa laminations vary from mm to cm scale, with intermittent
dark clay layers and some darker carbonate layers, possibly indicating incorporation of
local organic material (e.g., leaves from Howden Wood).

2.1.3. Samples

Tufa samples were taken from the Howden Burn in October 2017. For the purposes of
this study five distinctive layers were analyzed from an upstream (CHS5; Figure 1E) and
downstream (CHS16; Figure 1F) tufa sample. Sample CHS5 was taken from the largest
tufa barrage in the Burn, located immediately after the emergence of leachate waters from
the culvert. Sample CHS16 was taken from the last major tufa barrage before the Howden
Burn-River Derwent confluence. Analyzing one tufa from either end of the Burn profile
allows for a relative comparison between clumped isotope compositions upstream and
downstream, whilst analyzing differing layers within each sample provides a relative
measure of changes in clumped isotope compositions through the growth history of the
sample (i.e., time). The five layers sampled from each tufa were labelled A-E, with ‘A’
corresponding to the youngest and outer-most layer, and ‘E’ corresponding to the oldest
and inner-most layer (Supplementary Materials Figures S8 and S9). Due to the lack of
absolute dating of tufa layers, adjacent layers were not always chosen for analysis. Instead,
layers of differing color and morphology were chosen to assess for any impact these factors
have on layer clumped isotope values.

2.2. Data Acquisition
2.2.1. Stable Isotope Measurements

§13C, 5'80 VPDB and A4y clumped isotope measurements were made in the Qatar
Stable Isotope Laboratory at Imperial College London in July 2018. A minimum of three
replicates were analyzed from each tufa layer, using aliquots of 5-7 mg powdered sample
in a randomized order. Replicates were analyzed used the automated Imperial Batch
EXtraction (IBEX) system. Individual samples were dropped into a vacuum-sealed com-
mon acid bath for reaction with 105% orthophosphoric acid for 10 min at 90 °C [78].
Acid digestion produces CO; gas, which is then fed through a series of water, silver and
Porapak-Q traps to remove water, sulfur and hydrocarbons respectively using He carrier
gas [14,78-80]. This removes potential contaminants from CO, gas, which is crucial given
the nature abundance of mass 47 CO; is only 44 ppm [3,80]. CO; is captured in a second
water trap that is maintained at liquid nitrogen temperature, before being automatically
loaded for analysis on a dual-inlet Thermo Fisher (Bremen, Germany) MAT 253 isotope
ratio mass spectrometer [78,80].

Analytical protocols for the Imperial College lab are described in full in Dale et al. [21]
and generally follow those outlined in Huntington et al. [79] and Dennis et al. [81]. The
MAT 253 measures masses 44 to 49 of CO, simultaneously using modified collector arrays
and uses an Oztech reference gas standard [80]. Each replicate measurement comprises
eight acquisitions, with seven cycles per acquisition, each with an integration time of
26 s [78,80,82]. Measurements are repeated seven times per replicate in two different MAT
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253 instruments, resulting in an analysis time of two hours per replicate on each mass
spectrometer [78].

2.2.2. Data Analysis and Reduction

Clumped and bulk isotope data were corrected using the free software Easotope [82].
A pressure baseline correction, as described in Bernasconi et al. [83], was performed and A4y
data were then projected into the absolute reference frame, Carbon Dioxide Equilibrated
Scale (CDES), of Dennis et al. [81]. This was carried out using a secondary transfer function
based on measurements of ETH1, ETH2, ETH3, ETH4, and Carrara Marble (ICM) carbonate
standards [14,84,85]. For this study, one standard was analyzed per three samples. Only
samples with A4g and d4g values that fall within 1% of the heated gas line (A4g offset) and
had a 49 parameter of <0.2 were accepted [14,82]. These signals were used as indicators for
the presence of hydrocarbons, chlorocarbons and sulfur-bearing contaminants [78,79,86,87].
An acid fractionation factor of +0.082%. [8] was added to the corrected A4y data to bring
data into the 25 °C scale used in calibrations. Results were then converted into temperature
using the calibration of Davies and John [14], which is based on recalculated values from
Kluge et al. [9] and new inorganic precipitates. This calibration accounts for updated
70 parameters [88], is within analytical error of Bonifacie et al. [12] and the universal
clumped isotope calibration of Kelson et al. [11], and includes the recent community inter-
comparison efforts of Petersen et al. [13] regarding the 7O correction and clumped isotope
calibration. This study is mainly concerned with the impact of CO, hydroxylation on Ay,
therefore exact temperature calibration is not of paramount importance.

Data for each tufa layer corresponds to the average of replicate analyses, of which there
were a minimum of three per layer. All A4; values are reported in the CO; equilibrated
scale [81] with 10 as error, whilst measured §13C and 580 values are reported in the Vienna
PeeDee Belemnite (VPDB) scale, also with 10 as error. Average values for 513C and 580
VPDB replicates of standards fell within error of quoted values [84,85], except for 513C for
Carrara Marble (by 0.05%.) and 5180 for ETH4 (by 0.02%o). Average values for A4y repli-
cates of standards fell within error of quoted values for Carrara Marble and ETH3, but not
ETH1 (by 0.007 %), ETH2 (by 0.022%0) or ETH4 (by 0.012%o). Full standards and samples
datasets can be found in Research Data files deposited in the British Geological Survey
(BGS) National Geoscience Data Centre (NGDC) at [89]. Clumped isotope temperature
calculations are given in degrees centigrade with one standard error. A 95% confidence
level for temperature values is also available in research data files. Source fluid 580 values
were calculated using the carbonate-water equilibrium fractionation factors of Kim and
O’Neil [90] and are reported in the Vienna Standard Mean Ocean Water (VSMOW) scale
with same errors as calculated temperatures. Due to the high pH of the Howden Burn these
calculated fluid 580 VSMOW values are not expected to provide an accurate estimate
of parent solution 5'80. They are included to provide a comparison against regional sea-
sonal 8'80yater data [91,92] and highlight the disequilibrium of carbonate precipitation in
this environment.

2.3. Non-Linear Mixing Model

The non-linear mixing curves used to interpret clumped isotope data were derived
using the non-linear mixing equation of Guo [6], formerly discussed by Defliese and
Lohmann [93] and Eiler and Schauble [86]:

Agzmix = (1 —f) X Dgza+f x Dgzp +f x (1 —f) x (613C4 — 813Cp) x (6180, — 5'80p) 1)

where the A and B components are the equilibrium (lithogenic or biogenic) and disequilib-
rium (hydroxylation) endmembers respectively and f is the mixing ratio of endmember
B component. Expected equilibrium clumped isotope values were calculated by revers-
ing the A4y-temperature conversion [14] for the historic water temperature range of the
Howden Burn (4-20 °C; [53]), to give an expected equilibrium clumped isotope range of
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0.708%0—0.763 %o. Equilibrium carbonate mineral 8180 nineral VPDB values under were
calculated using regional meteoric rainfall values of Darling et al. [91], along with the
carbonate-water equilibrium fractionation factor [90]. The disequilibrium used in the
model corresponds to a carbonate sample from the hyperalkaline spring waters of the
Semail ophiolite in Oman [33]. The near-identical bulk isotope values of this endmember
sample (§'3C VPDB = —27.0%o; 580 VPDB = —16.7%o) to the Dietzel et al. [32] hydroxyla-
tion bulk isotope values (§13C = —25.3%0; §'80 = —17.6%,) makes this appropriate for the
purposes of this study.

3. Results
3.1. Carbonate 513C and 680 Isotope Values

$13C and 80 VPDB values of downstream tufa layers are generally lower than up-
stream layers (Figure 2). Layer 5A in the exception to this, with the lowest §'>C and §!80
VPDB values of the data set of —19.49%o (£0.07%0) and —12.54%o (30.13%.) respectively.
Upstream layer values range from —14.03%o (4-0.04%o) to —19.49%0 (£0.07%.) for §'3C
VPDB and —6.85%0 (4:0.21%o0) to —12.54%o (0.13%0) for 5'80 VPDB. Downstream val-
ues range from —15.94%o (+0.02%o) to —18.65%0 (+0.25%0) for §'3C VPDB and —9.93 %o
(£0.08%0) to —12.06 %o (4-0.30%0) for 580 VPDB.

3.2. Carbonate Ay; Clumped Isotope Values

Trends in clumped isotope data generally correspond to those present in bulk iso-
tope data, meaning layers with lower §'3C and §'80 VPDB values have higher A4 val-
ues. Exceptions to this trend are layers 16C (0.881 £ 0.011%.) and 16D (0.897 £ 0.009 %o).
Layer 5A has the highest Ayy value of the dataset (0.900 £ 0.009%.), whilst 5D the lowest
(0.827 £ 0.011%o). Upstream values range between 0.827%o (£0.011%0) and 0.900 %o
(£0.009%o) and downstream values range from 0.828 %o (£0.021%o) to 0.897 %o (3=0.009 %o).

3.3. Calculated Temperatures and 6'8 Ofuuia

Calculated temperature values for upstream and downstream data points correspond
to the trends seen in A4; values (Figure 2). Upstream layer temperatures range from
—25.39 °C (£0.99 °C) to —10.96 °C (£1.42 °C) and downstream temperatures range from
—11.18 °C (£2.69 °C) to —25.02 °C (£0.91 °C). §'80g,iq VSMOW values derived from
8'8Ommineral VPDB and Ay7 show ranges of —12.54%0 (£:0.50%o) to —22.41%o0 (£0.37%o) for
upstream layers and —15.78 %o (£0.75%o) to —21.15%o (£0.32%0) for downstream.

813C ineral 0"®0mmineral 8'%04,iq
Upstream (CHSS5) VPDE [l VPDB [Pl Dy (% Trq VSMOW [%]
e : | @1SD)  (+1SD)  (£1SD)  (£1SE)  (¢1SE)
5A -19.49 -12.54 0.900 -25.39 -22.41
-16.20 -8.75 0.869 -19.70 -16.88

5B
5¢C -16.00 -8.51 0.852 -16.25 -15.68
5D -14.46 -6.85 0.827 -10.96 -12.54
5E -14.03 -7.34 0.836 -12.83 -13.55

Figure 2. Cont.
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Figure 2. Bulk §'3C and §'80 VPDB isotope and Ay; clumped isotope results with corresponding
temperature and 5'8044ig VSMOW calculations for upstream (top) and downstream (bottom) tufa
layers. Sample numbers 5A-5E and 16 A-16E correspond to the hand specimen number from field
sampling (5 and 16) and the youngest and outer-most layer (A), and the oldest and inner-most layer
(E). White dashed lines indicate the layer and area from which each respective data point (e.g. 5A,
etc.) was acquired. Errors are given in brackets and correspond to 1 standard deviation for bulk and
clumped isotope data and 1 standard error for temperature and 51804g4.q VSMOW data.

4. Discussion

Carbonate clumped isotope temperatures calculated in this study are ~20-35 °C colder
than the Howden Burn median water temperature of 10 °C (Table 1). This substantial
negative offset corresponds to higher A47 clumped isotope and lower bulk §'3C and §'80
VPDB values, relative to those expected for carbonates precipitating at Howden Burn water
temperatures (4-20 °C). Calculated §'Ogq,;q VSMOW values are comparably offset from
regional values of —8.2%. (winter) and —7.0%o (summer) [91,92]. Using the historic temper-
ature range above and the A47-temperature calibration of Davies and John [14], clumped
isotope values are 0.044%0—0.183 %o higher than expected. Given that clumped isotopes
have provided accurate and reliable reconstructions of carbonate mineral precipitation
temperatures in other temperate European [10] and Japanese [94] tufas, isotope data offsets
in this study must be caused by hydrochemical characteristics of the Howden Burn that
differ to that of the examples above.

4.1. High pH Carbonates

The dominant characteristic of the Howden Burn hydrochemical environment is high
pH (Table 1). Measurements regularly exceed pH 11, compared to pH < 9 in the European
and Japanese tufa studies [10,94]. High pH values result from the leaching of slag minerals
such as larnite (Equation (2)) and portlandite (Equation (3)), which enriches Howden Burn
waters in hydroxide (OH™) and divalent cations (e.g., Ca):

CapSiOy4 + 4H,0 — 2Ca?" + HySiO, + 4OH - )

Ca(OH), — Ca®* + 20H"~ (3)

This creates a specialized carbonate forming environment that differs from the majority
of carbonate archives. OH™ abundance promotes in-gassing and absorption of atmospheric
CO; into the water column, where newly formed (bi)carbonate then reacts with leached Ca
to rapidly precipitate calcium carbonate (CaCOj3) [32,51]:

COZ () — COZ (aq) (4)
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CO5 (aq) + H20 4> HyCO3 (5)
H,CO; +» HCO3™ + HY (6)
HCO;~ + OH™ — H,O + CO5%~ (7)
Ca?* + CO3%~ +» CaCO; (8)

4.1.1. DIC Speciation

There are two significant consequences of this carbonate forming process for clumped
isotope values. First, the speciation of composite DIC changes with solution pH [39,41].
Above pH~10.3, dominant speciation transitions from bicarbonate (HCO3™) to carbon-
ate (CO3%7), meaning DIC speciation in high pH environments such as the Howden
Burn differs from that of lower pH, ‘natural’ carbonate precipitating environments (e.g.,
Kato et al. [94]; Kele et al. [10]). Speciation of DIC is known to produces certain off-
sets in clumped isotope values [5,39,41]. For a system such as the Howden Burn, which is
pH > 103 and CO3%~ dominated (see Table 1), A4 values are offset by up to
—0.05%0 [5,39,41]. This is the opposite to the trend seen in Howden Burn tufa data, which
suggests DIC speciation is not responsible for higher clumped isotope values in Howden
Burn tufas.

4.1.2. CO, Hydroxylation

The second consequence of this carbonate forming process for clumped isotope values
relates to the source of DIC and the process by which CO, moves from the atmosphere into
carbonate minerals. The in-gassing of CO, produces a kinetic isotope fractionation during
the reaction between aqueous CO, and OH™ (Equation (7)), known as CO, hydroxylation.
This produces a stable isotope enrichment factor of —18.8%o. for 513C VPDB [32,51,95] and
—13%o for '80 VPDB [96,97] in the resultant DIC pool. Abundant supply of cations then
allows for near-instantaneous carbonate precipitation (Equation (8)). This, combined with
the substantial time requirements for isotopic equilibration at low temperature and high
pH (>10° min) means tufa layers inherit isotopic signals that correspond to the kinetic
fractionation of CO, and atmosphere-hydroxide sourcing of DIC, rather than mineral
precipitation temperatures [5,6,39,98,99]. These signals are referred to as clumped isotope
disequilibrium effects.

Evidence of this isotopic disequilibrium is recorded in previous studies of Consett
slag-derived carbonates. Strong depletions of *C and 80 in Howden Burn tufas [53]
and other carbonate morphologies [52] are diagnostic of an atmospheric CO, source and
hydroxylation disequilibrium effects. Carbonates precipitating in hyperalkaline springs in
Oman record comparably negative bulk isotope values [33]. Clumped isotope compositions
were also measured for these carbonates and yield values up to 0.200%. higher than those
expected for equilibrium precipitation [33]. This is comparable to the offset of A4y values
seen in this study, which given the differing climates and ambient temperatures of northern
England and Oman highlights the lack of temperature correspondence of clumped isotope
compositions in high pH carbonates.

4.2. Variation in Disequilibrium

Variation in clumped and bulk isotope values suggests the rate or extent of CO,
hydroxylation and/or carbonate precipitation in the Howden Burn is changing. In high
pH environments such as this, carbonate precipitation rate is defined as:

r=Co x (D x k x [OH™])%° )

where C, is the CO, concentration in solution (mol cm™3), D is the diffusion coefficient of
CO;, through a liquid (cm? s~1), k is the rate constant for hydroxylation (cm?® mol~! s71)
and OH™ is the hydroxide concentration in solution (mol cm~3) [32,51,100]. If standard
values for D (10°4! cm? s71) and k (107483 cm® mol~! s7!) are assumed, then the primary
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rate-controlling step of carbonate precipitation is the hydroxylation of dissolved CO,
gas [52]. Hydroxylation requires the supply of CO, and OH™ to stream waters, therefore
factors that interrupt or change the availability of either will impact upon the extent of tufa
isotopic disequilibrium.

4.2.1. Supply of CO,

Supply of CO; has increased since the onset of tufa precipitation (~1880) due to
increasing atmospheric CO; concentrations from the burning of fossil fuels [101]. The
subsequent increased greenhouse effect and planetary warming decreased atmospheric
CO, 8'3C by ~1.5%0 in the 20th century [102]. The magnitude of this change is much
smaller than the disequilibrium and intra-dataset variation of isotope values seen in this
study. Further, if CO, supply was responsible for the variation in isotope data, the extent
of isotopic disequilibrium should decrease with layer age. In the upstream sample the
exact opposite is recorded, with §'°C and §'®0 VPDB values decreasing and A4y values
increasing along growth (Figure 2). The layers sampled in this tufa are not adjacent either,
meaning that this trend may not be representative of the overall trend with layer age.
This point is emphasized by the lack of a unidirectional trend in isotope values for the
adjacent layers measured in the downstream sample (Figure 2). Together this suggests that
increased supply of CO; from anthropogenic emissions is not responsible for variation in
layer values.

4.2.2. Supply of OH™

Previous studies of Howden Burn hydrochemistry have highlighted the inverse cor-
relation between stream water pH and carbonate precipitation [63,65]. This suggests that
whilst the supply of OH™ has remained relatively constant, its relative concentration in
the Howden Burn varies due to dilution from rainfall surface runoff. During periods of
high rainfall dilution is at its most extreme, reducing stream pH and thus the capacity for
CO, hydroxylation and subsequent carbonate precipitation (as per Equation (9)). Mixing of
circumneutral meteoric waters also supplies stream waters with non-hydroxylation related
DIC that is already equilibrated to ambient temperature conditions. As a result, carbonates
that precipitate during periods of higher rainfall and dilution record bulk and clumped
isotope signatures trending back towards that of expected equilibrium values [33].

4.3. Endmember Mixing

The seasonal, daily, and sometimes hourly fluctuations of rainfall and subsequent
dilution of hydroxide in the Howden Burn results in a distribution of tufa isotope data
along bulk and clumped isotope mixing trends. This produces a linear spread of §!3C and
§'80 VPDB data between disequilibrium and equilibrium endmembers (see Figure 3). The
disequilibrium endmember corresponds to a hydroxylation endmember (§!3C = —25.3%,
5180 = —17.6%0) [32]. There are two potential equilibrium endmembers for the Howden
Burn; lithogenic (613C = 0%, 5180 = 0%o) [53] or biogenic (613C = —8.0%0;
5180 = —6.8%0) [103]. Previous studies of Howden Burn carbonates have assumed a
lithogenic endmember for calculating CO; sequestration rates in the stream [53]. If the
same approach is applied to bulk isotope data presented here, tufas contain 55%—77%
atmospheric CO;. This is lower than the 80% average in Mayes et al. [53] but within the
overall range, therefore supporting CO, sequestration estimates for the stream.
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Figure 3. Plot of up- and down-stream tufa layer bulk §'3C and §'80 VPDB isotope data. Results
from previous Consett carbonates [52,53], hyperalkaline modern travertines [33] and temperate cir-
cumneutral tufas [10] are also shown, along with values for hydroxylation (H; yellow star, from [32]),
biogenic (B; green star, from [103]) and lithogenic (L; purple star, from [52,56]) isotope endmember
values. Arrow shows linear mixing trend of data, which for Howden Burn carbonates corresponds to
the variable extents of surface runoff dilution of hyperalkaline leachate waters.

Given there is no significant source of lithogenic carbon in the Howden Burn’s catch-
ment and the stream itself is surrounded by woodland, we suggest a biogenic equilibrium
endmember may be more suitable for this carbonate system. The proximity of the woodland
around the stream means that rainfall runoff and surface waters interact with significant
quantities of biogenic carbon prior to entering the burn, particularly in higher rainfall
months. Trends in isotope data relating to tufa layer color support this mechanism of
carbon sourcing. Darker layers tend to record lesser extents of carbonate isotope disequi-
librium. Assuming darker layers correspond to those rich organic materials, this suggests
the main source of equilibrium, or non-hydroxylation related carbon, is biogenic rather
than lithogenic. In this scenario, the proportion of atmospheric CO, in these tufas is <50%,
which implies the CO, sequestration estimates of Mayes et al. [53] are towards the upper
limit of plausibility.
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Non-Linear Mixing

The linear mixing trend of bulk isotopes evident in Figure 3 could alternatively be
interpreted as partial equilibration of DIC prior to carbonate precipitation, shifting iso-
tope values back towards those expected from equilibrium precipitation. We know this
to be unlikely due to the low temperature, high pH conditions in the Howden Burn,
and the records of rapid precipitation rates [53]. However, the point remains that bulk
isotope data alone cannot empirically rule out partial equilibration. The distribution of
clumped isotope data (Figure 4) can provide this quantitative evidence. If partial equi-
libration of DIC were responsible for variation in isotope data, one would expect to see
a linear mixing trend between equilibrium and hydroxylation disequilibrium endmem-
ber clumped isotope values. Instead, we see that mixing is non-linear, plotting between
a hydroxylation disequilibrium endmember: Ay; = 0.851%o0, 5'*C VPDB = —27.0%0 and
5180 VPDB = —16.7%o [33] and winter (4 °C) and summer (20 °C) equilibrium endmembers
for Howden Burn tufas.
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Figure 4. Plot of A4y and 5180 ineral VPDB values for up- and down-stream layers, with data from
previous carbonate studies plotted for reference [10,94]. Disequilibrium hydroxylation (H; black
star, from [33]) and seasonal equilibrium endmember values are shown and were used to construct
a non-linear mixing zone for DIC endmember mixing in the Howden Burn system. Winter and
summer maximum equilibrium values were calculated using water temperature records [53] and
regional meteoric rainfall 5180 VSMOW. Grey % values correspond to the ratio of disequilibrium
hydroxylation component for any given point on the mixing zone. Linear mixing from DIC equili-
bration is also shown. Distribution of tufa layer data points between the equilibrium and disequilib-
rium endmembers corresponds to differing extents of high pH slag leachate dilution from rainfall
surface runoff.
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This non-linear spread of clumped isotope data is diagnostic of mixing between
two distinct DIC endmembers, rather than any partial equilibration of water DIC [86,93].
Variation in apparent clumped isotope disequilibrium along this mixing curve results from
changing ratios of the respective endmember components in the final DIC mix, with the
largest deviance from a linear mixing trend coming from a 50:50 endmember mix [93]. This
mechanism of clumped isotope disequilibrium conforms to field observations regarding
rainfall dilution in the Howden Burn, with episodic rainfall dilution of high pH leachate
providing the means for mixing of isotopically distinct endmembers.

4.4. Mixing Model Insights

Only half of the tufa layers measured in this study fall within error of the zone
of endmember mixing, with the majority of these being from the downstream sample.
There are two possible reasons for this; (1) other processes are increasing A7 that are
separate from DIC endmember mixing, or (2) endmember values used to construct the non-
linear mixing zone shown on Figure 4 are not wholly representative of the Howden Burn
carbonate system.

4.4.1. pH Effect

We know from previous studies that precipitation rate is unlikely to have contributed
any A4y increase due to the high recorded rates and high pH [5,39,40,53]. However, the
speciation effect of high pH is known to produce a A4 reduction of up to 0.050%. in
CO32~ dominated solutions (see Table 1 for CO3?~ dominance) [5,39,41]. This offset only
reaches its maximum once pH > ~12 [39,41], meaning A47 decrease may not be as much as
0.050%o in the Howden Burn system, particularly during high rainfall events. If data in this
study are corrected for a full pH speciation effect of 0.050%o, this increases A4y further and
takes all data points above and out of the non-linear mixing zone in Figure 4. This means
pH speciation is not the cause of some data points plotting above the calculated zone of
non-linear endmember mixing.

4.4.2. Endmember Suitability

This leaves the question of how representative mixing model endmember values are
of the Howden Burn system. Equilibrium A4y calculations use temperature measurements
from the Howden Burn and therefore directly correspond to this environment. Despite not
being taken as part of this study, the values are sourced from an extensive and long-lasting
water temperature archive of the Howden Burn (compiled in [53]) and are therefore deemed
to be representative and reliable. Bulk isotope values of the hydroxylation disequilibrium
endmember from Falk et al., [33] are near identical to those cited in Dietzel et al. [32],
meaning the disequilibrium endmember is also appropriate for modelling this system.
That leaves equilibrium 5180q,:q4 VSMOW values, which used regional summer and winter
51804 VSMOW from Keyworth in England [91,92]. These were the most representative
data available for the purposes of this study, but given Keyworth is ~150 miles south of
Consett, these values may differ slightly from the actual 5§'¥Og;y VSMOW of meteoric
rainfall entering the Howden Burn. Further study of the burn hydrochemistry and isotopic
measurements of endmember components would be needed to confirm this.

Accurate endmember bulk isotope values for the non-linear mixing model in Figure 4
are important since a relatively small variation can lead to significant differences in the
extent of non-linear A4y offset. For example, bulk isotope values differing by 10%. produce
a non-linear mixing effect and A47 increase of up to ~0.025%. compared to linear mixing,
whereas a difference of 15%0 produces up to ~0.055%0 increase [8]. Given the underesti-
mation of the model mixing curve relative to tufa isotope data, equilibrium endmember
8180 ineral VPDB and therefore 5'804,,;,4 VSMOW would need to be higher if the mixing
zone is to cover where all ten tufa layers plot [93].
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4.4.3. Correlation with Environmental Conditions

Despite the slight mismatch between non-linear mixing model zone and measured A7
values, the distribution of data points on Figure 4 do provide certain notable trends. Higher
upstream 5"80 1 ineral VPDB values (apart from data point 5A) suggest upstream tufa layers
correspond closer to winter temperature and/or water chemistry conditions, relative to
downstream layers. One possible environmental explanation for this could be that during
winter months increased rainfall and surface runoff dilution of leachate limits the extent of
high pH carbonate precipitation to upstream areas. In the drier summer months, dilution
is reduced, and CO, hydroxylation-related precipitation takes place further downstream.
As a result, downstream carbonates preferentially record summer conditions relative to
upstream deposits. However, it is important to acknowledge that the sample size presented
here is relatively small. To quantitatively test if this phenomenon is genuine a larger sample
size of tufa taken across various period of a seasonal year would be needed, along with
accompanying water chemistry data.

Another notable observation from Figure 4 is that the majority of tufa layers plot
closer to equilibrium endmembers, suggesting they have a majority equilibrium (i.e., not
hydroxylation) component. This is perhaps unexpected given the recorded dominance of
hydroxide in this environment (Table 1), but is likely a consequence of the complex control
of rainfall in the Howden Burn system. The dilution effect of surface runoff previously
discussed lowers stream water pH, reducing the capacity for CO, hydroxylation to occur.
At the same time, higher stream discharge increases the precipitation rate of carbonate
minerals such as calcite [75,76,104], increasing the volume of carbonate forming during
these high rainfall, high flow and lower pH periods. This complexity highlights the
importance of understanding and quantifying the controls on carbonate precipitation for
interpreting trends in clumped isotope data.

4.5. Quantifying A4z Enrichment

Modelling studies of Defliese and Lohmann [93] and more recently Guo [6] suggest
the majority of clumped isotope disequilibrium from kinetic processes such as CO, hydrox-
ylation results from non-linear mixing effects rather than any intrinsic fractionation of A4y.
Without a more accurate characterization of Howden Burn DIC endmember components
it is not possible to quantitatively conclude whether this is the case for data in this study.
Compared to linear A4y mixing, clumped isotope values in this study are between ~0.010 %o
(16B) and ~0.145%o (5B) higher than winter and summer linear mixing profiles respec-
tively (see Figure 4). Given bulk isotope endmembers differ by 27 %o for §!*C VPDB and
8%0—10%o for 5180 VPDB, these results comparable to the modelling work of Defliese and
Lohmann [93], which predict a ~0.050%. increase in A4y when endmembers differ by 15 %o.
The combined effects of this endmember mixing and atmosphere-hydroxide DIC sourcing
increases clumped isotope values by 0.044 %0—0.183%. compared to derived equilibrium
values. Given pH speciation is known to reduce clumped isotope values by up to 0.050 %o
in CO32~ dominated solutions, overall A4y enrichment could be as high as 0.233%o. This
extent of clumped isotope enrichment bares close resemblance to that recorded in Oman
hyperalkaline carbonates, despite the differing climates and water temperatures of the two
environments [33].

4.6. Significance and Future Work

This study provides the first clumped isotope data from anthropogenic carbonates,
adding to the small number of high pH, non-equilibrium carbonate datasets recorded
in the carbonate archive. The heterogeneity of tufa layer isotope values demonstrates
that there are multiple competing processes controlling carbonate isotope values in high
pH, riverine carbonate systems. The magnitude of clumped isotope disequilibrium and
diagnostic trends present in A4y data demonstrates the potential of using anthropogenic
carbonates to better understand the impact of kinetic effects on clumped isotope values.
Future studies could analyze larger numbers of individual carbonate layers from multiple
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sites (i.e., >2) across the anthropogenic system. These investigations should be concurrent
with monitoring of mineral precipitation rates and the accompanying hydrochemical
conditions (e.g., real-time rainfall, stream discharge, temperature, water §'80) over a
full seasonal year. This will quantitatively test which of the environmental variables
discussed in this submission (e.g., rainfall, pH, etc.) are the cause and dominant control
of clumped isotope disequilibrium variation. Future work should also determine factors
such as the organic matter content of carbonates and the consistency of isotope equilibrium
endmember signatures.

5. Conclusions

The aim of this study was to investigate the clumped isotope values recorded in
anthropogenic tufas and test these human-derived carbonates as an archive for evaluating
the impact of kinetic fractionations on A4y. We found that, as expected, carbonate clumped
isotope values do not correspond to mineral precipitation temperatures and instead record
enrichments of +0.044%0—0.183 %o relative to expected equilibrium values. This range
includes a negative Ay offset of up to 0.050%. from the pH speciation effect of CO32~
dominated solutions, meaning hydroxylation-related Ay; enrichment could be as high as
0.233%o. Non-linear distribution of clumped isotope data indicates DIC endmember mixing
is responsible for variable extents of disequilibrium, rather than partial equilibration of
DIC. Episodic dilution of hydroxide-rich stream waters by equilibrated rainfall surface
runoff provides a plausible mechanism for endmember mixing in this environment.

Increases of ~0.010%0—0.145%0 in A47 values relative to linear summer and winter
mixing profiles indicates that the majority of increase in clumped isotope values results
from a combination of non-linear mixing effects and atmosphere-hydroxide sourcing of DIC.
Through time, tufa layers inherit clumped isotope signatures that correspond to the mixing
of disequilibrium (CO, hydroxylation) and equilibrium (surface runoff) endmembers.
Layers that form during high rainfall (i.e., high dilution, lower pH) events are expected to
record bulk and clumped isotope values closer to expected equilibrium values than those
forming during low rainfall (i.e., low dilution, high pH) periods.

The diagnostic trends and variation in clumped isotope values present in this small
dataset demonstrates the potential of anthropogenic carbonate systems as a useful archive
for studying and quantifying kinetic effects in clumped isotopes.
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Abstract: The utility of the Mg/Ca elemental ratio of calcite (Mg/Ca)cq1cite) as a temperature indicator
in continental carbonate deposits is a matter of debate due to the different results obtained by diverse
authors. In this study, we aimed to test the reliability of the (Mg/Ca)caicite in fluvial carbonates.
We selected the recent tufa stromatolite records of four rivers on the Iberian Peninsula for the trace
element analysis based on six-monthly sampling. Previous sedimentary and hydrological studies on
these fluvial basins provided the information for this work. The water temperature estimates for the
stromatolite (Mg/Ca)cacite Substantially differed from the measured water temperatures in most of
the studied cases. We thus assessed other factors that participate in the control of the Mg partitioning
between water and calcite. The correction of the detrital Mg content yielded water temperatures
that matched the measured ones in one of the rivers. The (Mg/Ca)water, Water discharge and calcite
precipitation rates may also occasionally influence the (Mg/Ca)yicite- The six-month behaviour of
some of these parameters could interfere with the relationship between the (Mg/Ca),1cite and water
temperature. According to these results, and their comparison with other non-marine carbonates,
the wide variety of parameters that are involved in the (Mg/Ca)cqcite limit it as a geochemical

thermometer in continental sedimentary environments.
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1. Introduction
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debate for a long time. In the case of the Mg/Ca ratio in sedimentary nonmarine carbonates,

Received: 30 November 2022 we lack a consensus on its application to the geological record to obtain temperature data
Revised: 22 December 2022 because of the varied and usually negative or inconclusive results that researchers have
Accepted: 25 December 2022 obtained in several studies [1-8]. One important problem is the presence of Mg-bearing
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amounts in the carbonate deposits, which is added, in the sample analysis, to the Mg
incorporated in the calcite lattice (e.g., [6]) and produce misleading temperature results for
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the causes of the Mg/Ca variations in water and minerals over time cannot be depicted
(e.g., [2]). The use of the isotope compositions of trace metals that coprecipitate with
calcite (Mg, U) as a prospective method for estimating the sources of Mg in authigenic
carbonates ([10-12] and the references therein) might be an additional way to clarify the
sometimes-puzzling Mg/Ca variations in some tufa-precipitating systems.

In this work, we compared the recent fluvial stromatolite records from four river
basins in the Iberian Range, Spain. The four basins have similar Mediterranean continental
climate conditions. However, the deposition rates, stable isotope composition of the water
and carbonate deposits formed in each case are noticeably different. The available data
on the depositional rates and isotopic, hydrochemical and climatic parameters for each
basin taken every six months, over a period from 3 to 13 years, as well as the corresponding
recent stromatolite records, offer an excellent opportunity to decipher whether—or under
which conditions—geochemical proxies, such as the Mg/Ca ratio, are reliable indicators of
the climatic conditions in sedimentary carbonates.

Therefore, in this work, we aimed to test the reliability of the Mg/Ca ratio in fluvial
tufa calcite as the depositional (detrital sediment input), hydrological (discharge, in-aquifer
residence time of water) and climate (temperature, precipitation, evaporation) indicators of
past environments. For this purpose, we analysed the Mg/Ca ratios of the recent six-month
fluvial stromatolite records and their water counterparts obtained from 1999 to 2012 for
four river valleys in the Iberian Range, Spain. We compared the calculated temperature
values with the corresponding measured water temperatures and the water temperatures
calculated from the tufa 5'80 4o in the same records by the authors of [13]. We analysed
the influence of the different parameters on the tufa Mg content, and we compared the
results with similar outcomes for other fluvial systems. According to our findings, the use of
the Mg content in calcite as a temperature proxy is difficult because of the complex interplay
of the other acting parameters (e.g., the water discharge and calcite precipitation rates).
Specifically, the influence of the Mg derived from detrital minerals may be responsible for
the generally higher temperatures yielded by this proxy.

2. Location, Geological Context, Climate and Hydrology

The Anamaza, Piedra, Mesa and Ebrén Rivers are located along a 210 km long, nearly
N-S transect across the Iberian Range (Figure 1). The Iberian Range is an Alpine intraplate
mountain range that was formed as the result of the convergence of the Eurasian and
Iberian plates [14]. The Paleozoic-to-Cenozoic succession is formed mainly of siliciclastic
and carbonate sedimentary rocks. The Mesozoic sequence includes thick and extensive
successions of carbonate rocks that make up most of the aquifers in the region. This
sequence is overlain by Cenozoic fluvial and lacustrine detrital and carbonate rocks [14]. A
number of valleys include Pleistocene and Holocene conspicuous tufa buildups [15-19].
In many of these valleys, the present-day rivers continue to form tufa deposits via a long
stretch downstream of the headwater springs [19-22].

The river sections studied by the authors of [19,21-23] in the four fluvial basins
(Anamaza, Piedra, Mesa and Ebron) have similar lengths, elevations and topographies,
and they share the general Mediterranean continental climate conditions. The four rivers
are mainly sourced from Jurassic carbonate rock aquifers (plus Upper Cretaceous carbonate
rock aquifers in the case of the Piedra and Mesa Rivers), which supply water of the HCO3-
Ca (Piedra, Ebrén and Mesa) and SO4—~HCO3-Ca (Afiamaza) types. Most of the water is
not only provided by the springs that are located in the uppermost reaches of each fluvial
valley, but also by the variable contributions from the springs along the river paths, which
are greater along the Ebrén River.
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Figure 1. (A,B) Locations of the studied rivers in Iberian Ranges (NE Iberian Peninsula).

The Ebrén and Mesa Rivers have similar mean water discharge values (1.49 and
1.5 m3/s, respectively), which are slightly higher than that of the Piedra River (1.26 m3/s).
The Afiamaza River has a much smaller discharge value (0.21 m3/s). The longitudinal
profile of the Afiamaza River has the highest gradient (mean slope of 1.9%), those of the
Ebron and Piedra Rivers have more moderate gradients (1.4% and 1.3%, respectively) and
that of the Mesa River has the lowest gradient (1%).

3. Characteristics of Stromatolite Formation in the Studied Rivers

The authors of [19,21-23] performed sedimentary and hydrochemical studies on the
calcite-depositing rivers: Afiamaza, Ebron, Mesa and Piedra Rivers (hereafter referred to
as RA, RE, RM and RP, respectively), and they indicated that the deposition rates were
strongly controlled by the mechanical CO, outgassing in the four cases, with minor contri-
bution from the biological parameters, such as the photosynthetic CO, uptake. The highest
deposition rates corresponded to the fast flow conditions along the gently to highly inclined
river sites in which the stromatolite deposits were formed (mean measured deposition rates:
RM: 4.0 mm/y; RE: 44 mm/y; RP: 13.7 mm/y; RA: 18.3 mm/y). The researchers measured
from moderate to high deposition rates in the varied-sized waterfalls with continuous
and turbulent flows, in which crudely laminated deposits of moss, macroscopic algae and
minor stromatolites had formed (mean measured deposition rates: RM: 2.4 mm/y; in RE:
7.4 mm/y; RP: 8.2 mm/y; RA: 8.4 mm/y). The lower rates were those of the slow flowing
water areas, in which the sediment consisted of loose lime mud, small phytoclasts and
oncoids, as well as uneven and thin stromatolites. Other contexts, such as spray areas or
caves, yielded much smaller deposition rates. In all cases, the deposition rates were much
higher in the warm periods (i.e., spring and summer months) than in the cool periods (i.e.,
autumn and winter months). The six-month difference was explained by the differential
effects of the temperature and temperature-related parameters on the calcite solubility in
the water and on the biota activity, the latter either through plants or prokaryotes that act
as substrates for calcite precipitation, or even through the photosynthesis process [24,25].
However, despite these similarities, there are large variations in the deposition rates be-
tween the four rivers due to differences in the discharges, water chemical compositions,
riverbed slopes and water temperatures [21]. Among the studied facies, the most continu-
ous records were for the stromatolite deposits, which allowed for the identification of the
successive six-month period intervals that were monitored on site and in the laboratory
(Figure 2). Therefore, we selected a number of stromatolite deposits formed on tablets for
this study. These stromatolite deposits consist of thicker and denser composite laminae
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that alternate with thinner and more porous composite laminae. The former includes
up to six simple laminae, and the latter includes up to four [26]. The laminae primarily
consist of cyanobacterial calcite tubes that form palisades, fan-shaped calcite bodies and/or
intertwined-calcite-tube mats (Figure 3). According to the RNA determinations from the
same sites as the tablets, most of the studied samples coincided with Phormidium incrusta-
tum [27,28]. In addition, diatoms, insect cavities and extracellular polymeric substances
(EPSs) were variably present between the tubes (Figure 3).

P-13 (L2)
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0ct.04 - Mar.05 | €
Apr.04 - Sept.04 | w
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Apr.05- Sept.05 1 W
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Apr.04-.Sept.042. v

Figure 2. (A) Field view of site where Tablet RP-16 was installed in the River Piedra [19]; (B) Plan
view of Tablet RP-16 once removed from the river. Line indicates position for cutting; (C,D) Cross
sections of Tablets RP-16 (P-13) and M-4, with sections perpendicular to flow direction. We indicate
the thickness of each six-month interval measured at corresponding cutting sections.

We selected the stromatolite records that were suitable for this study as follows: For
the RE and RA rivers, the highest deposition rates were measured in Tablets RE-8 and
RA-6 (8.44 mm/y over 3.5 years, and 18.3 mm/y over 3 years, respectively). For RP, Tablet
R-14 provided the longest and most continuous record (12 years, with a mean rate of
16.02 mm/y). For the RM, Tablet M-4 had a continuous record that was suitable for this
study (3.5 years, with a mean rate of 5.45 mm/y).
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Figure 3. (A) Detail of lamination in cross-section of Tablet RP-16 [19] (six-month intervals as in
Figure 2A); (B) SEM image of Tablet RP-14: palisades of calcite tubes from filamentous cyanobacteria;
top is upward; (C,D) SEM images of Tablet M-4; (C) Calcite tubes (plan view) and EPS-containing
diatoms. (D) Detail of calcite tubes and EPS (arrows).

4. Methods
4.1. Sediment Sampling and Analyses

The researchers obtained the sediment samples from tufa stromatolites developed
on limestone tablets. The authors of [13,19,21-23,25] gathered the sediment records and
the related water parameters in a multidisciplinary study performed between 1999 and
2012. They installed the tablets (25 x 15 x 2 cm) on the riverbeds at several places that
represented different environmental conditions. They set the tablets at the end of the
winter, and they removed them at the end of the summer to measure their thickness in the
laboratory. After a week, they returned the same tablets back to the same places until the
next semester. The authors of [25] explain the procedure in detail. Once they definitively
removed the tablets, they cut them perpendicular to the depositional surfaces, and they
identified the six-month intervals (hereafter, we refer to spring and summer as the warm
period, and we refer to autumn and winter as the cool period) by plotting the corresponding
measurements on the raw cuts (see [29] for details).

From these sections, they took from one to two sediment samples from each six-month
interval with a punch and a microdrill (Navfram model N120 Micromotor 25.000 rpm
with electronic speed regulator, AB SHOT TECNICS SL, Cervello, Barcelona, Spain). They
ground the powdered matter and sieved it through a 50 pum size mesh, and they then
separated it for different uses.

For the Ca and Mg analyses, they homogenised each stromatolite sample. They
digested the subsamples of approximately 0.2 g using a mixture of concentrated Suprapur
nitric acid (2.5 mL) and hydrochloric acid (7.5 mL) (all Merck), in closed Teflon crucibles
(V =35 cm®) on a hotplate at a temperature of 170 °C, and then in open Teflon crucibles
(V=35cm3) ata temperature of 220 °C.
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The researchers used a high-resolution inductively coupled plasma mass spectrometer
(HR ICP-MS) (Element 2, Thermo Finnigan, Bremen, Germany) for the determination of the
Ca and Mg concentrations. We present the results for all the six-month sediment intervals
recorded on the tablets of the four rivers in Table S1 (Supplementary Material).

The stable isotope composition values of the sediment and water (5'3C and 5'80
%0 VPDB) of the RA, RE and RP used in this paper are those published in [13]. The
stable isotope composition values of the sediment and water of the RM presented in this
contribution were obtained with the same technique described by [13].

The researchers determined the bulk mineralogical composition of the sediment by
powder X-ray diffraction using a Phillips PW 1729 diffractometer (Crystallography and
Mineralogy Division of the University of Zaragoza, Spain). According to the X-ray diffrac-
tion, all the stromatolite samples were composed of low-Mg calcite with minor amounts of
detrital particles such as quartz, clay minerals and, occasionally, dolomite [19,21-23]). To
assess the possible contribution of these detrital minerals to the chemical composition of
the analysed samples, the researchers studied the clay mineral content using the RP as an
example. For this purpose, they took five sediment samples (stromatolites) along the river
in July 2011. They ground and sieved the samples, and they separated the <2 pm sediment
fraction by centrifugation, and they then analysed it for both the mineral (by means of
oriented aggregates) and chemical (with the same methodology indicated above for the
stromatolite samples) compositions. They performed a semi-quantitative determination
of the clay minerals with the reference intensity ratio (RIR) method, and by using the RIR
values of [30] taken from [31].

4.2. Water Sampling and Analysis

The researchers obtained the water samples for the chemical analysis at the sites in
the four rivers that coincided with the tablet sites. They conducted biannual sampling
(approximately in the middle of the warm and cool periods, i.e., at the end of June and in
January, respectively) from June 2004 to December 2009 at the RP, from June 2004 to June
2006 at the RM, from December 2007 to December 2009 at the RA and from June 2007 to
December 2009 at the RE.

They measured the water temperature (Tw) and pH on site using a portable pH meter
(Jenway 4200; Bibby Scientific Limited, Stone, UK). They filtered the samples using a
0.45 pm Millipore cellulose filter, and they acidified them with ultra-pure HNO; to a pH
of < 2 for the cation analyses. They determined the alkalinity, SO4, Cl, Ca, Mg, Na and K
with the same protocols and analytical methods (as is detailed, for instance, in [19]) for
the four rivers. The charge imbalance percentage for the analytical data used in this study
was always below 10% as calculated with the PHREEQC code (see below). We present the
analytical results for the study sites on the four rivers in Table S2 (Supplementary Material).

4.3. Geochemical Modelling Calculations

The researchers performed the speciation—solubility calculations to obtain the values
of the calcite saturation index (Slc), total dissolved inorganic carbon (TDIC) and partial
pressure of CO, (pCO;) values for the water samples with the PHREEQC code [32], and
with the WATEQ4F thermodynamic database distributed with the code.

They calculated the inorganic precipitation rate for the calcite (mmol/cm?/s) using the
rate law in [33], which is commonly referred to as the PWP (Plummer, Wigley, Parkhurst)
rate equation:

R = —xqaH* — kyaH,CO5" — k3aH,0 + kqaCa* aHCO5~ 1)

where H,CO;3" = H,CO3" + COz(ag), and k3, k2, k3 and k4 are the empirically determined
rate constants. They used the temperature functions proposed by Plummer et al. (1978) for
the k1, kp and k3 rate constants [33]. The rate constant k4 depends on the temperature and
pCO;. The researchers used the equation proposed in [34] by fitting it to the empirical data
of Plummer et al. (1978) [34].
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The empirical rate (Equation (1)) was originally provided for calcite dissolution; however,
it is also applicable to precipitation [33,35]. In the form presented in Equation (1), the negative
values correspond to the dissolution rates and the positive values to the precipitation rates. Re-
searchers frequently use this equation for tufa-depositing streams [2,19,21,23,36-42] because it
provides the maximum rate of the inorganic precipitation in turbulent water [43]. The rate
is usually larger than the actual precipitation rate; however, we can achieve a reasonable
estimation by reducing the calculated PWP rate with Equation (1) by a factor of 10 [37,38,44].
The PWP values calculated in this study were transformed in this manner when they were
assessed with the precipitation rates obtained in the literature by other methods.

We estimated the magnesium distribution coefficient between calcite and water from:

_ (Mg/ Ca)calcite
5~ (Mg/Ca) ?

water

Dwm

where (Mg/Ca)cqicite denotes the molar ratio of the Mg and Ca concentrations in the
stromatolites and (Mg/Ca)water denotes the molar ratio of the total dissolved Ca and Mg
contents in the water. According to the results from the speciation-solubility calculations,
there were no meaningful differences between the molar ratios calculated with the free
Ca?* and Mg?" ion concentrations and those obtained with the total dissolved Ca and Mg
contents; thus, we can neglect the effects of the Ca and Mg complexation in the estimation
of the distribution coefficient.

4.4. Mg/Ca Thermometry

When using the Mg/Ca ratio in calcite as a water palaeothermometer, it is conven-
tionally assumed that it is predominantly controlled by the Mg/Ca in the solution and
a temperature-dependent partition coefficient. Although researchers have widely used
Mg/Ca palaeothermometry in marine settings, to date, only a few researchers have utilized
the Mg/ Ca ratio for freshwater tufa deposits (e.g., [6], and the references therein). Moreover,
the available experimental data for the Mg partitioning behaviour under karst/speleothem-
specific conditions (e.g., for calcite precipitation from solutions of low ionic strength) are
scarce, and to the best of our knowledge, only two experimental works are available in the
literature: the Mg distribution coefficient Dyjg—temperature (Dyg-T) relationships obtained
by [45] and by [46].

The Dyg-T relationships obtained by these authors have important differences. The
equation in [46] always provides higher temperatures than that in [45], and in our case, it
provided exceedingly higher temperatures with respect to the measured ones (see Figure 52,
Supplementary Material). Furthermore, researchers have only used the Dy -T relationships
in [45] to calculate the water temperatures from the Mg concentrations of tufa samples
(e.g., [1,3,6]).

Therefore, in this work, we only used the Dy,-T relationship from [45], as adjusted
by Bk D 0.001

Mg — Y-
0.0012 ®)

where Dy is the Mg distribution coefficient (see Equation (2)), which is used to calculate
the river Tw from the measured Mg/Ca ratios of the waters. Despite the adjustment-
derived uncertainties of this equation, researchers have repeatedly used it to estimate the
Tw in fluvial environments [1,3,6].

We compared the Mg-derived Tw values with the water temperatures measured in
the sampling moment, as well as with the Tw values estimated from the 5'80 of both the
stromatolite calcite and river water, by means of the formula in [47]. Except for the RM
river, researchers have reported these temperatures in previous works (RP: [20]; RA: [23];
RE: [21]).

As the researchers measured most of the parameters on a six-month basis, we cal-
culated the moving averages of two periods for the examined parameters, to remove the
seasonality and to obtain the corresponding season-free evolutions.

T (°C) =
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5. Results
5.1. Hydrochemical Characteristics and Mg/Ca Ratios of the Waters

The hydrochemical characters of the waters at the studied sites are representative
of the main compositional features of the four rivers. The water is of the HCO3;7Ca
type in the cases of the RE, RM and RP. In the case of the RA, the water is of the SO4—
HCO3;—Ca type (see Figure S1 Supplementary Material), which is the result of the intense
interaction between the groundwater feeding the river and the bedrock evaporitic materials
(gypsum/anhydrite) [23].

The Tw ranges measured in June and January at the studied sites (see Table 52, Sup-
plementary Material) were similar in the four rivers: from 8 to 18 °C in the cases of the
RA, RM and RP, and a bit narrower in the case of the RE (from 10.7 to 16 °C). The Tw
values had a clear seasonal pattern (Figure 4). The differences between the mean temper-
atures for the warm and the cool periods were slightly higher in the RA and RP (6.3 and
5.2 °C, respectively) and lower in the RE and RM (2.6 and 2.7 °C, respectively) (Table S3,
Supplementary Material).

The dissolved Mg concentrations were relatively similar in the four studied rivers
(mean values between 0.8 and 1.04 mmol/L (Table 1)). The dissolved Ca contents had
greater differences (mean values between 1.95 and 3.24 mmol/L (Table 1)). As a con-
sequence, there were differences between the rivers for the Mg/Ca ratios of the waters
(Mg/Cawater) (Figure 5A and Table S2, Supplementary Material). The mean (Mg/Ca)water
values exhibited an overall decreasing evolution from the RP to the RM, RE and RA, from
0.51 £ 0.08 in the RP to 0.27 £ 0.036 in the RA (Figure 5A, Table 1).

Table 1. Mean values (mean =+ 1 o) for dissolved Mg, Ca and Mg/Ca ratios in waters (Mgwater, Cawater
and Mg/Cawater) and stromatolites (Mg aicites Cacalcite anNd Mg/ Cacalcite), and for the distribution
coefficients in the studied sites at Piedra, Mesa, Afiamaza and Ebron Rivers. We also include data for
the Kaisinger Creek [8] and Krka River [6] for comparison.

. ~ . . (2)
Chemical Piedra River Mesa River Ana.maza Ebron River Kaisinger Kr!(a
Components River Creek River
Mgwater (mmol/L) 1.04 £0.19 0.87 4+ 0.034 0.87 £ 0.07 0.80 & 0.054 0.32 +£0.03 094 +0.15
Cawater (mmol/L) 2.04+£0.17 1.95 £+ 0.22 324 +0.23 2.08 £0.17 3.16 £0.23 1.66 £ 0.1
Mg/n((:)?:ster 0.51 £ 0.08 0.449 £ 0.045 0.27 £ 0.036 0.386 £ 0.033 0.101 £ 0.01 0.56 £ 0.08
Caalcite (Wt%) 37.0 £2.56 3524+ 0.97 34.05 + 2.08 34.8 +£2.53 37.1+£0.99 34.02 £1.04
Mg alcite (8/kg) 2.46 +0.47 3.01 +0.38 1.73 £0.31 3.75£0.38 0.58 £ 0.05 548 £0.71
Mg/Cagalcite 8.38 x 1073 + 258 x 1073 +
(molar) 0.011 4 0.002 0.014 £ 0.002 16 % 10-3 0.018 £ 0.004 027 % 10-3 0.027 + 0.004
Dwmg 0.023 £ 0.008 0.032 £ 0.04 0.032 £ 0.012 0.046 £ 0.009  0.025 +0.003 M 0.044 =+ 0.0068

@ Averages from the tufas in three different sections of the Kaisinger Creek (from the data presented in [8]).
@ Data taken from [6] in Table 1 and Table S3. For Ca, Mg and Mg/Ca values in waters, we present values from
the sampling site W3. For Ca, Mg and Mg/Ca ratios in tufa in Table S3, samples from T1 to T10 are considered.

The (Mg/Ca)water values in the RE (RE-8) and RM (M-4) had a quasi-seasonal pattern,
with higher values in the warm periods and lower values in the cool periods (Figure 4).
This seasonal pattern was also present in the RP, from the beginning of the record until Cool
2007-2008; from this period onwards, the oscillations were wider than in the other rivers
and did not present any regularity. Finally, the (Mg/Ca)water values in the RA (site RA-6)
were rather constant over the periods, except for the last recorded period (Cool 2009-2010),
which had a lower value (Figure 4).
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Figure 4. Temporal evolution of some parameters during examined sampling periods in water and
stromatolites for the studied tablets. We present temperatures, Mg/Ca ratios, precipitation rates (as
PWP values) and discharge values for waters, and six-month accumulated thicknesses, Mg/Ca ratios
and 8'80 and §'3C values for stromatolites. We indicate the units in the figure.
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Figure 5. Box-and-whisker plots of statistical distributions of the Mg/Ca values in (A) waters and
(B) stromatolites at studied sites in rivers. Statistical measures plotted are median (horizontal line
inside the box), the 25t and 75th percentiles (bottom and top of the box respectively), mean (square),
the 5t and 95 percentiles (“whiskers”), the 15t and 99t percentiles (crosses) and the maximum and
minimum values (horizontal bars).

The waters were always oversaturated with respect to calcite, with the highest Slc
values in the RA at the RA-6 site (mean value of 0.89 + 0.23), and intermediate values
in the RE at the RE-8 site (mean value of 0.73 £ 0.28), and in the RP at the RP-14 site
(mean value of 0.67 £ 0.33). The lowest values were for the RM at the M-4 site (mean
value of 0.57 & 0.33). The calculated partial pressure of CO, (as log pCO;) was always
higher than the atmospheric values (mean values: RE: —2.79 £ 0.28; RA: —2.92 &+ 0.25; RM:
—2.62 + 0.44; RP: —2.71 £ 0.35).

The mean values of the calcite precipitation rate ranged from 1.40 x 1078 £ 1.13 x
10~8 mmol/cm?/s in the RM t0 3.09 x 10~7 + 1.44 x 107 mmol/cm?/s in the RA, with
intermediate values in the RE and RP (1.91 x 1078 £1.02 x 107 and 1.73 x 108 + 1.16
x 1078 mmol/cm? /s, respectively).

With some exceptions, the dissolved Ca, HCO3 and TDIC concentrations at the studied
sites had lower values in the warm periods due to the more intense calcite precipitation
in these periods for most of the studied time intervals (which is in agreement with the
overall trends previously detected in the studied rivers [19-23]). The PWP and Slc values
are usually higher in the warm periods; however, in the case of Site M-4, the opposite trend
was evident (Figure 4).
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5.2. Geochemical Characteristics and Mg/Ca in Stromatolites

The calcium contents in the studied deposits ranged from 31.8 to 40 wt.% (Table S1,
Supplementary Material), which corresponded to CaCO3 percentages in the sediment from
80 to 100 wt.% (calculation based on Ca analytical data). Overall, these contents were
consistent with those found in other modern (Krka River or Kaisenger Creek, Table 1) and
older tufa deposits (e.g., [24,48-50]).

Although the analysed samples were primarily formed of calcite, there were some
differences among the studied deposits, whereas the Ca contents in the deposits from the
RA, RE, and RM were relatively similar, with mean values of 34-35 wt.% (85-87.5 wt.% as
CaCOj; (Table 1)), and the Ca concentrations in the stromatolite from the RP were higher,
with a mean value of 37 wt.% (92.5 wt.% as CaCQO3).

The magnesium concentrations ranged from 1.28 to 5.15 g/kg, with the highest values
in the RE (3.75 £ 0.8 g/kg) and the lowest in the RA (1.73 & 0.31) (Table 1). The MgCO3
contents (calculated assuming that Ca and Mg were the only elements in the carbonate
fraction) ranged from 0.65 to 2.07 mol%, which indicated that the calcite in the stromatolites
was low-Mg calcite.

The Mg/Ca ratio of the studied stromatolites (herein (Mg/Ca)calcite) also exhibited
differences between the studied rivers (Figure 5B, Table S1, Supplementary Material). The
highest mean (Mg/Ca)calcite Values were in the RE (0.018 £ 0.004), and the lowest were in
the RA (8.38 x 1073 4 1.6 x 1073) (Table 1). Overall, these values did not show a systematic
evolution with respect to the corresponding (Mg/Ca)water (compare Figure 5A,B). The RP
had the highest (Mg/Ca)water Value and the second lowest (Mg/Ca)calcite Value.

The six-month (Mg/Ca)c,icite pattern over time was not the same for the four rivers
(Figure 4). In the RE, and partially in the RP, there were six-month patterns with lower
(Mg/Ca)calcite Values in the cool periods and with higher values in the warm periods. In
RP, this pattern was more distinct from the Warm 2006 onwards, except for the last period
(Cool 2009-2010). The (Mg/Ca)calcite Values in the RM did not show a cyclic pattern, and
the values increased over time. The RA values had little variation, except for the last
period (Cool 2009-2010). The overall (Mg/Ca)calcite trends of the RM and RP were parallel
(Figure 4).

The calculated Dyig values for the studied stromatolites in the four rivers ranged from
0.012 to 0.053, with the lowest values in the RP (mean 0.023 + 0.008) and the highest in
the RE (mean 0.046 + 0.009) (Table 1). Overall, these values were in the range of the Dy
determined in the experimental studies (from 0.01 to 0.06, as reviewed in [8,45,51,52]) and
in other natural fluvial tufa systems (from 0.011 to 0.058, as reviewed in [8]).

Most of the studied rivers had seasonal Dyig patterns over time, except for the RA
(Figure 4). Most of the examined record of RE revealed a six-month pattern with higher
Dy values in the warm periods, and from Cool 2005-2006 to Warm 2009 in the RP. In
the case of the RM, the DMg had a faint seasonal pattern, but with higher values in the
cool periods.

We present the §'80_,1ite and §13C ,1cie Of the stromatolite records in Table S4 (Sup-
plementary Material) and Figure 4. The §'0_,cit values in the four rivers were similar,
although there were slightly higher in the RP. In the four rivers, the 5180 patterns were
evident in the alternating higher values in the cool periods and lower values in the warm
periods, which is consistent with the temperature dependence of the oxygen isotope frac-
tionation in calcite precipitation. Therefore, the stromatolite 580 values reflected the water
temperature signature. The temperatures estimated from the 3180 a1cite and 5180y ater Were
close to the measured temperatures [13].

The 5'3C,1ite Values were also similar in the four rivers, and the ranges of variation
were narrower than in the 880 jte (Figure 4). The RM had the lowest values, and the RE
and RA had the highest. In the RP, the '>C had an oscillating pattern that was roughly
parallel to the '80. In the RE, the 5§'80 and §'3C patterns were similar. In contrast, in the
RM and RA, the §180 and §13C did not display any significant relationship.
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The clay composition of the five analysed stromatolites were similar: only illite and
chlorite were present. The average proportion of both minerals was 65% for the illite and
35% for the chlorite, and the mean Mg content in the clay fraction was about 10,000 mg/kg.
Therefore, the stromatolite Mg/Ca analysis could have included Mg from chlorite. How-
ever, considering a maximum clay mineral content of 5%, the chlorite contribution to the
stromatolite sample would be 500 ppm, which is significantly low with respect to the entire
Mg content (Table S1, Supplementary Material).

6. Discussion

The (Mg/Ca)water for the studied sites at the four rivers cover a relatively wide range
of values (Table 1). If the (Mg/Ca)calcite Tatio primarily depends mainly on the Mg/Ca in
the solution and on a temperature-dependent partition coefficient (Equation (2)), then the
theoretical (Mg/Ca)calcite Values for the mean (Mg/Ca)water for the rivers should parallel
the decreasing (Mg/Ca)water trends that can be observed in Figure 5A from the RP to RA
rivers (given that the mean water temperatures were similar at the four sites, from 12.2
to 13.5 °C). However, this is far from reality, and there was even an increasing trend from
the RP to the RE (Figure 5B). Thus, we need to consider other factors that participate in
the control of the Mg partitioning in calcite when analysing the Tw derived from the Mg
content in carbonates.

6.1. (Mg/Ca)gicite and Temperature

The temperatures derived from the stromatolite Mg/Ca content substantially differ
from both the Tw calculated from the stromatolite 580, e Values and the measured Tw
(Figure 4). Even in the RP, which had the best fitting between the Mg-derived Tw and
measured Tw, the evolutions of the two temperatures were not parallel over time (Figure 6).
Furthermore, in general, the Mg-derived Tw did not show the expected seasonality (e.g.,
higher values in the warm periods than in the cool periods), except partially in the RP. In
the RE, the Mg-derived Tw had right oscillating behaviour in some periods. In the RA, there
was no oscillation, and in the RM, the oscillation was reversed (Table S3, Supplementary
Material, Figure 6).

The matching between the (Mg/Ca)caicite and measured Tw was of a diverse degree
(Figure 4; Table 2), and with respect to the season-free evolutions, the (Mg/Ca)c,icite and
measured Tw exhibited a weaker similarity (Figure 6), even when there is a significant
correlation between them (See Section A.1. in Appendix A for details). This inconsistency
between the six-month pattern and the season-free evolution suggests that the correlation
between the measured Tw and (Mg/Ca)¢q1cite iS caused by the common seasonal changes of
both parameters, and not necessarily by the temperature dependence of the Mg partitioning.
According to these results, it is clear that there is a complex interplay of diverse factors
other than the temperature that influences the (Mg/Ca)c,1cite cOntents in the stromatolites
and thus promotes different behaviours.

The abovementioned situation could explain the sparse results calculated with the
Dumg-T relation obtained by using the equation in [45]. The authors of [1] successfully used
the Dyig-T relationship to obtain the model temperatures from the Mg concentrations of
tufa samples in Australia; however, there were discrepancies in the correlation between the
tufa (Mg/Ca)calcite ratios and water temperature [1,7]. The use of the relationship described
by the authors of [45] in other modern tufas has provided higher temperatures than the
ones measured in rivers with temperature-controlled (Mg/Ca)water ratios (e.g., the Krka
River in Croatia [3], and the Krka River in Slovenia [6]). The Mg/Ca paleothermometry in
modern and ancient stream tufas is generally problematic due to the fact that the expected
influence of the temperature on the (Mg/Ca).aicite can be obscured by diverse factors, such
as the hydrogeochemical conditions, the changes in the (Mg/Ca)water and anthropogenic
contamination [2,3,5,53], the influence of the microbial biofilm activity [4,7,8,54] and the
presence of variable amounts of detrital limestone and dolomite in the tufa [12].
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Figure 6. Temporal evolution of season-free interannual evolutions of some parameters during
examined sampling periods in water and stromatolites for studied tablets. We present the six-month
accumulated thicknesses, Mg/Caylcite ratios, Dytg, Mg/Cayater ratios, measured water temperatures,
Mg-derived water temperatures and stromatolite precipitation rates (as PWP values). We indicate the
units in the figure.
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Table 2. Correlations between some analytical parameters of studied tufa samples.

River

Mg/ Cawater

Mg/Cﬁtufa

Mg/Cayys, VS.

Teale"T measured

(Number of Samples) vs. T vs. T Mg/Cawater Dyg vs. T PWPvs. T Mean
Piedra +0.863
o1 +0.15(p=0627) 40391 (p=0208) 0577 (p=0049) +0.064(p=0845) Lo 4.89
Piedra
0.576 —0.787 0.213 +0.842
Cool 06-(:'171t: 5C)ool 09-10 —0.03 (p = 0.945) (p = 0.176) (p = 0.036) (p = 0.646) (p = 0.017) +7.57
Piedra +0.967
Warm 04 to Warm 06 +0.346 (p =0.568)  +0.379 (p =0.529)  0.587 (p = 0.298) 0.27 (p = 0.66) (b = 0.007) +1.15
(n=7) e
Afiamaza +0.326 (p=059)  —0.338 (p=0577) —0.939 (p=0.018) —0.312 (p = 0.608) +0.39 139
(=5 . p=0. . p=0. . p=0. . p=0. (p = 0516) .
Mesa —0.663
(e 56 +0479 (p=0414)  —0.023 (p=0971)  +0.61 (p=0273)  —0.48 (p = 0.40) (p=0222) 125
Ebron +0.103
) +0892(p=0017)  +0691(p=0.128) +0551 (p=025)  +0269(p=028) (TG 24.0

6.2. Other Factors That Influence (Mg/Ca)qicite
6.2.1. Mg/Ca of Water

The (Mg/Ca)calcite Values not only depend on the temperature, but also on the
(Mg/Ca)water- Moreover, the empirical partitioning coefficient (Dyg) depends on the
(Mg/Ca)water value (see Equation (2)). Accordingly, variations in the (Mg/Ca)water may be
involved in the systematic offset with respect to the measured temperatures. The authors
of [2] found that the (Mg/Ca)calcite ultimately relies on rainfall and aquifer processes, which
determine the (Mg/Ca)water content. The authors of [53] established that the seasonal
variations in the (Mg/Ca)calcite do not depend on the temperature, but on the seasonal
(Mg/Ca)water variations, which are induced by the preferential leaching of Mg from car-
bonates in dry periods [9]. Calcite precipitation can also modify the (Mg/Ca)water along
streams by removing Ca from the water [55].

Thus, the (Mg/Ca)water variation may interfere with the temperature-dependent
(Mg/Ca)cacite content. In general, the (Mg/Ca)water increases in warm and/or dry periods
due to the greater Ca extraction by the calcite precipitation under these conditions, and
in-aquifer effects produce the same result [53,55,56]. From a theoretical point of view,
the increase in the (Mg/Ca)water in warm periods emphasizes the increase in the derived
(Mg/Ca)calcite because the Mg content in calcite increases with increasing temperature. As
the empirical Dyig (Equation (2)) is the ratio between these coupled varying parameters,
the simultaneous increases in both parameters cancel each other out, at least partially,
which results in a smoothed Dyg. This only occurred in the first interval of the RP (from
Warm 2004 to Warm 2006), when oscillations in (Mg/Ca)calcite flatten the expected seasonal
oscillations of the Mg-derived Tw, although these values are close to the measured Tw.
In the rest of the cases, the Mg-derived Tw are higher than the measured Tw due to the
anomalously high (Mg/Ca)calcite- (See Section A.2. in Appendix A for details).

6.2.2. Detrital Minerals

Given the type of chemical attack used for the trace element analysis of the sediments,
some detrital matter may have been dissolved and then included in the analysed aliquot,
which may have caused the total Mg content to be higher than the total Mg in the calcite
lattice. Moreover, the Al content of the analysed samples was significantly correlated to the
(Mg/Ca)calcite in all the cases, except for the first time interval for the RP (RP from Warm
2004 to Warm 2006: r = 0.09; RP from Cool 2006-2007 to Cool 2009-2010: r = 0.62; RM:
r =0.88; RE: r =0.96; RA: r = 0.87) (Table 3). Because of this, we cannot rule out the influence
of Mg from a detrital source. The corresponding extra increase in the (Mg/Ca)calcite Value
may have been responsible for the anomalously higher-than-real Tw values observed in
most of the cases. Moreover, the amount of detrital sediment may regularly oscillate and
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consequently overemphasize the (Mg/Ca)cacite Values, and subsequently, the estimated
Tw, while at least partially preserving the six-month oscillation, which may be the case for
the RE, in which the (Mg/Ca)calcite €xhibited a six-month oscillating pattern; however, the
values were much higher than the expected ones from the measured (Mg/Ca)water-

Table 3. Trends and correlations for some analytical parameters of studied tufa samples.

Correlation Coefficient (R, Pearson) for Al vs

2 ;5
River Mg/Cayy¢ Al Contents hé%)ra:lei:: ! Mg/Ca™ In Tufas
tufa in Tufas ) Al Warm 04to  Cool 2006-07 to
in Tufas A
Periods Warm 06 Cool 2009-10
Piedra Almost seasonal (1) Not seasonal Al>Mg 0.598 0.055 0.756
Ebron Almost seasonal (1) Almost seasonal (I Al > Mg +0.88
Afiamaza Not seasonal Seasonal @) Al>Mg +0.965
Mesa Not seasonal Almost seasonal @ Mg ~ Al +0.93

(M Higher values in the warm periods. ? Higher values in the cool periods.

Assuming that the Mg contents in the stromatolites included 500 ppm of clay-derived
Mg (see Methods and Results), we can eliminate the corresponding contribution to the
Tw calculation by subtracting this amount from the total measured Mg contents. Then,
by recalculating the Tw with the corrected Mg values, the mean Dy decreases and, as a
consequence, so does the estimated Tw. Inversely, we can estimate the Mg content that
corresponds to the measured Tw from the measured (Mg/Ca)water by using Equations (2)
and (3), and we can then express the Mg excess (See Section A.3. in Appendix A for details).

The correction for the noncarbonate-derived Mg in the stromatolites was only able to
cancel out the temperature offset in the RP, and likely in the RA, with small amounts of
detrital Mg. In the first time interval of the RP (from Warm 2002 to Warm 2006), the detrital
Mg fraction corresponded to probably less than the 5% of the clay minerals considered
in the correction. In the second time interval of the RP (from Cool 2006-2007 to Cool
2009-2010) and in the RA, the detrital Mg fraction should have been higher, and it should
have included not only clay minerals but also dolomite. In the other rivers (RE and RM),
we have to invoke, most likely, additional factors to explain the high (Mg/Ca)cacite-

6.2.3. Precipitation Rate

As stated above, in laboratory experiments, the (Mg/Ca)calcite ratio is predominantly
controlled by the Mg/Ca in the solution and Tw, without the meaningful influence of other
factors, such as the mineral precipitation rate (e.g., [6,7,57] and the references therein).
However, according to the results obtained in natural settings, the (Mg/Ca)cacite Values are
dependent on additional factors, such as the mineral precipitation rate, crystal morphology
and/or biological processes [7,8,57]. Furthermore, according to recent experimental results,
the calcite precipitation rate may influence the (Mg/Ca)ca1cite and Dyg under both biotic
and abiotic conditions (e.g., [7,51]).

We can theoretically estimate the calcite precipitation rates (see Methods) as the
PWP rates from the hydrochemical characteristics of the waters, or from the six-monthly
thicknesses recorded on the tablets [13]. The deposition recorded on the tablets and PWP
values are not fully equivalent because the latter corresponds to single sampling moments
in the six-month periods, whereas the deposition rates from the tablets represent the six-
month-period net deposition and could have been affected by erosive processes [21,23].
However, we use them in a complementary manner for the discussion.

In most of the studied cases, the thicknesses were higher in the warm periods than
in the cool periods due to the influence of the temperature on the calcite precipitation,
except for the RM [22]. This produced a six-month rhythmic pattern for the thicknesses
that paralleled the (Mg/Ca)calcite in the cases in which the latter also exhibited a seasonal
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pattern (Figure 4). The PWP values, depending on the temperature and hydrochemical
features, can also exhibit a six-month rhythmic pattern.

The calculated PWP values are in the upper range of the calculated precipitation
rates in other tufa-depositing rivers (see the reviewed values in [8]). Overall, except for in
the RM, there was a good correspondence between the PWP values and the thicknesses
recorded on the tablets, with higher values in the warm periods (Figure 4) (See Section A 4.
in Appendix A for details).

The best agreement between the measured thickness and PWP patterns occurred for
the RP, for which both parameters exhibited six-month variations (Figure 4), especially for
the first time interval (from Warm 2002 to Warm 2006). This differential behaviour of the
RP with respect to the other rivers may be related to the lower partitioning coefficients
(Dmg) for this river. The inorganic precipitation rate influenced the Mg partitioning, at
least in the RP, promoting a high (Mg/Ca)aicite and Dyig values in the second time interval.
According to recent experimental results, this issue may be related to the influence of the
precipitation rate on the Dyjg values in abiotic conditions [51]. In this study we demonstrate,
for the first time, the increase in the Dug values in calcite at 25 °C, with calcite precipitation
rates from 5 x 10710 t0 2.5 x 1078 mmol/cm?/s; this range includes the values calculated
for the studied rivers herein. Furthermore, according to the control experiments (abiotic
experiments) performed by the authors of [7], there was a significant linear increment
between the (Mg/Ca)lcite and precipitation rates (at values from around 5 x 10~ to
2.2 x 1077 mmol/cm?/s). These results are also consistent with the theoretical fields [58]
that predict an increase in the Dyjg values with the precipitation rate.

All these statements suggest a predominant inorganic precipitation rate control in the
Dmg values found in the RP, in which the abiotic parameters (e.g., temperature and CO,
outgassing) importantly condition the tufa dynamics along the river [19].

6.2.4. Discharge

With respect to the discharge, the influence on the calcite composition is usually
explained through changes in the (Mg/Ca)water [55], due to the residence time of the water
in the aquifer: a longer residence time permits the dissolution of higher proportions of Mg
from carbonate rocks [53], and it yields higher (Mg/Ca)water values. The studied rivers for
this contribution are primarily fed by groundwater, for which the discharge oscillations
are not high, except for the high discharge events linked to the punctual heavy rains
(see mean discharge values for these rivers in “Location, geological context, climate and
hydrology” section). The six-month accumulated discharge variation throughout the study
time did not display any clear six-month oscillations, and it did not present any significant
relationships with the (Mg/Ca)water, €xcept for some high discharge peaks (e.g., Ebron:
Cool 2009-2010, [21]; Afiamaza: Cool 2008-2009; [23]) that coincided with decreases in the
(Mg/Ca)water (Figure 4).

6.2.5. Sulphate Content

The onset of the calcite precipitation and the precipitation rate are inhibited by the
presence of sulphate [59-63], and this effect could be significant in the rivers with a high
sulphate-to-bicarbonate ratio (e.g., from 0.56 to 0.63 in the RA; from 0.18 to 0.33 in the
RP and RE; from 0.09 to 0.15 in the RM); however, the authors of [45] did not take this
into consideration in their experiment, in which they studied Mg partitioning during the
precipitation from sulphate-free solutions.

In this study, the sulphate content in the water had a significant positive correlation
with the Mg/Ca ratio of the water (R =0.48), and ithad a negative correlation with the
Dug (R? = 0.63) in the RP. In the RM, there was a negative correlation (R? = 0.838) between
the sulphate concentration and Mg/Ca ratio, while the sulphate and Dy did not show
any correlation (R? = 0.008). According to the data for the two sections investigated in the
RA, there was no correlation between the dissolved SO, and (Mg/Ca)water (R? = 0.05) or
Dwmg (R? = 0.015). In the other investigated streams, the sulphate did not seem to have any
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influence on any of the measured (or calculated) parameters. According to a study on the
effect of dissolved sulphate on the deposition of tufa in the Trabaque River in Spain [63], the
presence of sulphate can either limit or favour the precipitation of CaCO3, depending on
the occurrence of the incongruent dissolution of the bedrock dolomite, which subsequently
either decreases or increases the Dyig. However, the sulphate concentrations in our study
were much lower than those discussed in [64] or [61], in which the authors found that the
presence of sulphate decreased the calcite precipitation rate, which also affected the Dyyg.

Overall, the discussion on the effect of the sulphate ions on the Mg/Ca of the studied
stromatolites requires more detailed hydrogeological study, which exceeds the scope of
this paper.

6.2.6. Biogenic Influence on Stromatolite Mg/Ca

Biogenic processes, which arise from microbial metabolic activities and/or the pres-
ence of extracellular polymeric substances (EPSs), may also affect the Dyig values through
different mechanisms (e.g., the precipitation rate may be controlled by the biofilm growth
rate [4,7] or by the presence of compositionally different EPSs [54]). Recently, the authors
of [8] found that the spatial evolution of the Dyjg values along Kaisenger Creek (Germany)
could be attributed to the changes in the relative proportions of the bioinfluenced and
inorganically driven tufa formation processes, with a higher Dyj; when the bioinfluenced
processes dominate.

Thus, we expected that the stromatolite formation would be enhanced, and higher
Dumg values would be favoured during the warm periods, whereas we expected lower
Dy values in the cool periods, with reduced biological activity rates. If this is true, then
the changes in the biological activity would move in the same direction as the observed
seasonal effects of the inorganic precipitation rate and the decrease in the calcite solubility
with higher temperatures.

6.3. Differential Behaviours of the Studied Rivers
6.3.1. Ahamaza River

Neither the (Mg/Ca)water nor the (Mg/Ca)c,icite €xhibited seasonal evolution. Both
had little variation, except in the last period (Cool 2009-2010), when they were inverse
(Figure 4). The (Mg/Ca)cacite did not follow the temperature oscillations despite the
(Mg/Ca)water stability. The sediment accumulation did not have any relationships with
either the (Mg/Ca)water 0 (Mg/Ca)calcite (Figure 4). The Mg-derived Tw hardly showed
seasonality (Table S3, Supplementary Material), and it was substantially higher than the
measured Tw. Therefore, neither the temperature nor the (Mg/Ca)water controlled the
(Mg/Ca)calcite- The water discharge in this river is relatively constant throughout the year
(minimum ecological discharge), which may explain the lack of seasonal changes in the
(Mg/ca)water-

6.3.2. Ebron River

The (Mg/Ca)calcite €xhibited six-month oscillations that were parallel to the measured
Tw, even in the season-free evolution (Figure 6). However, the Mg-derived Tw did not fully
display the right seasonality, and the Tw values were systematically higher than the mea-
sured Tw, with differences of at least 17 °C (Table S3, Supplementary Material). Moreover,
although the measured thickness data and (Mg/Ca)water had six-month oscillating patterns
(Figure 4), their season-free evolutions were not parallel to the (Mg/Ca)calcite- The PWP
values did not show an oscillating pattern (Figure 6).

These results indicate that the (Mg/Ca)clcite is controlled by seasonal factors other
than the temperature and (Mg/Ca)water, Which enhance the Mg content in the sediment.
The six-month thickness evolution over time was opposite to the (Mg/Ca)calcite, Which
researchers have interpreted as a sign of rapid calcite precipitation in other cases [7]. The
higher-than-expected (Mg/Ca)caicite Values may reflect the input of the detrital material in
the sediment, and likely with six-month variations.
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6.3.3. Mesa River

The (Mg/Ca)calcite did not display a rhythmic pattern; thus, it did not reflect either the
(Mg/Ca)water oscillating pattern or the measured Tw oscillations (Figure 4). The estimated
Dumg and, consequently, the Mg-derived Tw, had higher values in the cool periods and
lower values in the warm periods, with substantially higher values than the measured Tw
(Table S3, Supplementary Material). Moreover, the Mg-derived Tw displayed an increasing
season-free evolution over time that paralleled the (Mg/Ca).,1c and PWP values, but not the
measured Tw (Figure 6). Therefore, we can infer that the stromatolite (Mg/Ca)calcite dO€S
not only directly depend on the water temperature but is also controlled by nonseasonal
factors that are linked to calcite precipitation, such as changes in the water discharge. Due
to the significant correlation between the Al and (Mg/Ca)caicite, We cannot rule out the
influence of a Mg detrital source.

6.3.4. Piedra River

The Mg/Ca)calcite follows a six-month pattern, which yielded the best agreement
between the Mg-derived Tw and measured Tw (Figure 4), which occurred despite the fact
that the (Mg/Ca)water Was not stable and was even inverse with respect to the (Mg/Ca)calcite
for many periods. In addition to the RA, this river had the lowest (Mg/Ca)caicite Values, the
lowest Dygg and the more realistic Mg-derived Tw values.

According to the relationships between the (Mg/Ca)c,icite and other parameters, we
distinguished two different time intervals:

e In the first time interval (from Warm 2004 to Warm 2006), the (Mg/Ca)water values
were higher in the warm periods and had lower values in the cool periods (Figure 4),
which highlight the temperature-partitioning effect (higher temperatures allow more
Mg to enter into the calcite structure). However, the (Mg/Ca)calcite Oscillations were
small, and thus, the empirical Dwmg was flattened (Figure 4), which determined that
the Mg-derived Tw did not exhibit seasonal changes. Nevertheless, the corresponding
Mg-derived Tw was the closest to the measured Tw as compared with the other
rivers (Table S3, Supplementary Material). The PWP and sediment thickness values
paralleled the Tw, with wide oscillations (Figure 4). Their season-free evolutions were
also roughly parallel (Figure 6). Therefore, the (Mg/Ca)ca1cite Mmaintains the general
Tw signature, although the parallel evolution of the (Mg/Ca)water and (Mg/Ca)calcite
can erase the six-month changes in the estimated Tw. We found no evidence of detrital
Mg in the corresponding sediment.

e In the second time interval (from Cool 2006-2007 to Cool 2009-2010), the (Mg/Ca)water
pattern did not match the (Mg/Ca)ca1cite Variation, and it was even opposite to both the
calculated and measured Tw. Therefore, the empirical Dyjg oscillations were amplified
by the high (Mg/Ca)water values in the cool periods, when the (Mg/Ca).aicite Was lower.
The Tw values obtained from this Dyjg, and from the formula in [45], exhibited the
expected six-month oscillations; however, these were systematically higher (Table S3,
Supplementary Material) not only in the warm periods, when the estimated Dy was
too high, but also in the cool periods, which means that the stromatolite (Mg/Ca)calcite
was still higher than it should have been for the (Mg/Ca)water and water temperature
at which it was formed. Despite the six-month oscillation of the Mg-derived Tw, the
corresponding season-free evolution was not parallel to the measured Tw (Figure 6).
Therefore, another control over Mg entry into the calcite lattice has overprinted the
influence of temperature on the (Mg/Ca)ca1cite- The significant correlation between the
contents in Al and (Mg/Ca)caicite (Table 3) and the enhanced six-month oscillations of
the (Mg/Ca)calcite (With respect to the first time interval) point to the influence of a Mg
detrital source.

In the RP, the six-month thickness and PWP values mimic the (Mg/Ca)calcite pattern,
except in the Cool 2009-2010 period, during which the (Mg/Ca)ca1cite and Mg-derived
Tw were also anomalous (Figure 4). However, the PWP season-free evolution matched
the measured Tw evolution (Figure 6), while the six-month thickness evolution was not
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well marked in any of the periods of this second time-interval (from Cool 2006-2007 to
Cool 2009-2010). During this time interval, the sediment thickness increased and had high
values, even for the cool periods. The influence of the growth rate on the Mg content in the
sediment through the Mg entry into the calcite in natural systems may be responsible for
the increase in the stromatolite (Mg/Ca)calcite [8], which would at least partially explain the
anomalously high Mg-derived Tw. We cannot rule out the presence of a certain amount of
Mg of detrital origin, as well as the biological influence.

In summary, the RP has the best adjustment between the Mg-derived and measured Tw.
In addition, it also had the lowest estimated DMg, which was mostly below 0.025. According
to the relationship between the Mg-derived and measured Tw, we distinguished two time
intervals. In the first time interval (from Warm 2004 to Warm 2006), the Mg-derived Tw fit
quite closely to the measured Tw, although neither of them exhibited seasonal oscillations.
In the second time interval (from Cool 2006-2007 to Cool 2009-2010), the Mg-derived Tw
displayed six-month changes; however, the values overpassed the measured Tw, and the
season-free evolutions were very different. In the first interval, the (Mg/Ca)c,1cite reflected
the average Tw, although it did not show a seasonal pattern linked to the (Mg/Ca)water Six-
month oscillations. In the second time interval, the different influences on the (Mg/Ca)calcite
emphasize the six-month oscillations and magnify the Mg entry into the sediment. The
presence of Mg from detrital particles (dolomite and chlorite) could have also contributed
to the increase in the (Mg/Ca)calcite-

6.4. Comparison with Other Systems

Until now, only a few researchers have investigated tufas and water chemistry in
enough detail to evaluate the behaviour of the trace elements, such as Mg, as proxies of
tufa palaeothermometry through the calculation of the Dy (e.g., [6,8]).

We present the mean Dyg and Tw values obtained in other tufa-depositing rivers and
streams from the scarce data in the literature [1,6,8,65] in Figure 7, which we compared with
the mean values from the tufa deposits and rivers in this study. In addition, we included
the values obtained from travertine deposits in low-temperature thermal waters [66] and
speleothems [9,45,67,68] for comparison.

As we can see in Figure 7, the DMg values of the stromatolites in the RE were the
highest out of the four compared examples, although they were only slightly higher than
those found in the Krka River (Slovenia) by the authors of [6]. The partition coefficients
in other tufa-depositing rivers (Hvannd, Krka, Gregory and Kainsinger) had an even
wider range than of the rivers studied herein. Moreover, the Dyg values of the compared
speleothems had an even a wider range than those in tufas and travertines, although most
of them (excluding the data from the cave in Jamaica studied in [67]) are usually lower.

The distribution of the plotted Dyg-T points in Figure 7 again suggests that the
temperature is not the only/main factor that conditions the partition coefficient values
for the compared tufas, which explains the unrealistically high temperatures that were
obtained from the available Dyig-T experimental relationships (also presented in Figure 7).

However, the results obtained from the recent travertine deposits at the Embid and
Alhama thermal springs almost perfectly fit with the Dyjg-T relationship in [45], as adjusted
by the authors of [3]. The low-temperature thermal waters at Embid and Alhama are also
dilute waters of the SO4—~HCO3-Ca type, with constant temperatures (between 27.2 and
32.4 °C at the studied springs) and chemical compositions over time (e.g., [66]). The values
of the travertine samples plotted in Figure 7 correspond to the deposits that precipitate near
the spring orifice, and in most cases, they are of inorganic origin (or with minor biological
participation and without the contribution of detrital sediment). Thus, it appears that the
constant temperature and chemical composition (e.g., (Mg/Ca)water values (mostly around
0.7) [66]) of the waters during the precipitation process would favour the dominant role of
the temperature over the Mg partitioning in the travertines, which additionally support the
experimental Dygg-T relationship in [45].
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Figure 7. Mean Dyj; and water temperature values obtained for tufa deposits in studied rivers
compared with available data for other tufa-depositing rivers and streams, for thermal spring
deposits (travertines) and some cave speleothems. We present experimental relationships between
water temperature and magnesium partition coefficient (Dyg) determined by the authors of [45,46]
under karst/speleothem-analogue conditions, as well as exponential best-fit curve to the data in [58],
obtained by the authors of [46]. Data for the tufa deposits. Mean Dy, and temperature values for
Kainsinger Creek (Germany) were calculated from the data in [8] for sections T1, T2 and T3. Values for
Krka River (Slovenia) were obtained from data presented in [6] at sampling points T1-T10 (see Table
S3 in [6]) and excluding highest DMg values obtained at T11-T13 sampling points with the greatest
dolomite contents. Values for Gregory River (Australia) obtained from data presented in [1] for tufa
deposits at one sampling point: mean Dy value is that obtained in the review in [8], and mean water
temperature value corresponds to the mean measured value (27.7 °C) for the studied period in [1].
Finally, the data for the calcite precipitated in Hvanna River (in the vicinity of the Eyjafjallajokull
volcano, Iceland) were obtained from the range of Dug values presented in [65] and the measured
temperatures at Sites 2-9 (see Tables 1 and 3 in [65]). Data for the travertine deposits. These data
correspond to deposits sampled at the Alhama thermal spring system and at the Embid thermal
spring (both in Zaragoza, Spain), presented in [66]. We only plotted samples consisting of pure calcite
and precipitating near the orifices of the springs and from natural waters (e.g., not overheated) in the
figure. We obtained the Dyjg values from the specific Mg/Ca values analysed in each deposit and the
associated spring (water sample). Data for speleothems. Orange-filled triangle: mean Dy (0.0178 £
0.0005) and cave temperature values presented in [68] from recent carbonate crystals precipitated on
watch glasses and glass plates in seven caves in Germany, Morocco and Romania; we also indicate a
range of cave temperatures. Empty triangle: mean DMg and drip water temperature presented in [9]
for annually laminated stalagmites in Alpine cave (Obir, Austria). Yellow-filled triangles: mean Dyg
and temperature values for seepage waters and associated calcites in speleothems from caves on
Vancouver Island and in Jamaica studied in [67]. Grey-filled triangle: mean Dmg values and cave air
temperature (assumed to be constant) presented in [45] for modern speleothems in Grotta di Ernesto
cave (Italy).

The travertine points in Figure 7 are also close to the Gregory River mean Dyg and
temperature values provided in [1]. This study is the only successful “thermometrical”
application of the Mg partitioning in fluvial tufas from the literature. As in other tufa
deposits, other factors besides the temperature may influence Mg partitioning (e.g., the
biological influence through the effects of EPSs); however, the high deposition temperature
in the Gregory River (with a mean value of 27.7 °C for the studied period, which was the
highest among all of the compared rivers (Figure 7)) apparently dominates the partition-
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ing process. Whether this high-temperature value is enough to dominate the process or
whether the effects of other influencing processes must decrease at the same time should
be further studied.

7. Conclusions

We analysed the Mg/Ca ratios of the recent stromatolite records of four rivers on the
Iberian Peninsula and the different linked parameters, and we compared them to similar
systems. We derived several conclusions from this work:

o  We tested the equation in [45] in four different fluvial stromatolite records, and we
found limited application. Except for the work of [1], this study is one of the few cases
(i.e., Piedra River) in which the Mg-derived water temperatures match the measured
ones, in the fluvial environment.

e  The degree of the consistency between the Mg-derived water temperatures and mea-
sured water temperatures was variable, depending on the studied cases, which indi-
cates that factors other than the temperature influence the (Mg/Ca)caicite- This result
is contrary to the high degree of agreement between the §'80-derived and measured
temperatures for the same samples.

e  The Mg contents of detrital minerals were responsible for the offset of the Mg-derived
water temperatures towards higher values than the measured water temperatures in
at least one of the studied rivers (Piedra River), in which the correction of the detrital
Mg content yielded water temperatures that matched the measured ones.

e In the three other studied cases, we need to consider the interference of several other
factors, either seasonal or not, to explain the lack of agreement between the estimated
and measured temperatures, such as the changes in the calcite precipitation rates
and water discharges. The seasonal behaviour of the Mg,icite, and its circumstan-
tial correlation with the temperature, may be due to the influence of other seasonal
parameters.

e  The presence of noncarbonate Mg (and Ca) minerals, and the occurrence of nonequi-
librium conditions in natural systems (e.g., variable flow rates, turbulent flows, the
presence of biofilms or plant substrates), substantially limit the use of the (Mg/Ca)cacite
as a geochemical thermometer in continental sedimentary environments, except for
well-defined systems (e.g., laminar flow, small seasonal variations, and in some hy-
drothermal systems).

e  For the first time, we demonstrate the seasonal variation in the (Mg/Ca)calcite and Dyig
in fluvial carbonates. Moreover, the seasonal variations in these two parameters are
not necessarily associated with the temperature or temperature-dependent parameters,
which researchers have recorded in the Piedra River and partially in the Ebrén River
stromatolite records.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/min13010057/s1, Figure S1: Piper diagrams for the waters of
(A) Piedra, (B) Mesa, (C) Ebrén and (D) Afiamaza Rivers; Figure S2: Box-and-whisker plots of the
statistical distribution of Mg/Ca values in water samples biannually taken at studied sites in Piedra,
Mesa, Ebron and Afiamaza Rivers (P-14, M-4, RE-8 and RA-6, respectively); Figure S3: Experimental
relationships between water temperature and magnesium partition coeficient DMg determined
in [45,46] under karst/speleothem-analogue conditions. Table S1: Concentrations of Ca and Mg
(in mg/kg) in the tufa samples recorded on Tablets P-14 (Piedra River), M-4 (Mesa River), RA-6
(Anamaza River) and RE-8 (Ebrén River) over time; Table S2: Hydrochemical characteristics of
monitored sites in Piedra, Mesa, Afiamaza and Ebrén Rivers. Concentrations in ppm; Table S3:
Measured water (Tw), calculated Tyyg (using Dyig—T relationship in [45]) and calculated Tyg0 (from
8180 values in calcite and water, using the equation of [47]) temperatures for studied sites at Piedra,
Mesa, Afiamaza and Ebrén Rivers; Table S4. Values of §18 O and 82 C (in % VPDB) of tufa calcite
recorded over time on Tablets P-14 (Piedra River), M-4 (Mesa River), RA-6 (Afiamaza River) and RE-8
(Ebroén River).
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Appendix A. Influence of the Parameters Controlling (Mg/Ca),icite On the Four Rivers
Appendix A.1. (Mg/Ca)ycite and Measured Tw

The RE values had the highest direct correlation between the (Mg/Ca)c,icite and
measured Tw (r = 0.69, N = 6), and both patterns were roughly parallel. In the RM,
there was no correlation (r = —0.02, N = 5), and in the RA, there was a hardly significant
correlation (r = —0.31, N = 5). In the RP, the correlation was r = 0.39 (N = 12); however,
it was poorer over the first interval (from Warm 2004 to Warm 2006) (r = 0.38, N = 5)
and higher over the second interval (from Cool 20062007 to Cool 2009-2010) (r = 0.57,
N = 7). The significant positive correlations do not necessarily imply the dependence of the
(Mg/Ca)calcite ON the temperature; however, they may depend on the six-month oscillations
of both the (Mg/Ca)calcite and Tw parameters. In the RE, which had the highest differences
between the (Mg/Ca)calcite-based, estimated Tw and the measured Tw (Figure 4), the highest
correlation was between the Tw and (Mg/Ca)aicite, and it had the clearest (Mg/Ca)calcite
pattern. On the contrary, the RP only had a roughly rhythmic (Mg/Ca)caicite pattern, and it
exhibited the lowest differences between the (Mg/Ca).cite-derived and measured Tw. In
the RA and RM, there were no six-month variations in the (Mg/Ca)¢,1cite, and there was no
significant correlation between the (Mg/Ca)c,icite and measured Tw.

With respect to the season-free evolutions, in the RE and RA, the (Mg/Ca).aicite and
measured Tw were only vaguely parallel. (Figure 6). In the RM, the evolutions of the
(Mg/Ca)calcite and Tw were opposite. Even in the RP, which had the best fitting between
the Mg-derived Tw and measured Tw, the season-free evolutions were not parallel.

Appendix A.2. Mg/Ca of Water

In the RE, the (Mg/Ca)water and (Mg/Ca)caicite had seasonal variations, and although
the correlation was not strong (r = 0.55, N = 6), both had similar season-free evolutions
(Figure 6). Moreover, the corresponding Dyig parallels the (Mg/Ca)cacite, €specially in
terms of the season-free evolution (Figure 6). Therefore, the Mg-derived Tw, through the
Dug, exhibited a broad six-month oscillation, with some exceptions. Despite this positive
outcome, the estimated Tw values (minimum value = 27.7 °C, maximum value = 44.4 °C)
were not plausible, due to the high (Mg/Ca)cqcite Values with respect to the (Mg/Ca)water
values (Table 1), which is why the Dyj; predominantly reflects the (Mg/Ca)calcite pattern.

According to these results, additional factors other than the temperature and (Mg/Ca)water
influence the (Mg/Ca)c,icite, and these also operate on a seasonal basis. Unlike in the
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RP, in the RE, the incorporation of Mg into calcite was favoured above the theoretical
partitioning values.

In the RA, in which the (Mg/Ca)water Was quite constant over time, the (Mg/Ca)calcite
was also constant, except in the last period (Cool 2009-2010), when both parameters and
their inter-annual evolutions were opposite (Figure 4). The ratio of these parameters
results is a quasistable Dyjg, with a sharp increase in the last period and the consequent
temperature spikes over 43 °C (Table S3, Supplementary Materials). The Dyig (and the
Mg-derived Tw) mimics the (Mg/Ca)calcite Variations; therefore, the Mg-derived Tw values
did not exhibit six-month oscillations, and they were also higher than the real ones, which
means that the (Mg/Ca)caicite Was higher than it should have been with respect to the
Mg/ Ca)water-

In these cases, the temperature effect on Mg partitioning in calcite was overprinted
by the influence of parameters other than the (Mg/Ca)water on the (Mg/Ca)calcite cONtent.
Unlike the first time interval of the RP (from Warm 2004 to Warm 2006), the Mg-derived
Tw were higher than the measured Tw, evidencing higher (Mg/Ca)calcite Values than were
expected from the (Mg/Ca)water content. In the RA, there was no relationship between the
(Mg/Ca)calcite and Tw measures.

In the RM, the (Mg/Ca)water had a dizzy seasonal pattern; however, the oscillations
were small, except in the last period (Warm 2006) (Figure 4). Like in the RA, there was no
apparent influence of the (Mg/Ca)water variations on the (Mg/Ca)calcite Of the RM. Thus,
the (Mg/Ca)calcite irregularly varied with respect to the (Mg/Ca)water (Figure 4), and its
season-free evolutions were apparently not related to each other (Figure 6). The result
was an oscillating Dyjg with an increasing season-free evolution, which mimicked the
(Mg/Ca)calcite Season-free evolution (Figure 6). Consequently, the Mg-derived Tw had a
reversed oscillating pattern, with higher values in the cool periods (Table S3, Supplementary
Materials), and a range that was narrower than that of the measured Tw.

In the RP, in the first interval (from Warm 2004 to Warm 2006), when both the
(Mg/Ca)water and (Mg/Ca)cqlcite displayed parallel six-month oscillations (r = 0.59 (N = 5)),
the six-month changes were almost fully compensated for the Dy calculation. As a conse-
quence, the Mg-derived Tw (Equation (3)) did not show six-month variations, although
the calculated Tw values fit quite closely with the average measured Tw values. On the
contrary, in the interval spanning from Cool 2006-2007 to Cool 2009-2010, which had one
of the highest correlations between the (Mg/Ca)ca1cite and measured Tw (r = 0.57, N =7),
the (Mg/Ca)water Was negatively correlated to the (Mg/Ca)caicite (r = —79, N =7), and their
season-free evolutions were almost opposite (Figure 6). Therefore, the high (Mg/Ca)water
in the cool periods should, to some extent, compensate for the temperature Mg-partitioning
effects and produce a relatively stable (Mg/Ca)calcite pattern. On the contrary, in this time
interval, the six-month oscillations of the (Mg/Ca)ca1cite Were wider than in the first interval
(from Warm 2002 to Warm 2006) (Figure 4), and this amplitude was transferred to the em-
pirical Dyjg. The highest Dyjg values corresponded to Warm 2008 and Warm 2009 (Figure 4),
in which the minimum (Mg/Ca)water values coincided with the maximum (Mg/Ca)cacite
values. Therefore, although the Mg-derived Tw values had a realistic, six-month oscillating
pattern, the estimated Tw values were substantially higher than the measured Tw, and the
season-free evolution of the Mg-derived Tw was not parallel to the measured Tw (Figure 6).
The different behaviours during the two time intervals in the same river suggest a quick
change in the controls on the (Mg/Ca)caicite, Which in the second time interval (from Cool
2006-2007 to Cool 2009-2010), overprint the variations in the (Mg/Ca)water-

Appendix A.3. Detrital Minerals

If the Tw is recalculated after subtracting 500 ppm from the Mg values, the mean Dy
and the corresponding estimated Tw decreases in the four rivers:

e In the RP, the mean Dwmg decreases from 0.023 to 0.018, and the calculated Mg-derived
Tw is 3.7 °C lower. This value cancels out the mean difference between the estimated
and measured Tw in the first time interval (from Warm 2004 to Warm 2006) (3.02 °C,
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Table 2); in the second time interval (from Cool 2006-2007 to Cool 2009-2010), the
difference of 7.6 °C is substantially reduced with this correction.

e  Inthe RE, the mean Dy decreases from 0.046 to 0.040, and the calculated Tw is 5 °C
lower. These temperatures are still far from the measured ones, which are 27 °C lower
as an average. Therefore, a larger amount of detrital matter would be required to fit
that value.

e Inthe RA, the mean Dumg decreases from 0.032 to 0.023, and the calculated Tw is 7.4 °C
lower. Again, this value is rather behind 13.9 °C, which is the mean difference between
the estimated and measured Tw.

e Inthe RM, the mean Dyyg decreases from 0.032 to 0.026, and the calculated Tw is 4.2 °C
lower than the previously estimated value. This correction does not compensate for
the 12.7 °C offset between the measured and calculated Tw.

If the Mg content corresponding to the measured Tw is estimated from the measured
(Mg/Ca)water, by using Equations (2) and (3), it can be shown that the first time interval for
the RP (from Warm 2002 to Warm 2006) had the smallest mean Mg excess (568 ppm), which
was quite close to the Mg that corresponded to the detrital fraction; the second interval
(from Cool 2006-2007 to Cool 2009-2010) had a higher Mg excess (1003 ppm), which was
similar to that of the RA (959 ppm). This Mg excess was much higher in the RM (1608 ppm)
and, especially, in the RE (2494 ppm). The latter values are difficult to explain based on the
Mg content from the detrital fraction, even though there was a larger proportion of detrital
Mg (from both clay minerals and dolomite) in the sample.

Appendix A.4. Precipitation Rate

In the RA, both measured thicknesses and calculated PWP values displayed the
expected rhythmic pattern (higher in the warm periods), except for the PWP values in
the last period (Cool 2009-2010) (Figure 4). Therefore, there was a good correspondence
between the calculated PWP values (higher in the warm periods) and measured thicknesses.
However, their season-free evolutions were not parallel to each other. The (Mg/Ca)calcite
and Dyyg values only had minor variations over time, for which they did not mimic either
of the two growth rates. The (Mg/Ca)cqlcite S€ason-free evolution was closer to the PWP
value than to the sediment thickness, which was opposite to the (Mg/Ca)calcite (Figure 6).

In the RE, the measured thickness had the expected six-month rhythmic pattern, only
it was reversed in the first period, and the PWP values only displayed this pattern in the last
three periods (Figure 4). Thus, they had neither parallel patterns, nor parallel season-free
evolutions (Figure 6). The (Mg/Ca)calcite had six-month variations, and it matched the
thicknesses measured on the tablets (except for Warm 2007) and the PWP values in the last
three periods. However, the corresponding season-free evolutions of the (Mg/Ca)calcite
and thicknesses were not parallel; the measured thicknesses and the season-free evolution
were opposite to the (Mg/Ca)yicite- Researchers have described this reverse relationship
between the (Mg/Ca)c,1cite and both types of deposition rates for other tufa sediments,
in which the kinetic effects of the rapid calcite precipitation yield to a Mg-impoverished
calcite [7].

In the RM, the rhythmic pattern of the PWP values was reversed compared with the
other studied rivers, (i.e., higher values for the cool periods and lower values for the warm
periods; Figure 4). Thus, the PWP patterns did not match the measured thickness rates,
although both displayed increasing season-free evolutions (Figure 6). The PWP values
paralleled the reversed pattern of the Dyjg. Contrarily, the (Mg/Ca)calcite Values did not
mimic the PWP pattern; however, their corresponding season-free evolutions followed
parallel trends (Figure 6), as did the measured thickness rates, despite the fact that we
detected erosional processes in this record.

The best agreement between the measured thickness and PWP patterns occurred for
the RP, for which both parameters exhibited six-month variations (Figure 4). However, their
season-free evolutions were not fully parallel (Figure 6): in the second time interval (from
Cool 2006-2007 to Cool 2009-2010), they were reversed. The (Mg/Ca)caicite Was broadly
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coupled with the sediment thickness and PWP values in this second time interval, in which
it exhibited a six-month oscillation. In this time interval, the season-free evolution of the
(Mg/Ca)calcite roughly paralleled the sediment thickness, but not the PWP values. This
time interval coincided with an increase in the sediment accumulation, which was higher
than those in the RE and RM and similar to that of the RA.
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Abstract: Banded travertines are important parts of fissure ridge systems, but studies on geochemical
characterization of banded travertines are limited. This study investigated the lithofacies and stable
carbon and oxygen isotopic features of banded travertines from Xiagei (southwestern China) to
examine their formation mechanisms. Petrographic analyses of the banded travertines revealed
two lithotypes: thick-laminated palisade crystalline crust and thin-laminated composite crystalline
crust. 613C and 5180 of the Xiagei banded travertines range from 2.82%. to 4.50%. V-PDB, and from
—25.86%0 to —20.90%o. V-PDB. Parent CO, evaluation shows that the Xiagei banded travertines mainly
received CO, from the decarbonation of marine carbonates, but the contributions of magmatic CO,
and the dissolution of marine carbonates are also unneglectable. Significantly, the magmatic-derived
CO;, might indicate that the delamination of the lithosphere along with the asthenosphere upwelling
could be taking place in the eastern Tibetan plateau. Paleotemperature calculation shows that the
Xiagei travertines were precipitated from moderate- to high-temperature hot springs (44.3 to 86.8 °C).
Interestingly, the thick-laminated palisade crystalline crust and thin-laminated composite crystalline
crust display calculated paleotemperature between 66.6 and 86.8 °C and between 56.6 and 77.7 °C,
respectively, reflecting the great role of water temperature in controlling the lithofacies of banded
travertines. A comparison between the banded travertines at Xiagei and other areas also shows
temperature is a non-negligible factor controlling banded travertine precipitation. However, this
does not mean that water temperature is the decisive controlling factor and more studies on banded
travertines are still indispensable to disclose the potential factors controlling the factors/processes
affecting banded travertine lithofacies. This study provides a good example for understanding the
relationship between lithofacies and stable isotopic geochemical characteristics of travertine deposits.

Keywords: banded travertine; fissure ridge; lithofacies; stable carbon and oxygen isotopes; Shangri-La

1. Introduction

Fissure ridges are common elongated travertine build-ups with open or (partly) sealed
central fissures and inclined flanks dipping away from the central fissures in geothermal ar-
eas [1-10]. Travertine fissure ridges are closely related with tectonic activity, such as faulting
and earthquakes [2-7,10-16]; and, as one of carbonate sediments, their geochemistry bears
abundant tectonic-environment information [17]. Travertine deposits in fissure ridge sys-
tems can be divided into two types: bedded travertines and banded travertines (also named
banded veins, carbonate/ calcite veins, etc.) [3-6,11,16]. The former are epigean/surface car-
bonate deposits after the emergence of thermal water from orifices/vents and are deposits
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dipping gently away from nearly vertical, irregular central fissures, while the latter are
less porous hypogean/underground subvertical to vertical carbonate deposits (i.e., formed
during the upwelling of thermal fluid along the conduit) and are often small in scale
(commonly millimeter-scale to decimeter-scale in width although meter-scale or even more
large banded travertines were also reported) [1,4-6,11,12,18-20].

Previous studies on banded travertines in fissure ridge systems mainly focus on their dis-
tribution, geometry, mineralogy, texture, and tectonic implications [1,3,4,6,9,11,12,15,16,20-22].
There were also some studies on the geochemical and lithofacies characteristics of banded
travertines [18,23-26], but rare studies focused on the relationship between geochemical signa-
tures and lithofacies of banded travertines. Theoretically, the chemical composition of fluids in
hypogean conduits might change during the formation of banded travertines and such variation
might change both the geochemical signatures and lithofacies of banded travertines.

In this study, careful lithofacies and stable carbon and oxygen isotope analyses of
banded travertines at Xiagei were performed to determine their genesis and the relationship
between their lithofacies and stable isotope carbon and oxygen isotope compositions.
Hydrochemical analyses of modern hot springs at Xiagei and mineralogical and petrological
investigations of the Xiagei travertines were also conducted to aid in the interpretation of
the Xiagei banded travertines. The findings may help us better understand the formation
mechanism of banded travertines.

2. Geological Background

The Shangri-La area, Yunnan Province, China is located near the Jinshajiang fault zone,
one of the most active tectonic zones in the Tibetan plateau (Figure 1A). Deposits exposed
near the Shangri-La city are mainly composed of Pleistocene to Holocene lacustrine and
alluvial-pluvial sediments (e.g., sandy conglomerate, gravel and clay) and Late Triassic
sedimentary rocks (including both siliciclastic and carbonate rocks), but Late Paleozoic
carbonate rocks and Triassic intrusive igneous rocks are also partly exposed in Shangri-La
(Figure 1B) [27-32]. This area was continuously impacted by the subduction of the Paleo-
and Meso-Tethyan oceans and continental collisions following their closures during the
Mesozoic and the India-Asian collision during the Cenozoic [33-35]. There are lots of
N-S trending faults and associated secondary faults [30]. These large-scale faults and
fractures provided favorable conduits for the circulation and upwelling of geothermal
fluids in Shangri-La and generated a large number of hot springs and associated spring
deposits [29-31]. Five key fault zones controlling the hydrothermal activities have been
reported in the Shangri La area: N-W striking Zhongdian reverse fault zone (F1), NWW-
SEE-striking Yanggu fault zone (F2), N-S striking Gezanhe-Are reverse fault zone (F3),
N-NE-striking Kangshi normal fault zone (F4), near E-W trending Tianshenggiao reverse
fault zone (F5) (Figure 1B) [30].

The Xiagei area (99°51'20” E, 27°47'00” N), is situated to the northeast of the Shangri-
La city and lies on the Tianshenggiao fault zone (Figure 1B). Some NW-SE trending and
NE-SW trending travertine fissure ridges were developed at Xiagei (Figure 2A,B) and
ranged from 25 to 140 m long and up to 120 m wide. The longest fissure ridge at Xiagei
(i.e., Frl in Figure 2) is a NW-SE trending system and laterally extends around 140 m
long (Figure 2A—C). In addition to travertine fissure ridges, some meter-scale travertine
mounds/cones, waterfalls, and terraced slopes were also observed near the fissure ridges.
Furthermore, a few hot springs occurred in the Xiagei fissure ridge system although their
volumetric flow rates were often very low. Active hot springs at Xiagei discharged mid-
temperature (41.4 to 63.1 °C) HCO3-Ca and HCO3-Ca-Na type waters with slightly acidic
to near neutral pH (5.57 to 7.67) and high TDS (1249 to 1468 mg/L) [32]. Isotopic values of
the Xiagei hot spring waters were reported to be between —15%. and —16.2%. V-SMOW
for 5180yyater and between —128.3%0 and —133.4%0 V-SMOW for §Dyater, which are close
to the meteoric water line and are indicative of a meteoric origin [32].
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Figure 1. (A) Location of the Shangri-La area, northwest of Yunnan Province (China); Red lines:
Jinshajiang fault zone. (B) Geologic map of Xiagei and surrounding region (modified from Zheng [32]).
F2: NWW-SEE-striking Yanggu fault zone, F3: N-S striking Gezanhe-Are reverse fault zone, F5: near
E-W trending Tianshenggqiao reverse fault zone.
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DS,

I:l Travertine outcrops El Hot springs
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Figure 2. Photographs illustrating the travertine deposits at Xiagei. (A) UAV images splicing, indicat-
ing the travertine deposit outcrops and the distribution of hot springs. (B) An aerial photograph from
Google Maps, highlighting the main fissure ridges. (C) Images of the studied fissure ridge travertines.
(D) A general view of the fissure-ridge-type travertines at Xiagei with banded and bedded travertines.
(E) Examples of travertine waterfalls with thick-bedded travertines. (F) Details of thick-laminated
palisade crystalline crust.

3. Methods

Banded travertine samples were collected from the top area of Frl fissure ridge at
Xiagei, where banded travertines were well exposed (Figure 2D). Some fossil bedded traver-
tine samples and modern travertine samples were also collected at Xiagei. To analyze their
petrological, mineralogical, and textural characteristics, nineteen thin sections were made
from eighteen fossil travertine samples and were examined under an Eclipse LV100POL
optical polarizing microscope (Nikon, Tokyo, Japan) at Chengdu University of Technology.

Stable carbon and oxygen isotope analyses were performed on 80 banded travertine
samples, 12 bedded travertine samples, and three modern travertine samples at Yangtze
University. Samples for §!3C and §'80 analyses were first dried and ground into powder.
A Delta V Advantage isotope ratio mass spectrometer (Thermo Fisher Scientific, Waltham,
MA, USA) was employed to measure the 5'3C and 5'80 values and the final results were
calibrated to V-PDB (Vienna Pee Dee Belemnite) scale. Analytical errors of §!3C and 5'80
are <0.2%o and <0.3%., respectively.

Water samples of three hot springs were also collected and analyzed to aid in the inter-
pretation of banded travertines. Main physicochemical parameters of the water samples,
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including water temperature (Twater), pH, and total dissolved solids (TDS), were measured
in the field using a portable water quality meter (Eutech CyberScan COND 610 meter,
Eutech Instruments, San Francisco, CA, USA) and a portable pH meter (Lichen, Shanghai,
China). Water samples for lab analyses were filtered using a 0.45 pm filtration membrane
and were stored in 50 ml polyethylene plastic bottles. Concentrations of CO32~ and HCO;~
of water samples were determined by titration [36] soon after the sampling. Concentrations
of other anions (F~, Br~, CI~ and SO42~) and common cations (Na*, K*, Ca%* and Mg2+),
and dissolved SiO; were measured with an ion chromatography system (Dionex ICS-1100,
Thermo Fisher Scientific, Waltham, MA, USA; 883 Basic IC plus, Metrohm, Herisau, Switzer-
land) at Analytical Laboratory of Beijing Research Institute of Uranium Geology (China).
PHREEQC (ver. 3) with the WATEQ4F database [37] was utilized to calculate the saturation
index of calcite (Slcycite) and partial pressure of (dissolved) CO, (log Pco,). Stable hydrogen
(8Dwater) and oxygen (8'8O0water) isotopes of the three collected water samples were also
measured using an isotope ratio mass spectrometer (Delta V Advantage, Thermo Fisher
Scientific, Waltham, MA, USA) at Analytical Laboratory of Beijing Research Institute of
Uranium Geology (China). 8180yater and 8Dyater values were calibrated based on the
Vienna Standard Mean Ocean Water(V-SMOW) scale.

4. Results
4.1. Fissure Ridge Travertines at Xiagei

The Xiagei hydrothermal system is characterized by the occurrence of multiple active
springs and widespread (modern and fossil) travertines (Figure 2). Travertines cropping out
in the study area are ca. 0.08 km? and contain twelve fissure ridges. The spatial distribution
of the Xiagei fissure ridges is mapped in Figure 2A,B. It is striking that the Xiagei fissure
ridges developed with two entirely different trends (NE-trending and NW-trending) and
displayed varying lengths (25 to 140 m) and widths (1 to 120 m). Interestingly, some
NE-trending fissure ridges were found to cut through some NW-trending fissure ridges,
implying that there were at least two periods of fault activity at Xiagei.

A common characteristic of the Xiagei fissure ridges is that their central fissures
are more or less filled with banded travertines. However, not all the banded travertines
were well exposed and easily accessible, and only the longest fissure ridge (i.e., Frl in
Figure 2A—C) cropped out thick and relatively complete banded travertines. Fr1 fissure
ridge is a NW-trending system with a length of around 140 m, a maximum width of near
20 m, and a maximum height of about 20 m (Figure 2A—C). Several small travertine mounds
and a 35-meter-long fissure ridge developed to the northwestern of the Fr1 fissure ridge
and exhibited the same trend to the Fr1 fissure ridge (Figure 2A). The central fissure of
Fr1 fissure ridge was not fully sealed by banded travertines. Soils, vegetation, and open
fissures were also observed within the central fissure of Frl (Figure 2C).

4.2. Spring Water

Chemical composition and 5180uwater and 8Dyyater Of hot spring waters at Xiagei were
reported in Table 1. The results show that the studied hot springs are characterized by
slightly acidic to near neutral pH values and water temperatures between 31.7 °C and
58 °C. HCO3;~ (953 to 998 mg/L), Na* (231 to 249 mg/L), and Ca?* (120 to 151 mg/L)
are the main components of the spring waters, while some SO42~ (36.9 to 133 mg/L),
Cl™ (26.5 to 31.3 mg/L), K* (16.4 to 20.5 mg/L), SiO, (20.4 to 83.2 mg/L), and minor
F~ (295 to 9.84 mg/L) and Mg?* (8.82 to 9.89 mg/L) are also present. §'8Oyyater and
dDwater Values of the three studied springs are between —15.3%. and —14.5%. V-SMOW
(average = —14.9%0 V-SMOW), and between —133.9%. and —128.7%. (average = —133.3 %o
V-SMOW), respectively (Table 1). The here obtained ion concentrations, 5180yater, and
dDwater are very close to the data reported earlier by Zheng [32]. Calculated SI cjte and
log Pco, in hot spring waters from Xiagei range from 0.14 to 0.69 and from —0.54 to —0.96,
respectively (Table 1).
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4.3. Lithofacies of Banded Travertines

According to the travertine lithofacies classification of Gandin and Capezzuoli [38], the
Xiagei banded travertines belong to abiotic crystalline crust. The Xiagei banded travertines
is characteristic by striking lamination, but laminae of the Xiagei banded travertines show
varying thickness from tens of micrometers to several centimeters. Additionally, the main
components of the Xiagei banded travertines are diverse and include dendritic crystals, fan
crystals, platy crystals, banded palisade crystals and granular crystals. Thus, the Xiagei
banded travertines were here further divided into thick-laminated palisade crystalline crust
and thin-laminated composite crystalline crust.

The thick-laminated palisade crystalline crust is not very common in the Xiagei banded
travertines and stands out by the alternation of thick layers over one centimeter in thick-
ness (Figure 3). Each thick layer is composed of abundant large palisade crystals often
ranging from 1 to 3 cm long and over 0.4 mm wide and may contain several growth lines
(Figure 3A,C). The growth lines were visible in both hand specimens and thin sections, but
they were not laterally continuous. Palisade crystal growth was not terminated at most of
the growth lines (e.g., Figure 3A).

Figure 3. Hand specimens (A,B) and microphotographs (C-H) of the main petrographic character-
istics of the studied banded travertines. (A) Cross-section of thick-laminated palisade crystalline
crust. (B) Polished side of thin-laminated composite crystalline crust. (C) cm-size elongated palisade
crystals. (D) Short-columinar calcite crystals. (E) Feather-like dendritic crystals. (F) Dendritic crys-
tals with blurry edges and numerous microcrystals filling intercrystalline pores. (G) Willow leaf
bladed-like calcite crystals, and intercrystalline microcrystals. (H) Bands of dark granular crystals
and calcite micrite.
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Compared with the thick-laminated crystalline crust, the thin-laminated composite
crystalline crust is characterized by the alternation of thin layers (less than 1 cm in thickness).
Composition of the thin layers is very complex. Short-columnar crystals, dendritic crystals,
platy crystals, fan crystals, granular crystals and calcite micrite were all found as possible
main components of the thin layers. In many cases, the thin layers in the thick-laminated
crystalline crust only consist of one component, such as the short palisade crystal layer in
Figure 3D and the dendritic crystal layer in Figure 3E. However, in some cases, thin layers
of the thick-laminated crystalline crust may contain several different components, such as
the co-occurrence of dendritic crystals and micrite in Figure 3E.

Short-columnar crystals are the most common components in the thin-laminated
composite crystalline crust from Xiagei and is dominantly composed of columnar-like
calcite crystal often ranging from 3 to 8 mm in length, significantly shorter than the palisade
crystals forming the thick-laminated palisade crystalline crust. Calcite micrite was observed
among the short-palisade crystals but was not common in all samples. Dendrite crystals
were found in many samples and were characterized by elongated trunks with plentiful
branches. In terms of crystal morphologies, the dendrite crystals from Xiagei can be
divided into two types: dendritic crystals (3 to 5 mm in length) coexist with micrites
(Figure 3F) and typical feather-like calcite crystals (up to 4mm in length; Figure 3E). Platy
crystals (Figure 3G) were present in some calcite veins at Xiagei and consisted of willow
leaf bladed-like calcite with lengths commonly lower than 1 mm and thicknesses below
0.3 mm. The platy crystals co-appeared with some micrite (Figure 3G) and/or fan crystals.
A few samples from the thin-laminated composite crystalline crust contained fan crystals
and granular crystals. The fan crystals generally have high length-width ratio (~1.5) and
have varying sizes (up to 3.5 mm long and 2 mm wide). Granular crystals (Figure 3H)
here refer to subhedral to anhedral calcite crystals. The granular crystals in the Xiagei
thin-laminated composite crystalline crust display varying sizes from 0.15 mm to tens of
microns in diameter.

4.4. Stable Isotopes

Stable oxygen and carbon isotope compositions of the Xiagei travertines were listed in
Table 2 and illustrated in Figures 4 and 5. The studied banded travertines show narrow
variations of §!13C from 2.82%o to 4.50%. V-PDB (average = 3.52%o. V-PDB) and 5180 from
—25.86%0 to —20.90%0 V-PDB (average = —23.66%0 V-PDB). The thick-laminated palisade
banded travertines display different 5'3C and 5'80 ranges from the thin-laminated compos-
ite banded travertines. The former show §!3C between 2.82%. and 3.74%. V-PDB and §'80
between —25.86%0 and —22.64%. V-PDB, while the later display more positive §'3C (3.37 %o
and 4.50%0 V-PDB) and §'80 (—24.45%0 and —20.90%. V-PDB). A good positive correlation
(R? = 0.8, n= 80) was also found between 5'3C and 5'80 of the banded travertines.

Table 2. §13C, 5180, calculated paleo-temperature (T ,), 513Cparent co, of the Xiagei fossil and
recently formed travertines. The depositional paleo-temperature (°C) of the travertines was calculated
following the equation from Kele et al. [39] and using 5180uwater = —15.2%o; the 513Cparen»E co, was
calculated following the equation from Chacko et al. [40] and using the calculated paleo-temperatures.

: 13 18 18 13
Sample ID CE;;EI:;EEn (%o, SV-IE:DB) (%o,SV-l(’)DB) (%o, \f-SI\(/)IOW) ;ch) 5(%5}’\7315%?2
1 3.63 ~22.98 7.23 68.6 —2.68
2 3.74 —22.97 7.24 68.6 —257
3 3.56 —22.64 7.58 66.6 ~2.93
4 w 3.03 ~23.82 6.37 73.7 —2.85
5 3.14 —24.15 6.02 75.8 —2.55
6 315 ~23.93 6.25 74.4 —2.67
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Table 2. Cont.

Sample ID Tra‘fe.rtin.e ) s13C ) 5180 ) 8180 1;“1 6103 Cparent-CO,
Classification (%o, V-PDB) (%o, V-PDB) (%o, V-SMOW) O (%o, V-PDB)
7 3.05 —25.52 4.61 84.5 —1.96
8 2.94 —25.68 445 85.5 —1.98
9 293 —25.72 44 85.9 —1.98
10 3.10 —25.21 493 82.5 —2.07
11 3.09 —25.68 445 85.5 —1.83
12 3.29 —2541 4.73 83.7 -1.77
13 3.01 —24.98 517 81 —2.27
14 297 —25.37 477 83.5 —2.11
15 3.08 —25.58 4.55 84.9 —1.89
16 2.90 —25.40 473 83.7 —2.16
17 3.01 —25.55 458 84.7 —1.98
18 3.00 —25.86 426 86.8 —1.83
19 3.21 —25.47 4.66 84.2 —1.82
20 3.09 —25.61 452 85.1 —1.86
21 3.22 —25.39 4.74 83.7 —1.84
22 2.83 —25.46 4.67 84.1 —2.21
23 2.82 —25.51 4.62 84.4 —2.19
24 3.10 —25.21 493 82.5 —2.07
25 291 —25.63 45 85.2 —2.04
26 3.54 —22.95 7.26 68.4 —2.78
27 3.54 —23.01 7.2 68.8 —2.76
28 3.37 —23.98 6.2 74.7 —2.42
29 3.80 —23.21 6.99 70 —2.38
30 3.63 —23.48 6.71 71.7 —2.42
31 3.62 —23.27 6.93 70.4 —2.53
32 3.60 —23.16 7.04 69.7 —2.62
33 3.88 —22.86 7.35 67.9 —2.50
34 3.54 —23.26 6.94 70.3 —2.63
35 3.66 —23.76 6.43 73.3 —2.25
36 TC 3.74 —23.82 6.37 73.7 —-2.13
37 3.49 —23.39 6.81 71.1 —2.61
38 3.58 —23.59 6.6 72.3 —242
39 3.81 —23.13 7.08 69.5 —243
40 3.93 —22.78 7.44 67.4 —2.48
41 3.43 —24.02 6.16 74.9 —2.34
42 3.48 —23.93 6.25 74.4 —2.34
43 3.70 —2341 6.78 71.3 —2.38
44 3.70 —23.81 6.37 73.7 —-2.17
45 3.57 —23.48 6.71 71.7 —2.48
46 3.40 —23.62 6.57 72.5 —2.57
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Table 2. Cont.

Sample ID Travertine ) s13C ) 5180 ) 8180 1;“1 6103 Cparent-CO,
Classification (%o, V-PDB) (%o, V-PDB) (%o, V-SMOW) O (%o, V-PDB)
47 419 —21.50 8.75 60 —2.90
48 3.73 —22.29 7.94 64.5 —2.95
49 3.49 —22.78 7.44 67.4 —2.92
50 3.60 —23.00 7.21 68.7 —-2.71
51 3.54 —23.39 6.81 71.1 —2.56
52 3.85 —22.80 7.41 67.6 —2.55
53 411 —22.03 8.21 63 —2.70
54 3.45 —23.27 6.93 70.4 —2.70
55 3.41 —23.48 6.72 71.6 —2.64
56 3.69 —23.65 6.54 72.6 —2.29
57 3.66 —23.45 6.74 71.5 —241
58 3.67 —23.34 6.86 70.8 —2.44
59 3.67 —23.53 6.67 71.9 —2.36
60 3.80 —23.13 7.08 69.5 —2.44
61 4.04 —22.74 7.47 67.2 —2.39
62 3.51 —23.19 7.01 69.9 —2.70
63 3.80 —22.98 7.23 68.6 —2.51
64 3.84 —22.98 7.23 68.6 —247
65 3.69 —23.21 6.99 70 —2.50
66 3.56 —23.39 6.8 71.1 —2.54
67 3.48 —23.16 7.04 69.7 —2.74
68 3.69 —23.18 7.02 69.8 —2.51
69 3.85 —22.12 8.12 63.6 —291
70 3.64 —22.62 7.6 66.5 —2.86
71 3.76 —23.00 7.21 68.7 —2.55
72 3.53 —23.04 7.16 69 —2.74
73 3.75 —22.61 7.62 66.4 —2.75
74 3.88 —21.95 8.29 62.6 —2.97
75 424 —21.46 8.8 59.7 —2.88
76 3.80 —22.68 7.54 66.8 —2.67
77 3.73 —22.72 7.5 67 —2.72
78 3.75 —20.90 9.38 56.6 —3.65
79 4.50 —22.39 7.84 65.1 —-2.13
80 3.66 —24.45 5.71 77.7 —1.88
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Table 2. Cont.

Sample ID Travertine ) s13C ) 5180 ) 8180 T;cal 6103 Cparent-CO,
Classification (%o, V-PDB) (%o, V-PDB) (%o, V-SMOW) O (%o, V-PDB)
81 4.49 —21.79 8.45 61.7 —245
82 4.49 —21.96 8.29 62.6 —2.36
83 4.71 —20.90 9.37 56.7 —2.69
84 4.84 —20.97 9.3 57 —2.52
85 5.16 —20.23 10.06 53 —2.59
86 4.88 —20.93 9.34 56.8 —2.52
87 BT 4.68 —21.29 8.98 58.7 —2.53
88 498 —20.91 9.36 56.7 —2.42
89 5.31 —20.68 9.6 55.4 —2.20
90 4.40 —22.00 8.24 62.9 —243
91 438 —21.91 8.33 62.4 —2.49
92 5.51 —20.41 9.88 53.9 —2.16
93 5.98 —21.28 8.98 58.7 —1.24
94 RFT 5.66 —21.86 8.39 62 —1.25
95 6.81 —18.58 11.76 443 —1.80

TP = thick-laminated crystalline crust; TC = thin-laminated composite crystalline crust; BT = bedded travertines;
RFT = recently formed travertines.
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Figure 4. §'3C and 8'80 of thick-laminated palisade crystalline crust, thin-laminated composite
crystalline crust, bedded travertines and recently formed travertines at Xiagei. n = the number
of samples.

Bedded travertines from Xiagei show narrower §'3C and §'80 ranges compared to the
fossil banded travertines (Table 2, Figure 5). They have §'3C values from 4.40%o to 5.51 %o
V-PDB (average = 4.82%. V-PDB) and 5180 values from —22.00%0 to —20.23% V-PDB
(average = —21.17%o V-PDB). §'3C values of recently formed travertines from Xiagei are
from 5.66 %o to 6.81% V-PDB (average = 6.15%. V-PDB), slightly higher that 5!3C of the
banded travertines. Comparatively, §'30 of the recently formed travertines from Xiagei is
more negative than that of the banded travertines and varies from —21.86%o to —18.58 %o
V-PDB (average = —20.57 %o V-PDB).
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Figure 5. Diamond box plots showing the relationships between lithotypes and §'3C (A), between
lithotypes and 3180 (B), between lithotypes and T, (C), and between lithotypes and 613Cparem Cco,
(D). thick-laminated crystalline crust (TP), thin-laminated composite crystalline crust (TC), bedded
travertines (BT) and recently formed travertines (RFT). Horizontal dark lines referred to the median
values, while dot-dash lines referred to the mean values.

5. Interpretation and Discussion
5.1. Paleo-Temperatures for Banded Calcite Precipitation

Paleotemperature evaluation is of great importance in studies on fossil travertine
systems because it can disclose the depositional conditions of travertines. The CaCOs-
H,O oxygen isotopic geothermometer is considered to be a powerful tool for assessing
the temperature of carbonate precipitation since the oxygen isotope fractionation will
take place between the calcite/aragonite and water during naturally precipitated carbon-
ates [5,6,39,41-43]. The calcite-water oxygen isotope fractionation equation developed
by Kele et al. [39] (i.e., Equation (1)) is commonly utilized to predict the water tempera-
ture of fossil travertines because this equation decreases the influences of degassing and
evaporation on the calculated results:

1000 Irw‘(travertine—water) = 20,000/ Tcal — 36 (1)

where T, = calculated paleotemperature in Kelvin and o&(iravertine-water) 1S €xpressed as:

K(travertine-water) = (6180travertine + 1)/ (‘Slgowater + 1) (2)

where §8O0qavertine and 58Oyater refer to the §'80 values of travertines and spring
waters, respectively.

In this study, the average 3180yater value of active hot springs at Xiagei
(8'8O0water = —15.2%0 V-SMOW, Table 1) was used in the paleotemperature calculation.

The calculated results (Table 2, Figure 5) show that banded travertines, bedded
travertines, recently formed travertines from Xiagei exhibit T, from 56.6 to 86.8 °C, from
53.0 to 62.9 °C, and from 44.3 to 62.0 °C, respectively. This indicates that the studied
travertines were formed in moderate- to high-temperature hot spring environments. Water
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temperatures of active hot springs at Xiagei vary from 32.0 to 63.1 °C (Table 1). However,
according to our field observations, hot springs with high volumetric flow rates at Xiagei
(e.g., S2; Table 1) often have vent temperatures of near 60.0 °C, slightly higher than T, of
the recently formed travertines and close to T, of the bedded travertines (Table 2, Figure 5).
This reflects that there were no significant vent temperature changes after the deposition of
the studied bedded travertines.

The calculated paleotemperatures of the studied banded travertines generally range
from 68 °C to 85 °C, higher than the vent temperatures of main active hot springs at Xiagei
(ca. 60 °C; Table 2, Figure 5). This may indicate an unneglectable water temperature
decrease between the places forming banded travertines and spring vents (i.e., vent tem-
perature was lower than water temperature in the conduit). However, it must be noted that
the vent temperatures in this study were measured in the margin areas of meter-scale vent
pools. Thus, our measured temperatures might be slightly lower than the temperatures of
spring waters outflowing from orifices just now, because the pool waters may have experi-
enced important heat exchange with cool air (i.e., cooling). Such sample location-related
temperature difference is common and unavoidable, especially for the large vent pools.
Peng and Jones [44], for example, found that the spring water in the marginal areas of
Eryuan pool (China) is 20 °C lower than the spring water near the Eryuan pool central vent.
Therefore, simply extrapolating that there was a significant temperature decline between
the places forming banded travertines and spring vents at Xiagei is still questionable. How-
ever, it is clear that fluid temperature changed a lot during the formation of the studied
banded travertines, as shown by their great T, variation (56.6 °C to 86.8 °C).

5.2. Parent CO; Origin of Travertines

Parent CO; origins of spring-related carbonate deposits decide whether the deposits
are tufas (also named meteogene travertines) or travertines (also called thermogene
travertines) [45-47]. In this study, the equation (Equation (3)) from Chacko et al. [40]
and the evaluated paleotemperatures (T.,) were utilized to calculate the stable carbon
isotope composition of parent CO; of the Xiagei Travertines (613Cparent CO,)-

1000 In0(parent CO,-traverting) = —0.10028 + 5.4173x — 2.5076x2 + 0.47193x> —

0.0027046x> — 0.000059409x° ©)
where x = 106/ Tcal2 and “(parent CO,-travertine) is:
‘x(parent CO,-CaC03) = (613Cparent CO, +1)/(613Ctravertine + 1) (4)

The calculated results were listed in Table 2 and illustrated in Figures 5D and 6. Banded
travertines at Xiagei have 613Cparent co, from —3.65% to —1.77% V-PDB
(average = —2.44%o. V-PDB). In more detail, thick-laminated palisade banded travertines
from Xiagei show 8'3Cparent co, between —2.93%, to —1.77%. V-PDB (average = —2.16 %o
V-PDB), whereas thin-laminated composite banded travertines from Xiagei show a wider
513 Cparent cO, Tange (—3.65%o to —1.88%o V-PDB, average = —2.57%o V-PDB). 8"3Cparent co,
of bedded travertines from Xiagei falls into the banded travertine range and varies from
—2.69%0 to —2.16%. V-PDB (average = —2.45%. V-PDB). In contrast, 613Cparem co, of
recently formed travertines at Xiagei is very different from 613Cparem co, of the Xiagei
banded travertines and bedded travertines and is between —1.80%. and —1.24%. V-PDB
(average = —1.43%0 V-PDB).

Parent CO, sources of travertines are complex, but they mainly include magmatic
CO,, soil-derived CO,, and CO; related to (marine) carbonate decarbonation [45]. It is
reported that soil-derived CO, has 613CCO2 values lower than —10%. V-PDB (C3 plant soils
= —30%o to —16%o. V-PDB, C4 plant soils = —18%. to —10%. V-PDB; [48,49]. Magmatic CO,
has §3C values from —7%o to —5%. V-PDB [50], while CO, related to (marine) carbonates
decarbonation often has more positive §'3C values (>1%. V-PDB) [43,51]. The calculated
613Cparent co, ranges of the Xiagei fossil banded travertines, bedded travertines, and re-
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cently formed travertines are all between the (marine) carbonate-related CO; zone and the
magmatic CO, zone (Figure 6), instead of falling into any of the three typical CO; source ar-
eas. This largely suggests a possible mixing from (marine) carbonate decarbonation-related
CO; and magmatic CO, and confirms that the Xiagei travertines are ‘real” (thermogene)
travertines, instead of tufas. Such inference (i.e., combined contribution of (marine) carbon-
ate decarbonation-related CO; and magmatic CO;) is consistent with early studies on hot
spring gases at Xiagei and surrounding areas [52,53].

T T T T T T
CO, related to (marine) carbonate decarbonation
CO, related to C4 plants
CO, related to C3 plants
magmatic CO,
CO, gas related to Xiagei hot Springs
Parent CO, related to recently formed travertines
Parent CO, related to bedded travertines
Parent CO, related to TC travertines

Parent CO, related to TP travertines

-30 -20 -15 -10 -5 0 5
8"Cgrent o2 (%o, V-PDB)

Figure 6. 513Cparent co, of the travertines from Xiagei, Shangri-La, China, according to the equation
established by Chacko et al. [40]. In comparison with the §'3C values from CO, gas related to
Xiagei hot springs [53], magmatic CO, [50], CO, related to C3 and C4 plants [48,49], and marine
carbonate decarbonation [43,51]. TP: thick-laminated crystalline crust; TC: thin-laminated composite
crystalline crust.

Notably, the magmatism is lacking now in the Xiagei hydrothermal system (near the
Jinshajiang fault zone) in the eastern Tibetan plateau. Thus, the detected magmatic source
CO;, for travertine samples might indicate a hypogene origin. As shown in Figure 1A, the
Jinshajiang fault zone is important for the formation of Xiagei travertines as active large-
scale strike-slipping, apart-pull basins and metamorphic core complexes are present [54,55],
which provides ideal tectonic-environments for Paleogene mantle-derived high-K magma-
tism [54]. In addition, the Tibetan plateau has been a site for lithospheric delamination since
about 40 Ma and is marked by intense and intensive intraplate, mantle-derived high-K
magmatism [33,54]. Therefore, the magmatic-derived CO; for the Xiagei travertines proba-
bly indicates that the lithospheric mantle beneath the Jinshajiang fault zone is/was sinking,
which led to the asthenosphere upwelling and subsurface accumulation of magmatic-
derived CO, that was transported through the lithosphere via these large-scale faults.

Both (marine) carbonate decarbonation-related CO, and magmatic CO; are ‘external’
carbon sources. The Xiagei travertines were here also considered to receive some ‘internal’
carbon from marine carbonate rocks. As shown in Figure 1 and Table 1, marine carbonate
rocks (mainly Late Paleozoic) are distributed in the study area and active hot springs have
high Ca%* concentrations (e.g., Springs S1 to S3 show Ca?" concentrations from 120 to
151 mg/L) and low SO4?~ concentrations (average = 50.5 mg/L). This largely reflects that
marine carbonate dissolution also play a role in supplying carbon to the Xiagei travertines.
Assuming that (1) HCO3; ™~ in spring waters at Xiagei was the mixing product of external
carbon (i.e., magmatic CO, and carbonate decarbonation-related CO,: CO; + 2H,O —
HCOj3~ + H*) and internal carbon (i.e., dissolution of Ca-carbonate rocks: CaCOj3; + CO,
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— 2HCO3~ + Ca?*) and (2) Ca* in spring waters from Xiagei originated mainly from
Ca-carbonate rock dissolution, the following equation can be obtained:

Crotal = Cexternal + Cinternal = Cexternal + Cca ®)

where Ciptal, Cexternals Cinternal, and Cca represent the molar concentrations of HCO3 ™,
external carbon, internal carbon, and CaZ*, respectively.

Using the water data in Table 1, Cyot, and Cc, in hot spring waters from Xiagei can
be calculated. The calculated Ci, and Cc, are between 12.4 and 16.4 mM and between
0.90 and 3.78 mM, respectively, and the calculated Cc,/Cotq ratios vary from 10.2% to
24.2%, indicating the unneglectable role of Ca-carbonate dissolution in supplying carbon
to the Xiagei travertines. However, it must be emphasized that the above calculations
are not exact, because other processes (such as passive CO, degassing and carbonate
precipitation) which are common in travertine systems [56-59] and can change HCO3; ™~ and
Ca?* concentrations in spring waters were not taken into consideration in our calculations.

5.3. Lithofacies of Banded Travertines Controlled by Water Temperature

There were two lithofacies of banded travertines at Xiagei: thick-laminated crystalline
crust and thin-laminated composite crystalline crust. These two lithofacies display different
features, especially in crystal sizes and morphologies. Calcite crystals in the thick-laminated
crystalline crust are large and palisade-like, whereas calcite crystals in the thin-laminated
composite crystalline crust are diverse but small in size. Recent studies have shown that
the fluctuations of hydrodynamic conditions and hydrochemical composition of thermal
fluids and microbial mediation can lead to the formation of calcite crystals of various sizes
at thermal springs [28,60,61]. Jones and Renaut [62] and Jones [60] adopted a general term,
‘driving force’, to describe the growth condition of CaCOj3 precipitation in hot springs:
the larger driving force, the more irregular CaCOj3 crystals. However, directly measuring
‘driving force’ is impossible for researchers, because it may be affected by many parameters,
such as CO, degassing, water temperature, saturation index of CaCOj3, flow velocity, pH,
and microbial effect [10,63-65]. These indicate that banded travertine precipitation is a
complex process controlled by multiple factors/processes.

With respect to the two lithofacies of banded travertines at Xiagei, one possible factor
controlling their crystal shapes and sizes might be water temperature. As shown in Table 2
and Figure 5D, the thick-laminated crystalline crust at Xiagei mainly displays T, over
80 °C, which is significantly higher than most of the T, values of the thin-laminated
composite crust (generally below 72 °C). Theoretically, temperature increase would lower
CaCOj and CO; solubility (when water temperature is below 155 °C) [66,67], promoting
CaCOj; precipitation. As a result, the thick-laminated crystalline crust was interpreted to
be formed with a precipitation rate faster than the thin-laminated composite crystalline
crust. Such inference agrees with the crystal size and morphology of these two lithofacies:
rapid CaCOs precipitation formed large palisade crystals of the thick-laminated palisade
crystalline crust, while relatively slow CaCOj3 precipitation generated small crystals of the
thin-laminated composite crystalline crust.

However, some of the thick-laminated palisade crystalline crust samples (e.g., Samples
1, 2 and 3; Figures 4 and 5B,C; Table 2) show similar 5180 and T, to the thin-laminated
composite crystalline crust. Therefore, water temperature is an important but not decisive
factor controlling the calcite crystal size and shape in the Xiagei banded travertines. Indeed,
recently, Luo et al. [68] argued that CaCOj precipitation at the hypogean solid-water
interface (i.e., banded travertine precipitation environments) was (at least) controlled by
original fluid chemical composition, temperature, pressure, and fluid pathways. Thus, any
change in fluid chemical composition (e.g., Ca?* and HCO;~ concentrations), CO, partial
pressure in surrounding environments, and conduit morphology may significantly alter
the precipitation rate of CaCOj3 at the hypogean solid-water interface. Unfortunately, these
changes were difficult to evaluate only based on carbon and oxygen isotope compositions
of banded travertines.
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The thin-laminated composite crystalline crust is characterized by the appearance of
diverse calcite crystals with different shapes and sizes (dendritic crystals, fan crystals, platy
crystals, granular crystals, and micrite), whereas the thick-laminated palisade crystalline
crust is compositionally simple. This may indicate a steady formation environment of the
thick-laminated palisade crystalline crust and reflect that the formation condition of the
thin-laminated composite crystalline crust underwent striking and rapid changes. Indeed,
dendritic crystals, fan crystals, platy crystals, granular crystals, and micrite are often
interpreted to be formed in different environments [38,60,69]. For example, fan crystals
tend to be generated in turbulent water conditions [38,70-72], while platy crystals are often
produced at near boiling conditions (>80 °C) [62,73,74].

5.4. Comparison with Banded Travertines from Other Areas

In Table 3 and Figure 7, the Xiagei banded travertines were compare with banded
travertines (also sometimes named travertine veins) from other areas around the
word [13,18,24,75,76] to examine their microscopic and stable carbon and oxygen iso-
topic differences. All banded travertines are found to be mainly composed of calcite and
/or aragonite crystalline crusts (Table 3), but their microscopic features, such as crystal
sizes and types are diverse, indicating the complex precipitation conditions/processes
of banded travertines. For example, diverse calcite crystals have been described in the
thin-laminated crystalline crust at Xiagei, probably representing changeable travertine
formation environments. Note that elongated palisade calcite and/or aragonite crystals
are commonly described in banded veins and are hardly seen in non-vein sediments of
travertines. It may indicate that this texture can represent a typical lithofacies related to
banded travertines. In addition, the banded travertines with diverse crystal morphologies,
such as those from Semproniano (Italy), Kamara (Turkey), Golemezli (Turkey), and Xiagei
(China), are usually characterized by wide paleo-temperature ranges (Table 3). This might
indicate that temperature plays an important role in controlling the microscopic features of
banded travertines.

All the summarized banded travertines, excluding the Semproniano village giant
veins [75], are characterized by good positive correlations between §!3C and §'80 values
(Figure 7), probably indicating these banded travertines precipitated under non-equilibrium
conditions (in more detail, fast CO, degassing). Using §!3C values to gain the fluid CO,
origins of spring related carbonate deposits is commonly used in earlier studies [13,18,39,75].
The parent CO, from all banded travertine was found to be largely derived from mixing
sources (Table 3). However, the result shows that the §!3C ranges of the banded travertine
in different places are diverse. Especially, 5'>C of the Semproniano giant vein falls into
a wider range, whereas §'3C of travertines from Xiagei and other locations (Figure 7)
exhibits relatively narrow isotopic variation. Berardi et al. [75] proposed that the long-
lived giant vein underwent multiple tectonic events, spanning at least 650 and 85 ka.
Thus, tectonic activities may play a non-negligible role in changing the §'>C composition
of the travertine vein. For instance, frequent tectonic activities may cause rapid §'3C
variations, while strong tectonic activities, like big earthquakes, may even modify thermal
fluid circulation pathways and lead to significant §!3C changes of banded travertines.
According to Kele et al. [43], 5180 values of travertines can be easily affected by fluid
origins, evaporation rates and fluid temperature changes. In most travertine systems,
the 5'80 values of travertines can be used to reflect the water temperature and §'%0 of
the parent water. Taking into account the calculated paleo-temperatures, all the banded
travertines in Table 3 are precipitated from moderate- to high-temperature hot springs,
which further indicates that the fissure ridge is related to hot springs rather than cold
springs. Overall, the comparison shows that §'3C and $'80 records in banded travertines
might be useful for the assessment of tectonic activities and paleo-fluids.
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Figure 7. §'3C and 5'80 values of banded calcite veins from Xiagei and those from other examples.

6. Conclusions

This study investigated the lithofacies and stable carbon and oxygen isotope geo-
chemistry of banded travertines from fissure ridge-type travertine (Xiagei, China). Two
lithofacies were recognized in the Xiagei banded travertines: thick-laminated palisade
crystalline crust and thin-laminated composite crystalline crust. Parent CO, of the Xiagei
banded travertines mainly originated from limestone decarbonation of marine carbonates,
but they also received the contribution from magmatic CO,. The magmatic-derived CO,
may also demonstrate the sinking of the lithospheric mantle beneath the Jinshajiang fault
zone. Additionally, dissolution of marine carbonate rock is considered to be important in
providing carbon and calcium to the paleo-spring waters. Paleotemperatures precipitating
the Xiagei banded travertines are from 56.6 °C to 86.8 °C, indicating moderate- to high-
temperature spring environments. However, different lithofacies of banded travertines
from Xiagei show distinct calculated paleotemperatures, suggesting temperature is a non-
negligible control factor on the lithofacies of banded travertines. This study highlights the
importance of depositional conditions (especially water temperature) on banded travertine
lithofacies and reflects the significance of careful stable carbon and oxygen isotope analy-
ses in the determination of paleo-fluid evaluation. The comparison between the banded
travertines at Xiagei and other areas shows that microscopic features of banded travertines
in different places is diverse, and banded travertines formed by calcite/aragonite with
diverse morphologies are usually characterized by large paleo-temperature variations,
further indicating that temperature plays a crucial role in controlling the microscopic
characteristic of banded travertines. The comparison also implies that the stable carbon
and oxygen isotopic characterization of banded travertines is likely an effective tool for
assessing tectonic activities and paleo-fluids.
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Abstract: To study the geological environmental records of alpine-karst-type tufa deposits in the
eastern margin of the Tibetan Plateau, the calcareous tufa profile exposed by the “8.8” Jiuzhaigou
earthquake was taken as the research object and combined with a field geological investigation.
Further, the petrography, sedimentology, chronology, and elemental geochemistry of the calcareous
tufa were studied and analyzed. The results show the following. (1) The Sparkling Lake calcareous
tufa profile was deposited under the background of a warm and humid climate during the Holocene.
The growth pattern follows a bottom-to-top deposition. (2) At 750 & 30-300 + 30 aB.P,, the calcareous
tufa layers were gray-black as a whole, and the changes in mineral composition and elemental
geochemistry indicate a fluctuating upward trend for temperature and precipitation during this
period. (3) The formation of two sets of black peat layers in the upper part of the tufa calcareous profile
is due to the synergistic action of multiple factors caused by strong tectonic activity. In conclusion, the
deposition mechanism of the calcareous tufa in Jiuzhaigou was controlled by paleoclimate hydrology
and glaciation for a long time, while strong tectonic activity over a short period of time considerably
changed the color, structure, element content, and mineral composition of the calcareous tufa.

Keywords: calcareous tufa; carbon-oxygen isotopes; tectonic activity; geological environment; Holocene

1. Introduction

Among terrestrial carbonates (calcareous tufa, stromatolitic tufa, and travertines), cal-
careous tufa represents a good proxy-indicator of Quaternary climatic and environmental
conditions [1-7], widely observed in fluvial areas with calcareous deposits [8]. As tufas are
mainly comprised of calcite, they enable direct and precise dating as well as geochemical
reconstructions of the past geological environment [7]. Currently, such tufas are being used
as a proxy for paleoclimate, paleohydrology, tectonic activity, glaciation, regional geomor-
phic evolution, human activity, and geoarchaeology studies [2,9-16]. Andrews et al. [2]
reviewed paleoclimate records of riverine tufas using stable isotopes, and proposed a
synthesis. Tye et al. [17] studied the Long Lake sequence of Marks Tey, Essex, UK, and
showed that the 5'80 record of the endogenic carbonates from this sequence records the
climatic structure of MIS 11. Matsuoka et al. [18] performed high-resolution stable isotopic
analyses of an annually laminated tufa from Shirokawa, SW Japan. Zidi et al. [19] argued
that the calcareous tufas of Boulaaba are good indicators of tectonic activity, as they are
intimately related to the fault network distribution in the region. Tufa is deposited in open
ground-surface environments, which leads to a complex deposition mechanism. Therefore,
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how to accurately use tufa to reconstruct paleoclimate environment still needs a lot of
in-depth research [20].

A large amount of tufa with different genetic types is distributed on the Tibetan
Plateau [21]. On the eastern margin of the Tibetan plateau, there is a belt-shaped tufa area
from northeast to southwest [22], and its distribution area is mainly located at the turning
point before the top of the largest topographic step in the eastern Tibetan Plateau. The
regional tufa mainly develops in the periglacial landform area at the lower part of the
snow line [23,24]. Because of the special geographical location of the Tibetan Plateau, the
tufa in this area is strongly indicative of paleoclimate and paleoenvironment [20,25-30].
Mischke et al. [31] identified the Mid-Holocene tufa section at an altitude of 3815 m in the
Qilian Mountains at the northeastern margin of the Tibetan Plateau as a new and possibly
important climate archive. Guo et al. [32] reconstructed regional paleoclimatic and paleohy-
drological changes during the Early and Mid-Holocene by analyzing the rhythmic nature
and hydrochemical proxies of tufa in Jiuzhaigou, eastern Tibetan Plateau. Lei et al. [33]
discussed the characteristics of major geochemical elements and paleoenvironmental signif-
icance of tufa deposited on the ancient lakeshore terrace of the Ngangla Ringsto Lake in the
western Tibetan Plateau. Niu et al. [22] and Wang et al. [20] summarized previous studies
on the geological information recorded by travertine and tufa on the Tibetan Plateau and
proposed the prospect of future studies.

The Jiuzhaigou deposits are typical examples of calcareous tufa with the highest
altitude (2200-2900 m) in the world. Jiuzhaigou calcareous tufas are porous deposits
containing plants and algal molds or imprints [16,34,35]. The Jiuzhaigou Tufa Scenic
Spot, a World Natural Heritage Site (Aba Tibetan and Qiang Autonomous Prefecture,
China), is particularly interesting because of its spectacular large-scale plateau tufa lakes,
tufa waterfalls, tufa beach flows, and other landforms. On 8 August 2018, an Mw 7.0
earthquake (hereinafter referred to as the “8.8 earthquake” based on the date) occurred
in Jiuzhaigou, China. Following the earthquake, many new calcareous tufa profiles were
revealed, such as the Nuorilang Waterfall and Sparkling Lake. Before the earthquake, there
was a tufa calcareous dam (locally called the Yanacuo Dam) between the Sparkling Lake
and the downstream Double-Dragon Lake. The earthquake caused the dam to break in
the central part and exposed a rhythmic structure section. Based on mineral composition,
thin section observation, major/trace element content, and stable isotope composition
(8'3Cyppp, 6'80v.spmow), combined with previous scholars’ research results on calcareous
tufa and Jiuzhaigou area, this paper analyzes the mechanism of calcareous tufa deposition in
Jiuzhaigou and the influencing factors during the deposition process, and further discusses
the geological environment that may be recorded by calcareous tufa deposition.

2. Geographic Setting

The Jiuzhaigou Natural Heritage Scenic Area in Sichuan Province, China (32°54'-33°19" N,
103°46'-104°14 N) is located in the conjunction of the Songpan-Ganzi orogenic belt and
West Qinling orogenic belt (Figure 1a). The main faults in the surrounding area are the
Tazang, Huya, Xueshanliangzi, and Minjiang faults (Figure 1b). The geological structure of
the Jiuzhaigou region is complex, with strong neotectonic activity, fold-fault development,
and frequent earthquakes (Figure 1b,c). The structural pattern of the scenic spot controls
the geomorphological framework in the area and the structural lineaments are mainly
distributed in the NW-SE direction (Figure 1c).

Owing to the vulnerability of the aquifer in the Jiuzhaigou area, after it is broken under
the action of tectonic stress, rock joints and fractures in the fault are developed, with NW
trending dominant directions, which conditions for the formation of a fissure crack. The
interaction of groundwater infiltration and rock promotes the further expansion of fissures.
In addition, the growth of fissures intensifies the infiltration and circulation of groundwater,
alternately, and the fissure—karst process is mutually reinforcing, thereby accelerating the
karst process. Identified through a field geological survey and the investigation report of
the Sichuan Bureau of Geology and Mineral Resources, the lithofacies of the outcrop strata
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in the Jiuzhaigou Scenic Spot are marine facies, and the lithology is mainly carbonate rocks,
ranging in age from the Paleozoic Devonian to the Mesozoic Triassic. Various limestones
(including bioclastic limestone, crystalline limestone, argillaceous limestone, and siliceous
limestone) and trace amounts of dolomite, slate, and sandstone constitute the material basis
of the Jiuzhaigou karst underground runoff system.
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Figure 1. Geological background map of study area. (a) Regional tectonic geological map [36].
EKF = East Kunlun fault; XSF = Xianshuihe fault; QTT = QiangTang terrane; BNS = Bangong-
Nujiang suture; LSB = Lhasa block; YZS = Yarlung-Zangbo suture; MFT = main frontal thrust;
NJF = Nujiang fault; RRF = Red River fault; SYRB = Sichuan-Yunnan rhombic block; XJF = Xi-
aojiang fault; LMF = Longmenshan fault; SGB = Songpan-Ganzi Block. The green frame is the
area in (b). (b) Regional structure and distribution of magnitude M > 6.0 earthquakes in the Ji-
uzhaigou vicinity between 1630 and 1900 [37]. The blue frame shows the location of the Jiuzhaigou
Scenic Spot. GDF = Guanggaishan-Dieshan fault; BLF = Bailongjiang fault; EKF = East Kunlun fault;
MJF = MinJiang fault; TZF = Tazang fault; XLF = Xueshanliangzi fault; LMF = Longmenshan fault;
HYF = Huya fault; LRF = Longriba fault; HQODF = Hanan-Qingshanwan-Daogqizi fault. The blue
five-pointed star is the epicenter of the “8.8” earthquake. (c) Outline of the geological structure of the
Jiuzhaigou Scenic Spot (from Sichuan Provincial Regional Geological Survey Team 2006). The yellow
frame shows the location of Shuzheng Valley. The location of Sparkling Lake is indicated by a blue
five-pointed star. LXF = Long Lake-XuanquanValley Fault; HCF = Hawk Claw Fault; FFLF = Five
Flower Lake Fault; RLF = Rhinoceros Lake Fault. (d) Schematic of the Shuzheng Valley geological
profile [38]. RA = Russian Anticline. The orange frame shows the location of the Sparkling Lake in
the Shuzheng Valley profile.
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The Jiuzhaigou Scenic Spot is distributed in a “Y” shape, with the Shuzheng Valley at
the lower branch of the “Y” (Figure 1c). The elevation of the Shuzheng Valley is between
2210 m and 2250 m, and the total length from Entrance to Nuorilang is 13.8 km (Figure 1d).
The Jiuzhaigou Scenic Spot has 30 small lakes, including the Sparkling Lake, Lying Dragon
Lake, Five Flower Lake, Shuzheng lakes, and so on. The “8.8” earthquake caused serious
damage to the two core scenic spots of Jiuzhaigou: the Nuorilang Waterfall and Sparkling
Lake. The earthquake caused part of the viewing platform of the Nuorilang Waterfall to
collapse. At the downstream of the Shuzheng Valley, the Sparkling Lake burst, forming a
trapezoidal gap with a length of approximately 40 m, width of 12 m, and height of 15 m [39]
(Figure 2a). The Sparkling Lake dried up almost completely after the “8.8” earthquake,
and the calcareous tufa reef and calcareous tufa mound at the bottom of the lake were
exposed. Following the collapse of the Sparkling Lake, a layered calcareous tufa profile
with a recognizable rhythmic structure was revealed. The exposed profile has clear layers
and a continuous deposition (Figure 2b), the color of the layers was mainly off-white, and
black peat layers of considerable thickness were sandwiched (Figure 2b,c). The Sparkling
Lake calcareous tufa profile provides a good experimental material for this study.
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Figure 2. Collected calcareous tufa deposition profile at the Sparkling Lake. (a) The lake dried up
after the earthquake. The red frame shows the sampling location. (b) Sparkling Lake calcareous
tufa sampling profile. (c) Calcareous tufa characteristics and dating data. (d) Changes in '®O and
glacier accumulation recorded by Guliya ice cores over the last millennium (data from Yao et al. [40]).
(e) Carbon-oxygen isotope analysis of the calcareous tufa profile. The blue dots represent experimentally
measured carbon-oxygen isotope data. The red dots represent the location of the black peat layer.
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3. Materials and Methods
3.1. Sample Collection

After the “8.8 earthquake”, the Sparkling Lake essentially dried up (Figure 2a). This
study chose the fully exposed and partially collapsed central dam as the research object
(Figure 2b). To obtain a fresh sample, the outermost layer of the profile was removed, and a
steel pipe with a knife edge was used to knock in the calcareous tufa layer perpendicular to
the section. According to the color variation, hardness, and structural characteristics of the
calcareous tufa section, the samples are continuously and unevenly stratified from bottom
to top. The bit distribution and thickness were marked, and the calcareous tufa sample was
put into a clean cotton sample bag for coded storage. A sample was collected from each
calcareous tufa layer, with each sample weighing approximately 2 kg. In total, 50 samples
were collected, which were recorded as 14-2-1~14-2-50; the codes recorded on the three
black peat layers were 14-2-23, 14-2-35, and 14-2-42 (Figure 2c).

Through the field geological survey, we observed and measured the formation occur-
rence and calcareous tufa profile of the strata in the study area. Further, we determined
the attitude of rock formation and structural characteristics of the calcareous tufa. The
collected samples were brought to the laboratory for analysis. Based on the establishment
of the fine depositional time series of the calcareous tufa profile, the depositional environ-
ment changes of calcareous tufa in different periods are analyzed systematically, and the
controlling factors affecting the change in depositional environment are also expounded.

3.2. Analytical Methods

The mineral phase analysis of calcareous tufa was completed at the Analytical Testing
Center, Southwest University of Science and Technology (Mianyang, China), using an X-ray
diffractometer (X'Pert Pro, PANalytical B.V.) under the following conditions: a copper
target, 40 kV pipe pressure, 40 mA pipe flow, 0.033° step length, 0.2 °/min integration time,
and 3-80 scan range. The stable isotope (8"3Cy.ppg, 5'8Ov.spmow) and major/trace element
analysis of calcareous tufa was conducted by the ALS Laboratory Group (Guangzhou,
China). The major elements of the rock were analyzed by the X-ray fluorescence spectrome-
ter melting method. The rare earth trace elements were analyzed by an agilent inductively
coupled plasma-optical emission spectrometer. Carbon-oxygen isotope analysis was con-
ducted using a Thermo Finnigan DeltaP™"s XP isotope mass spectrometer. The measured
results of §13C (precisions of 0.1%o, V-PDB standardization) and 5180 (precisions of 0.5 %o,
V-SMOW standardization) are expressed in %.. Radiocarbon dating was conducted on the
calcareous tufa samples and performed at the BETA Laboratory (Miami, FL, USA) in accor-
dance with ISO/IEC 17025:2017. The IntCal20 calibration curve was used. To eliminate
the influence of “dead carbon”, the dating results were calibrated based on the precise
dating of carbon in peat layers in the profile. The thin section observation was carried out
in the Fundamental Science on Nuclear Wastes and Environmental Safety Laboratory of the
Southwest University of Science and Technology (Mianyang, China). The instrument model
is the Zeiss upright microscope Axio Scope Al. The technical parameters are as follows:
the most advanced IC2S infinity axial, radial double chromatic aberration correction and
contrast-enhanced optical system; the analyzer is 360° adjustable, the precision is 0.1°; the
magnification is 50~500; and transmission, anti-bireflection light source.

4. Data Analysis
4.1. Calcareous Tufa Mineral Phase Test

Thirteen calcareous tufa samples with layers of different colors were selected for X-ray
diffraction (XRD). The diffraction patterns of the obtained samples was compared and
analyzed with the powder diffraction file (PDF) card using the MDI Jade 9.0 software. The
results show that the diffraction peaks of the calcareous tufa samples are all well fitted with
the calcite standard card (PDF#05-0586), indicating that the calcareous tufa was dominated
by calcite (Figure 3). The peak position of calcite does not change considerably, with the
strongest diffraction peak appearing at 29.4°. The diffraction peak baseline was flat, the peak
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type was sharp, and the peak was obvious. The corresponding main dominant surfaces are
{012}, {104}, {110}, {113}, {202}, {018}, {116}, {122}. After the qualitative information of the
mineral is obtained, the Rietveld full-spectrum fitting method is used for semi-quantitative
analysis to determine the content of mineral components in calcareous tufa samples of
different colors. The analysis results are shown in Table 1. The samples of the Sparkling
Lake calcareous tufa profile are shown to contain calcite and quartz. From the 14-2-23
sample upward, the calcite content basically dropped to below 90% and other mineral
components appeared (such as Albite, Muscovite, Montmorillonite, and Kaolinite). Table 1
shows that the percentages of calcite in the three sets of black peat calcareous tufa layers
are 4.8, 45.9, and 65.8, which are significantly lower than the percentages of about 80 in the
gray-brown layers. Silicate minerals are present in all three sets of black peat layers. The
content of Muscovite (43.8%) in sample 14-2-23 was even higher than that of calcite.

1-Calcite

2-Quartz

3-Albite

‘ 4-Kaolinite
5-Clinochlore

“ 6-Montmorillonite

‘ 7-Muscovite

Figure 3. XRD patterns of calcareous tufa profile in Sparkling Lake.

Table 1. Mineral percentage of calcareous tufa profile in Sparkling Lake.

Sample Quartz Calcite Clinochlore Albite Muscovite Montmorillonite Kaolinite
Number (%) (%) (%) (%) (%) (%) (%)
14-2-2 1.8 98.2 - - - - -
14-2-4 2.0 98 - - - - -
14-2-5 44 95.6 - - - - -
14-2-11 1.8 98.2 - - - - -
14-2-22 3.4 96.6 - - - - -
14-2-23 27.5 4.8 10.8 3.3 43.8 4.6 5.2
14-2-26 8.9 74.3 - 04 11.6 - 438
14-2-30 2.1 97.9 - - - - -
14-2-34 53 93.2 - 1.5 - - -
14-2-35 20.9 45.9 47 3.8 19.1 1.8 3.8
14-2-37 3 81.1 - - 9.4 - 6.5
14-2-42 11.7 65.8 - 1.6 18.3 - 2.6
14-2-50 41 95.9 - - - - -
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4.2. Calcareous Tufa Radiocarbon Dating

The chemical index of alteration (CIA), an important index to evaluate the weathering
history of sediments, is defined as Al,O3/(Al,O3 + CaO* + NayO + K,0) x 100, where the
oxide is the molar mass percentage and CaO* is only CaO in silicate [41-43]. Because of the
difficulty in accurately separating silicate minerals in the sample, the correction method
proposed by McLennan [44] was used to calculate the CIA value. Correlation analysis refers
to the measurement of the degree of correlation between variable elements [45,46]. Here,
Pearson correlation analysis was performed on the stable isotopes and major/trace elements
using the IBM SPSS Statistics 25 software, which intuitively reflected the dependence and
correlation degree of each indicator.

The lowest layers and three sets of black peat layers of the calcareous tufa profile were
selected for radiocarbon dating. The age of the calcareous tufa profile of the Sparkling Lake
was measured to be 2340 £ 30-210 £ 30 aB.P. (Figure 2c), belonging to the Late Holocene.
Combined with the warm-humid climate corresponding to the CIA value (60-80) (Table 2),
this indicates that the calcareous tufa is the product of deposition in the warm-humid
climate of the Late Holocene. Based on the superposition relationship and occurrence
measured in the field, the Sparkling Lake calcareous tufa dam shows a bottom-up sequence
from old to new, with sedimentary continuity, and the #C apparent age data are consistent,
enabling a more detailed chronological sequence for the calcareous tufa deposition in
Jiuzhaigou Scenic Spot.

Table 2. Content and ratios of major/trace elements in calcareous tufa of Sparkling Lake.

Sample K Na Ca Mg Al ALLO; KO Na,O CaO MgO
Number (%) (%) (%) (b (o) €2 WAL Na/AL Mg/Al CIAL "™ ")) ) ) n) CTA
14-2-1 0.05 0.06 38.5 0.24 0.19 0.13 0.26 0.32 1.26 202.63 0.32 0.07 0.08 54.0 0.37 58.18
14-2-2 0.09 0.07 37.5 0.25 0.32 0.24 0.28 0.22 0.78 117.19  0.57 0.11 0.09 52.8 0.42 66.28
14-2-3 0.09 0.07 38.5 0.26 0.31 0.23 0.29 0.23 0.84 12419 053 0.11 0.09 53.7 0.42 64.63
14-2-4 0.17 0.07 37.0 0.28 0.61 0.46 0.28 0.11 0.46 60.66 1.14 0.21 0.09 52.1 0.48 74.51
14-2-5 0.21 0.09 36.9 0.30 0.75 0.57 0.28 0.12 0.40 49.20 1.37 0.26 0.12 50.6 0.50 73.26
14-2-6 0.15 0.07 38.1 0.27 0.53 0.39 0.28 0.13 0.51 71.89 0.97 0.18 0.09 52.4 0.43 72.93
14-2-7 0.09 0.06 37.6 0.25 0.30 0.24 0.30 0.20 0.83 125.33  0.56 0.11 0.08 53.7 0.42 67.47
14-2-8 0.16 0.07 36.9 0.28 0.55 0.43 0.29 0.13 0.51 67.09 1.03 0.19 0.09 52.4 0.47 73.57
14-2-9 0.26 0.09 35.3 0.31 0.98 0.74 0.27 0.09 0.32 36.02 1.81 0.31 0.12 50.2 0.51 76.69
14-2-10 0.18 0.08 36.9 0.29 0.71 0.49 0.25 0.11 0.41 51.97 1.27 0.22 0.11 51.7 0.48 74.27
14-2-11 0.12 0.07 38.8 0.28 0.48 0.31 0.25 0.15 0.58 80.83 0.85 0.15 0.09 53.1 0.45 72.03
14-2-12 0.64 0.16 31.7 0.45 2.55 2.02 0.25 0.06 0.18 12.43 4.76 0.77 0.22 427 0.75 79.73
14-2-13 0.22 0.08 36.8 0.29 0.85 0.60 0.26 0.09 0.34 43.29 1.53 0.26 0.11 50.9 0.48 76.12
14-2-14 0.16 0.07 35.7 0.27 0.61 0.45 0.26 0.11 0.44 58.52 1.13 0.20 0.09 52.4 0.46 74.83
14-2-15 0.27 0.09 359 0.30 0.92 0.75 0.29 0.10 0.33 39.02 1.73 0.32 0.12 50.3 0.50 75.55
14-2-16 0.26 0.09 35.7 0.31 0.91 0.73 0.29 0.10 0.34 39.23 1.61 0.31 0.12 50.0 0.51 74.54
14-2-17 0.13 0.07 36.2 0.26 0.45 0.36 0.29 0.16 0.58 80.44 0.83 0.16 0.09 52.0 0.43 70.94
14-2-18 0.09 0.06 37.7 0.24 0.31 0.24 0.29 0.19 0.77 121.61 0.54 0.11 0.08 53.3 0.39 66.67
14-2-19 0.17 0.08 36.8 0.26 0.57 0.46 0.30 0.14 0.46 64.56 1.04 0.20 0.11 51.7 0.43 71.23
14-2-20 0.23 0.08 36.0 0.28 0.78 0.64 0.29 0.10 0.36 46.15 1.43 0.27 0.11 50.7 0.47 74.48
14-2-21 0.15 0.07 37.6 0.26 0.51 0.40 0.29 0.14 0.51 73.73 0.92 0.18 0.09 52.5 0.43 71.88
14-2-22 0.35 0.09 33.9 0.30 1.21 1.03 0.29 0.07 0.25 28.02 2.27 0.43 0.12 48.7 0.51 77.21
14-2-23 1.06 0.35 4.64 0.62 3.52 22.84 0.30 0.10 0.18 1.32 7.47 0.70 0.47 6.80 1.14 76.30
14-2-24 0.60 0.23 28.8 0.40 1.98 2.08 0.30 0.12 0.20 14.55 3.74 0.80 0.31 41.5 0.69 7391
14-2-25 0.67 0.34 28.4 0.45 2.24 2.36 0.30 0.15 0.20 12.68 417 0.63 0.46 39.2 0.78 70.80
14-2-26 0.52 0.23 30.1 0.40 1.75 1.73 0.30 0.13 0.23 17.20 3.23 0.34 0.31 425 0.69 72.10
14-2-27 0.28 0.11 34.3 0.33 0.96 0.82 0.29 0.11 0.34 35.73 1.81 0.24 0.15 49.5 0.56 73.88
14-2-28 0.20 0.07 36.1 0.30 0.67 0.55 0.30 0.10 0.45 53.88 1.22 0.20 0.09 51.2 0.48 74.39
14-2-29 0.16 0.07 37.5 0.29 0.55 0.43 0.29 0.13 0.53 68.18 0.99 0.26 0.09 52.3 0.48 72.26
14-2-30 0.22 0.08 36.3 0.30 0.76 0.61 0.29 0.11 0.39 47.76 1.39 0.70 0.11 51.2 0.51 74.33
14-2-31 0.29 0.10 34.1 0.31 1.00 0.85 0.29 0.10 0.31 34.10 1.88 0.35 0.13 49.2 0.53 75.50
14-2-32 0.26 0.10 35.8 0.31 0.90 0.73 0.29 0.11 0.34 39.78 1.64 0.31 0.13 50.3 0.53 74.21
14-2-33 0.27 0.09 36.2 0.32 0.95 0.75 0.28 0.09 0.34 38.11 1.74 0.33 0.12 50.0 0.51 75.32
14-2-34 0.39 0.12 33.6 0.35 1.36 1.16 0.29 0.09 0.26 24.71 2.58 0.48 0.16 48.0 0.60 76.33
14-2-35 1.16 0.44 16.15 0.64 3.83 7.18 0.30 0.11 0.17 4.22 7.52 1.44 0.59 22.7 1.16 74.16
14-2-36 0.38 0.14 33.3 0.36 1.24 1.14 0.31 0.11 0.29 26.85 2.31 0.46 0.19 46.9 0.61 73.33
14-2-37 0.28 0.11 35.2 0.32 091 0.80 0.31 0.12 0.35 38.68 1.67 0.34 0.15 493 0.53 72.29
14-2-38 0.28 0.10 34.5 0.32 0.93 0.81 0.30 0.11 0.34 37.10 1.69 0.34 0.13 48.8 0.52 73.80
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Table 2. Cont.

Sample K Na Ca Mg Al Al O3 KO Na,O CaO MgO
Number (%) (%) (%) (%) (w €& KAL NJAL Mg/Al Ca/AL "o ™ ")) o) @) ) A
14239 030 009 345 032 097 087 031 009 033 3557 184 037 012 494 055 7510
14-2-40 0.82 0.31 17.55 0.55 2.74 4.67 0.30 0.11 0.20 6.41 5.58 1.05 0.32 25.9 1.02 76.75
14-2-41 0.71 0.27 20.9 0.51 2.39 3.40 0.30 0.11 0.21 8.74 4.67 0.88 0.36 30.3 0.91 74.48
14-2-42 0.69 0.28 23.2 0.50 2.31 2.97 0.30 0.12 0.22 10.04 4.47 0.86 0.38 33.4 0.88 73.40
14243 049 019 296 043 165 166 030 012 026 1794 308 060 026 422 075 7333
14-2-44 0.40 0.16 314 0.39 1.34 1.27 0.30 0.12 0.29 23.43 2.53 0.49 0.22 45.2 0.69 73.12
14-2-45 0.20 0.10 36.3 0.33 0.69 0.55 0.29 0.14 0.48 52.61 1.26 0.24 0.13 51.0 0.57 71.59
14246 018 008 337 032 062 053 029 013 052 5435 113 022 011 505 056 7197
14-2-47 0.21 0.10 33.6 0.34 0.75 0.63 0.28 0.13 0.45 44.80 1.38 0.26 0.13 49.6 0.60 72.63
14248 008 005 364 030 027 022 030 019 111 13481 045 009 007 523 049 6618
14-2-49 0.07 0.06 35.8 0.28 0.25 0.20 0.28 0.24 1.12 14320 0.44 0.09 0.08 52.7 0.46 63.77
14250 011 008 340 030 037 032 030 022 081 9189 070 014 011 508 052 6604

4.3. Thin Section Observation

In the thin-section results, lamellar limestone is evident in Figure 4a. The distribution
side around the organic matrix is sparry calcite (Figure 4b—e). Outside, micrite and sparry
calcite are distributed around the formed shell. Figure 4f shows sparry calcite and micrite
around petioles. In the absence of organisms, there was a mix of micrite and sparry calcite
around the void (Figure 4f). The void shape was irregular, which may be related to the
recrystallization of micrite calcite. It is speculated that a microbial community exists in
the litter accumulation and that the calcareous tufa is preferentially deposited by these
organic matrices as a template. Around the organic matrices, bright crystal calcite is formed,
and a cryptocrystalline structure dominated by muddy crystal is distributed around it.
The calcareous tufa in Jiuzhaigou contains a large amount of algae and microorganisms
(Figure 4g). Figure 4h shows the Sparkling Lake red algae population under the light
microscope (400 times magnification). The thin-section results show that the tube bundle-
shaped calcareous tufa formed by algal filaments and leaves as templates is dominated by
splendid calcite on the inside and mainly micrite, microsparkle, and a mixture of the two
on the outside. The difference of the crystal structures around the organic matrix indicates
that the tubular channels were left during the decomposition of biomass from the inside
to the outside. Further, there are gaps between the calcareous tufa inclusions formed by
biological templates. In both cases, water flow with slow mobility passes through, which is
conducive to recrystallization to form sparry calcite owing to excessive calcite saturation
Slc (Figure 4i).

4.4. Results of the Major/Trace Element Analysis of Calcareous Tufa

From the calcareous tufa mineral composition analysis, the major/trace element
contents in different color layers were further determined. The peaks of K, Ca, Na, Mg, Al,
K/Ca, K/Al and CIA in the calcareous tufa profile coincide with the black peat layers. In
general, their peak values have a good correspondence with the black peat layers (Figure 5).
The average values of K (0.97 g/kg), Na (0.36 g/kg), Mg (0.59 g/kg), Al (3.22 g/kg), K/Ca
(10.00), K/ Al (0.30), and CIA (74.62) in black peat layers were considerably higher than
those in other color layers. Furthermore, the average value of Ca (14.66 g/kg) decreased
considerably, about 20 g/kg (Table 2). Moreover, the Na/Al, Mg/Al, and Ca/Al peak
values are diametrically opposite to the black peat layers (Figure 5). The average values of
Na/Al (0.11), Mg/ Al (0.19), and Ca/ Al (5.19) were considerably lower (Table 2).

The deposition process of calcareous tufa mineral elements is affected by the changes
in the geological environment. Therefore, a statistical analysis of major/trace elements can
determine the correlation between calcareous tufa mineral elements and the possible origin
of the elements. It was observed that the K in the calcareous tufa profile was considerably
positively correlated with Na, Mg, Al, K/Ca, K/ Al and CIA (p < 0.01) (Table 3 and Figure 6),
with a correlation coefficient greater than 0.5, and the variation trend was the closest. This
indicates similar sources of the four elements, i.e., silicate minerals, which often occur in
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soil. Ca showed a considerable negative correlation with K, Na, Mg, Al, CIA, K/Ca, and
K/Al, indicating the dilution effect of other elements on Ca. A linear relationship between
Al and K, Na, Ca, and Mg was observed, while Al has an exponential relationship with the
CIA (Figure 6). These chemical element indexes provide important data for distinguishing
different colors of calcareous tufa layers. The results show that the three black peat layers
of the calcareous tufa profile have the characteristics of low Ca content and Na/Al, Mg/Al,
and Ca/Al ratios, and higher levels of K, Na, Mg, Al, K/Ca, K/Al, and CIA.

Figure 4. Thin-section results of Sparkling Lake calcareous tufa sample. (a) Lamellar limestone.
(b—d) Surrounding the organic matrix distribution side is sparry calcite. (e) Calcite sparry and micrite
around petiole. (f) Around the void with no living organisms involved. (g,h) Sparkling Lake red algae
population. (i) Recrystallization forms sparry calcite. Spr = sparry, Mic = micrite, Ms = microspar,
Org = organic.

4.5. Calcareous Tufa Carbon-Oxygen Isotope Test

Three sets of black peat and seven sets of gray-brown calcareous tufa were selected
for carbon-oxygen isotope testing (Table 4). The §'3Cy.ppp values of the calcareous tufa
samples range from —0.62%o to 0.50%. (average —0.17%o). The 5180v.smow values are
between 17.78 %o and 19.23%. (average 18.15%o). The 513Cy.ppg values of calcareous tufa
black peat layer range from —0.62%o to —0.10%. (average —0.36%o). The lowest 5'*Cy.ppp
value of the 4-2-35 sample is —0.62%o, corresponding to the second layer of black peat in
the calcareous tufa profile. The 5180y.gmow values of calcareous tufa in black peat layer
vary slightly in the range of 17.78 %o to 18.09%. (average 17.94%o.). The correlation diagram
shows that §'80y.qyvow has a weak positive correlation or no obvious correlation with
313Cy.rpB (Figure 6). The correlation coefficient R?=0.27. Carbon-oxygen isotopes were
weakly correlated with K, Na, Ca, Mg, Al, CIA, and their ratios (K/Ca, K/Al, Na/Al,
Mg/Al, and Ca/Al) (Table 3 and Figure 6).
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Table 3. Pearson correlation matrix of main elements, element ratios, and isotopes (5'3Cy.ppp and
5180y.smow) in the calcareous tufa profile.
Element K Na Ca Mg Al CIA K/Ca K/A1 Na/Al Ca/Al Mg/Al s180y.smow  8'3Cv.ppB
K 1
Na 0.962 ** 1
Ca —0.927 ** —0.905 ** 1
Mg 0.975 ** 0.955 ** —0.954 ** 1
Al 0.997 ** 0.949 ** —0.914 ** 0.971 ** 1
CIA 0.467 ** 0.284 * —0.320* 0.391 ** 0.492 ** 1
K/Ca 0.727 ** 0.670 ** —0.86 6** 0.727 ** 0.716 ** 0.248 1
K/Al 0.289* 0.327* —0.333* 0.279* 0.231 —0.024 0.211 1
Na/Al —0.418 ** —0.237 0.261 —0.342* —0.437 ** —0.982 ** —0.195 —0.056 1
Ca/Al —0.722** —0.621 ** 0.573 ** —0.671** —0.728 ** —0.869 ** —0.384 ** —0.231 0.865 ** 1
Mg/Al —0.677 ** 0.569 ** 0.501 ** —0.594 ** —0.687 ** —0.890 —0.342* —0.180 0.880 ** 0.980 ** 1
5 180V—SMOW —0.238 —0.561 ** 0.125 —0.144 —0.251 —0.561 * —0.172 0.278 0.515 0.291 0.445 1
1y 13CV—PDB —0.529 0.046 0.384 —0.425 —0.529 —0.481 —0.506 —0.138 0.488 0.461 0.566 * 0.529 1

Note: * Correlation is considerable at p < 0.05 (two-tailed). ** Correlation is considerable at p < 0.01 (two-tailed).
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Table 4. Carbon-oxygen isotope data of Sparkling Lake calcareous tufa profile.

13 18
Sample Number 8 (C%VO)P DB 8 O(EZS)MOW
14-2-2 —0.13 17.88
14-2-5 0.30 18.19
14-2-11 —0.24 17.91
14-2-22 —0.28 17.91
the content of carbonate is low the content of carbonate is low
14-2-23 . .
enough to measure C isotope enough to measure O isotope
14-2-26 —0.33 18.00
14-2-30 —0.35 18.09
14-2-34 —0.21 18.01
14-2-35 —0.62 18.09
14-2-37 —0.36 18.62
14-2-42 —0.10 17.78
14-2-50 0.50 19.23

5. Discussion
5.1. Response of Tufa Deposition to Paleohydrological Changes and Glaciation

Several authors have investigated the water source of the Jiuzhaigou Scenic Spot [38,47,48].
The Jiuzhaigou Scenic Spot is considered an independent karst hydrogeological structure
unit where atmospheric precipitation (including atmospheric snowfall) is the only source of
water supply. Therefore, isotope composition of the calcareous tufa in the study area reflects
the changes in rainfall and temperature (Figure 2d,e). During 750 = 30-300 =+ 30 aB.P,, the
carbon isotope value of calcareous tufa showed a continuous decreasing trend. However,
there is a weak positive correlation or no obvious correlation between carbon-oxygen
isotopes in calcareous tufa (Table 3 and Figure 6), which is the same as the record of cave
carbonate deposits in Southwest China [49,50]. Carbon-oxygen isotopes are consistent
with precipitation and temperature changes recorded in the Guliya Ice Core [40] (before
750 + 30 aB.P, it was a long cold and dry period, after which the precipitation and
temperature showed a fluctuating upward trend) (Figure 2e). Carbon-oxygen isotopes
records are consistent with the hydrological changes recorded in a compilation of 2000-year
flood historical data in Sichuan [51]. Therefore, the analysis suggests that the information
recorded by the calcareous tufa profile in the Sparkling Lake clearly reflects the heavy
rainfall and the ablation of glaciers since the Holocene.

On the one hand, the isotope“dilution effect”caused by high rainfall conditions is
extremely obvious in the Jiuzhaigou Valley [52-55]. That is, the light carbon isotope in the
rain has played a “dilution role” in the heavy carbon isotope in calcareous tufa, making the
carbon isotope in calcareous tufa lower. Before 750 £ 30 aB.P, the calcareous tufa carbon
isotope values of Sparkling Lake were higher (average —0.09%o) (Table 4). It shows that the
rainfall is relatively stable at this stage, and the water and soil are kept in good condition.
At 750 £ 30 aB.P, the content of calcareous tufa carbonate dropped sharply, which was
insufficient for the determination of carbon isotope. The content of calcite and Ca elements
reached the lowest value (Tables 1 and 2). This period may result from flooding caused by
heavy rains over a long period of time. After 750 & 30 aB.P,, the calcite and Ca contents
decreased as a whole. However, the contents of other minerals and elements such as K,
Na, Mg, and Al have increased to different degrees (Table 2 and Figure 5). The color of
the calcareous tufa layers deepens, mainly to gray-black and brown (Figure 2b,c). The
813Cy.ppp value showed a decreasing trend. Around 300 £ 30 aB.P, the carbon isotope
value reaches the lowest (—0.624 %) (Table 4). The occurrence of this phenomenon may
be related to soil leaching. Heavy rainfall in the Jiuzhaigou area is speculated to have
led to increased erosion; as a result, the water body that washed the soil carried large
amounts of impurities (plants, organisms, minerals, and organic debris) (Figure 4). These
impurity-carrying water bodies reduce the deposition rate of calcite and the increase in
colored elements in its impurities, which makes the calcareous tufa layers at this stage
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darker than the calcareous tufa formed in the cold and dry period, showing a gray-black
or brown color. After 300 & 30 aB.P,, The 5'3Cy.ppg value continues to rise (Table 4). This
indicates that rainfall decreases at this stage. At 210 £ 30 aB.P, a thinner layer of black
peat appears. It is presumed to be related to the influence of tectonic activity or intensified
human activity. During this period, vegetation was destroyed, soil erosion intensified, and
the environment deteriorated.

On the other hand, the calcareous tufa in Jiuzhaigou was formed by multi-period
accumulation. Previous studies suggested that the early tufas were accumulation land-
forms formed by alpine karstification in multiple periglacial environments [56,57]. Early
trufa in Jiuzhaigou formed in a periglacial environment 520,000~30,000 years ago. After
30,000 years, the temperature in the region showed a fluctuating increase. Jiuzhaigou grad-
ually withdrew from the periglacial environment. However, it was still covered by seasonal
ice and snow. Currently, the runoff replenishment source of Jiuzhaigou is mainly rainfall,
supplemented by seasonal snow melt water, which has obvious periodicity. However, the
change in snow and ice is more sensitive to temperature than rainfall change, so ice and
snow change has a better response to temperature change. Melting ice and snow increases
free CO; in runoff, so the dissolution capacity is enhanced [58]. Part of the meltwater
from ice and snow forms surface runoff and flows to the low-altitude Shuzheng Valley
(Figure 1d). As water seeps further underground to become pore water, crevice water
migrates along the fault direction. The strong dissolution of snowmelt runoff causes soil
erosion, and the introduction of impurities such as soil particles and plant organic debris
darkens the calcareous tufa layers (Figure 4). At the same time, the impurities deposited on
the snow surface are washed out of the snow layer during the snowmelt period and migrate
with the surface runoff and groundwater, which can replenish and dilute the elements in
groundwater and surface water. The meltwater impurities contain more K, Na, Mg, and
Al, which dilute the Ca content, affecting the elemental composition in the calcareous tufa
layers (Table 2 and Figure 5). Due to the apparent isotopic fractionation during snow and
ice melting, the light isotopic composition of the snow melt water is abundant [59], and
the magnitude of contribution to the Jiuzhaigou Valley affects the stable isotope in the
calcareous tufa. In summary, it can be concluded that the change in the meltwater flow of
ice and snow caused by temperature changes directly or indirectly affects the deposition of
calcareous tufa layers with different colors.

5.2. Response of Calcareous Tufa Deposition to Tectonic Activity

Calcareous tufa is highly sensitive to climate change. Therefore, calcareous tufas are
often used as reliable climate proxies in many geological settings. Conversely, the research
on the response of calcareous tufa to tectonic activity and earthquakes is rather limited.
Pazzaglia et al. [60] concluded that the presence of calcareous tufas in the Ellera basin success-
fully allowed the disclosure of a wide array of paleoenvironmental and tectonic information
and could be potentially extended to similar depositional contexts. The findings of Martini
et al. [61] indicate that calcareous tufa deposits could serve as a sensitive proxy for tectonics
when such deposits are associated with coarse-grained clastic deposits.

Jiuzhaigou is located in the transition zone of the deep and large fault zone, where
tectonic activity is intense and earthquakes occur frequently (Figure 1a,b). Tufa devel-
opment is closely related to this strong tectonic activity. Hence, calcareous tufa can be
used to determine the occurrence time of faults or seismic activities and reveal more tec-
tonic activity characteristics and evolution [20,22,23,62,63]. Three sets of black peat layers
with a thickness of 5-20 cm developed in the calcareous tufa profile, aged 750, 300, and
210 % 30 aB.P. Based on historical records [64,65], during the formation of the upper two
sets of black peat layers, a series of large earthquakes of magnitude above 6.0 occurred
around the area where Jiuzhaigou is located (Figure 1b). The analysis suggests that the
formation of the black peat layers in the calcareous tufa profile may be related to strong
seismic activities in the study area. The strong fault activity led to the fragmentation of
underground rocks and the development of underground fractures and broken zones in
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addition to inducing surface landslides and rock collapse and enhancing chemical weath-
ering. The dissolution amount of the related minerals increased, affording an increase in
K, Na, Mg, and Al contents in the black peat layers (Table 2 and Figure 5). Moreover, the
strong tectonic activity triggered mountain collapse and soil erosion in the valleys, resulting
in a large number of sources (broken rocks, vegetation, and particles of soil) mixed into
the surface runoff. As a result, the hydrochemical environment was affected, and a large
number of sources were accumulated during the deposition of calcareous tufa (Figure 4).
Zheng et al. [66] compared the water chemistry and calcareous tufa deposition before
and after the “8.8” earthquake in Jiuzhaigou, revealing the algal enrichment caused by
enhanced soil erosion, which also caused the calcareous tufa deposits to become loose and
porous. Moreover, the strong tectonic activity led to an abrupt change in the calcareous
tufa deposition environment, the collapse of calcareous tufa dams, and the diversion of
water bodies. A large amount of surface water leakage, aquatic algae death, the growth
of airborne cyanobacteria, and weathering continues to increase, surface calcareous tufa
will then disintegrate and desertification occurs, resulting in the loss of water and black
calcareous tufa. The effects of strong earthquakes can persist for 10~20 years or more, after
which calcareous tufa deposits enter the state of “normal deposits” (no longer affected by
strong earthquakes to deposit) with a rhythmic structure. Dang et al. [67] and Qiao et al. [68]
clarified that the “8.8” earthquake increased the degree of soil erosion and changed the
water regulation effect of vegetation in the watershed. Soil erosion in the watershed has in-
creased, a substantial number of sources such as sediment and wood have entered the body
of water, and aquatic plants such as fir-leaf algae have grown in large numbers, resulting in
turbid lakes and silted water bodies. Finally, the hydrochemical environment of calcareous
tufa deposition is affected. Level changes as well as disappearances of groundwater in
tectonically active regions due to earthquakes have been reported [69,70], suggesting that
hydrological changes and depositional breaks in calcareous tufa in this area may also be
caused by earthquakes. Qiu et al. [71] also proved the influence of the tectonic activity
and earthquake on the Dawan travertine deposition in Huanglong (100 km away from the
Jiuzhaigou Scenic Spot).

In summary, the formation of black peat layers in the calcareous tufa profile is the
result of many factors caused by strong tectonic activity. Due to the lack of relevant studies
on similar calcareous tufa profiles, a systematic comparative analysis cannot be conducted.
Therefore, further studies are required to verify the above conclusions.

6. Conclusions

From the analysis of sedimentology, petrography and elemental geochemical charac-
teristics of the differently colored layers of calcareous tufa in the Jiuzhaigou Scenic spot
and C dating results, combined with regional tectonic characteristics and geological
environment changes, the following conclusions are drawn.

(1) The radiocarbon age of the calcareous tufa profile in the Sparkling Lake is 2340 4 30—
210 = 30 aB.P. Therefore, the calcareous tufa of the Sparkling Lake belongs to the Late Holocene
with a warm and humid climate. The sedimentary sequence of the calcareous tufa profile is
the normal bottom-up sequence from old to new with good sedimentary continuity.

(2) Based on the dating results and geochemical analysis, it is believed that the deposi-
tion process of the calcareous tufa profile was controlled by paleoclimate and glaciation.
The layers’ color in the upper part of the tufa profile is significantly darker, suggesting a
weak positive correlation of carbon-oxygen isotopes and the trend of change at or above
centennial scale. The paleoclimate and glaciation changes reflected by these features are
consistent with climate changes recorded in the ice cores on the Tibetan Plateau, carbonate
cave deposits in Southwest China, and literature records. Therefore, this indicates that the
information recorded in the calcareous tufa profile of the Sparkling Lake clearly reflects the
heavy rainfall and the ablation of glaciers since the Holocene.

(3) The anomalous black peat layers in the calcareous tufa profile are related to strong
regional tectonic activity (strong seismic activity). The ages of the three sets of black
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peat layers in the upper part of the Sparkling Lake calcareous tufa profile are 750, 300,
and 210 + 30 aB.P, respectively, measured by “C dating. Among them, the ages of
300 and 210 £ 30 aB.P. are consistent with the time when a series of earthquakes with
a magnitude above 6.0 occurred around Jiuzhaigou (1630~1900). The analysis shows
that under the synergism effect of various factors caused by strong tectonic activities, the
dissolution amount of related minerals is increased, and large amounts of vegetation,
sediment, and other sources are mixed into the calcareous tufa for accumulation, affecting
the hydrochemical environment of calcareous tufa deposition and forming a large amount
of plant debris accumulation. In addition, strong tectonic activity led to the collapse of the
calcareous tufa dam; moreover, water bodies were diverted, the calcareous tufa lost water
and oxidized, the vegetation grew, and finally, black peat layers were formed.
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N o w

Abstract: Travertines formed of crystalline crust have been widely reported, but there has not been
focus on their geochemical characteristics. We therefore carefully conducted a series of geochemical
investigations and U-Th dating on a travertine mound mainly composed of crystalline crust from
Sobcha (southwest China) to determine their geochemical features and geological implications. The
Sobcha travertines dominantly consist of granular crystals and fan crystals and show §'3C from 3.4 %,
to 4.9%. V-PDB, 5'80 from —26.7%. to —23.7%0 V-PDB, and #7Sr/86Sr from 0.712458 to 0.712951.
When normalized to PASS, the Sobcha travertines exhibit MREE enrichment relative to HREE and
LREE, HREE enrichment relative to LREE, and positive Eu anomalies. The s13C signatures and
mother CO; evaluation of the Sobcha travertines show that the Sobcha travertines were thermogene
travertines largely receiving mother CO; from (upper) mantle (i.e., magmatic CO,) or a mixture
of soil-derived CO, and CO; related to carbonate decarbonation. The 87Sr/86Sr of the Sobcha
travertines is out of the 3”Sr/80Sr ranges of local deposits exposed at Sobcha and surrounding areas
but is well matched with the mean 8”Sr/8Sr of Nadi Kangri volcanic rocks which cropped out
to the northeast of the studied travertines (over 20 km away). This might indicate the important
role of the Nadi Kangri volcanic rocks in suppling Sr to the studied travertines, but more studies
are required. The LREE depletion compared to MREE and HREE in the Sobcha travertines was
interpreted to be caused by the difference in geochemical mobility between LREEs and HREEs during
water-rock interaction at depth, while the MREE enrichment compared to HREE was considered
to be most likely inherited from reservoir/aquifer rocks. The positive Eu anomalies of the Sobcha
travertines may result from very high reservoir temperatures and/or preferential dissolution of
Eu-rich minerals/rocks (especially plagioclase). The Sobcha travertine mounds displays no or very
slight vertical variations in 513C, 875y /860Gy and REE patterns, indicating the compositional stability of
mother CO, and paleo-fluids. However, a significant vertical increase in §'80 was observed and was
explained as the result of gradual water temperature decrease related to climate cooling, self-closure
of the vents, or mound vertical growth. The findings in this study might help us better understand
the deposition of crystalline crust in Ca?*-deficient hot spring systems.

Keywords: travertine mound; crystalline crust; C-O-Sr isotopes; rare-earth elements; Tibet

1. Introduction

Travertines (i.e., thermogene/hypogean travertines) are typical terrestrial carbonate
rocks/deposits associated with warm-hot springs on the earth’s surface [1]. Travertine
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systems are often characterized by diverse morphologies, rapid changes of lithofacies
and environments, rapid precipitation rates, and the deficiency of macrophytes and fau-
nas [1-4]. More attention has recently been paid to travertines largely owing to their great
potentials in enhancing our understanding of tectonic activity [5-15], paleo-climate [16-19],
paleo-environment [16,17,20,21], thermal fluid circulation in geothermal systems [8,22], CaCO3
polymorphism and crystallization [23-25], microbe-mediated carbonate precipitation [26—40],
simulation of engineered geological storage and leakage of CO, [41,42], and pre-salt car-
bonate hydrocarbon reservoirs [43—45].

The lithofacies composition of travertines is quite complex [46,47], but one attractive
lithofacies in many travertine systems is abiotic crystalline crust, which is formed of
abundant well-packed bright calcite and/or aragonite crystals and often has a low porosity.
Similar lithofacies in carbonate deposits from other environments (e.g., marine, lake) is
commonly treated as diagenetic products. In contrast, abiotic crystalline crust in travertine
systems is commonly considered to be primary deposits mainly formed by rapid passive
CO; degassing [47-53]. However, calcite/aragonite crystals constituting abiotic crystalline
crust shows various morphologies and sizes, such as dendritic crystals over 1 cm high,
and raft-like crystals more than 5 cm long [49-52,54]. Therefore, abiotic crystalline crust is
often further subdivided according to the morphology and size of the main fabrics. Gandin
and Capezzuoli [47], for example, split abiotic crystalline crust in tufa and travertine
systems up into five subtypes: feather-like/dendritic crystals, fan/ray crystals, banded
palisade crystals, and foam rock and calcite rafts, which can be formed under numerous
deposition conditions.

Many works on the sedimentological, petrological, and mineralogical characteristics of
abiotic crystalline crust have been carried out over the past few decades [47-52,55-57]. Geo-
chemical characteristics of travertines have also been investigated in some studies [58-61].
However, most of them only focused on the stable carbon and oxygen isotope compositions
of travertines [52,61-67]. The 8”Sr/86Sr and rare-earth elements signatures of travertines
were poorly examined and interpreted in past studies. This study thus carefully charac-
terized the geochemical compositions (5'3C, 5180, 87Sr /8Sr, and rare-earth elements) of
laminated crystalline crust travertines at Sobcha, Tibet, southwestern China. Based on the
geochemical results, this study attempted to determine the genesis, (paleo-)fluid source(s),
and fluid evolution of the Sobcha travertine system. Some geochronological data were also
obtained in this study. Considering that the Sobcha travertine system was likely deposited
by hot springs deficient in Ca?* (Ca?* concentrations of active hot springs at Sobcha are 0.17
mM) [68], the findings obtained in this study might aid in the geochemical interpretation of
crystalline crust travertines, especially those formed in Ca?*-deficient hot spring systems.

2. Geological Setting

Sobcha is located in central Tibet, southwestern China (32°31/36.7” N, 89°56/39" E;
altitude: ca. 4735 m) (Figure 1) and lies to the north of Qixiang Co Lake (ca. 2 km). The
sedimentary sequences cropping out at Sobcha and surrounding areas mainly include
(1) Upper Triassic-Lower Jurassic Sobcha Formation (also known as Xiaochaka Formation
and Suobucha Formation) marine deposits mainly consisting of limestone, (2) Lower
Jurassic Quse Formation and Middle Jurassic Sewa Formation marine deposits mainly
composed of clastic deposits (e.g., shale, sandstone, and claystone), and (3) Neogene
and Quaternary terrestrial clastic deposits [69-71]. A series of E-W faults developed at
Sobcha and surrounding areas. The studied travertines were formed on the Upper Triassic—
Lower Jurassic Sobcha Formation marine deposits and are situated very close to two faults
(Figure 1).
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Figure 1. (A) The location of Sobcha in the Tibetan Plateau, southwestern China. (B) Simplified
geological map of the study area (modified from Fu et al. [70]).

The studied Sobcha travertines are fossil travertine deposits, but modern hot springs
and associated deposits, though very limited, are still present near the studied travertines.
Liao [68] called this place Quse or Sobcha Hot Fountain. Specifically, this place is a hot
spring area composed of 12 vents [68]. The location information of these hot spring vents
given by Liao [68] is very close to that of the Sobcha travertines (89°56'25" E, 32°31'35" N;
altitude: 4770 m). A pioneering study by Liao [68] showed that most of the hot springs at
Sobcha have vent temperatures from 45 °C to 50 °C and only two hot springs at Sobcha show
vent temperatures near 60 °C. The water composition of one hot spring was also reported by
Liao [68]: pH = 8.62, Ca?* concentration = 0.17 mM, Mg?* concentration = 0.69 mM, K* con-
centration = 0.87 mM, Na* concentration = 22.17 mM, HCO3; ™~ concentration = 14.95 mM, SO4%
concentration = 1.58 mM, Cl~ concentration = 3.55 mM, and CO32~ concentration = 1.68 mM. Na*
is absolutely dominant in the cation composition. Thus, the studied fossil travertines
were anticipated to be formed by Ca?*-deficient hot springs, similar to those in Tengchong
(China) [72], Lake Bogoria (Kenya) [73], and Waikite (New Zealand) [74].

3. Methods

Fifty-eight fossil travertines samples were collected in the field. Specific sampling
sites for geochemical analysis are shown in Figure 2D. To evaluate their mineralogical
composition, thirty powder samples were made using an agate motor and a pestle and
were then analyzed with a DX-2700 X-ray diffractometer (XRD) (Cu-Ka radiation; 26
from 5° to 60°). Fifty-eight thin sections were prepared and were observed with a Nikon
LV100POL polarizing microscope to check the petrographic and mineralogical features of
the Sobcha travertines. Both the XRD and thin section analyses were conducted at Chengdu
University of Technology, China.
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@ Paleo-vent

- Quaternary alluvial-pluvial deposits

Figure 2. (A) General view of the studied travertine mound at Sobcha. (B) Nearly horizontal
laminated abiotic crystalline crust travertines; (C) Paleo-vent situated at the top of the studied
travertine mound (its location can be found in panel (A)). (D,E) Schematic diagram of sampling
sites of the Sobcha travertines for geochemical analysis. The red dots represent the sample site for
geochemical analysis, the number represents the sample number, and the same number represents
the same sample.

313C, 6180, 87Sr/80Sr, and concentrations of some trace elements (including rare-
earth elements, manganese, strontium, zirconium, copper) of the Sobcha travertines were
examined to determine the genesis of the travertines and the characteristics of paleo-fluids.
Travertine samples used for geochemical analyses were ground into powder using an
agate motor and a pestle and the powder samples were then sifted using a 200 mesh
sieve. §!3C and 5'80 signatures were determined for thirty samples using a Thermo
Fisher Scientific DELTA V Advantage isotope ratio mass spectrometer and their values
were reported relative to the Vienna Pee Dee Belemnite standard (V-PDB). The analytical
precision is commonly better than 0.2%. for §!3C and 0.3%. for 5'80. 87Sr /8¢Sy values were
determined for thirty travertine samples using a Thermo Fisher Scientific Triton Plus mass
spectrometer. The final 8Sr/8Sr results were corrected by assuming a non-radiogenic
86Gy /88Gy isotopic ratio of 0.1194. Rare-earth elements (i.e., REE), Mn, Sr, Zr, and Cu
concentrations were determined for twenty travertine samples using a Jena Plasma Quant
MS ICP-MS. U-Th dating of three travertine samples collected from the bottom (Sample 1),
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middle (Sample 21), and top (Sample 30) of the sampling profile at Sobcha, respectively,
was also conducted using a Neptune Plus MC-ICP-MS. The §'3C-5'80 analyses, 8 Sr/86Sr
analyses, trace element analyses, and U-Th dating were completed at Yangtze University
(China), Chengdu University of Technology (China), Beijing Createch Testing Technology
Co., Ltd. (Beijing, China), and the Institute of Geology and Geophysics (Chinese Academy
of Sciences), respectively.

In this study, rare-earth elements were divided into three groups: light REE (i.e., LREE:
La, Ce, Pr, and Nd), middle REE (i.e., MREE: Sm, Eu, Gd, Tb, Dy, and Ho), and heavy REE
(i.e., HREE: Er, Tm, Yb, and Lu) [75]. To better interpret REE characteristics of the Sobcha
travertines, REE of Post-Archean Australian Shale (PAAS) [76] was utilized to normalize
the REE values of the studied travertines. Additionally, anomalies of Eu were presented as
(Eu/Eu*)N, and were calculated using the following equations: (Eu/Eu*)y = Eun/ (Smp2
x Tby)Y/3 [77]. The relative enrichments of LREE, MREE, and HREE were presented as
(Pr/Yb)n (LREE compared to HREE), (Pr/Tb)n (LREE compared to MREE), and (Tb/Yb)n
(MREE compared to HREE) [75].

4. Results
4.1. Description of the Sobcha Travertines

The studied travertine system is a domical mound system developed on a slightly
inclined slope (Figure 2), morphologically similar to the travertine mounds found in
Chusang (southwestern China) [78]. It is characterized by an asymmetric outline with a
nearly flat surface at the upslope side and a relatively steep surface at the downslope side.
An orifice which had been nearly fully sealed was found on the top surface of the mound
(Figure 2C). Determining the exact scale of the mound system was handicapped by the fact
that some of the travertine mound was covered by clastic deposits and/or soils and that
fluvial incision eroded parts of the travertine mound (Figure 2A). However, the residual
travertines were observed to be at least over twenty meters wide. The fluvial incision was
largely caused by a north-flowing river (i.e., Sobcha River). Due to the fluvial incision,
a four-meter-high travertine profile was exposed, providing a good place for our field
observation and sampling.

4.2. Petrology and Mineralogy

The outcropping travertines at Sobcha show great laminated structures, which are
characterized by the alternation of wavy dark laminae and wavy light laminae (Figure 2B).
Both dark laminae and wavy light laminae have highly variable thicknesses, but in general,
light laminae are thicker and more dominant. Furthermore, the Sobcha travertines are
consolidated and show visible large calcite crystals ranging from 1 to 10 mm in hand
specimens. Large cavities (up to 2 cm in diameter) are also visible in the outcrop, but their
development is very limited in fresh samples. Therefore, these cavities are largely secondary
(probably generated by the dissolution of meteoric water or temporary flood water).

According to the lithofacies classification of Gandin and Capezzuoli [47], most of the
Sobcha travertines are identified as (abiotic) crystalline crust. In this study, the Sobcha
travertines were termed ‘laminated crystalline crust’ to clearly indicate their textural and
petrological characteristics. Apart from the laminated crystalline crust, a small amount of
clotted peloidal boundstone was also observed in the studied travertine system. XRD and
thin-section analyses shows the predominance of calcite in both the laminated crystalline
crust and the clotted peloidal boundstone.

The clotted peloidal boundstone is formed of dark micrite peloids and sparite (Figure 3A),
while components constituting the laminated crystalline crust include fan crystals and
granular crystals (Figure 3B,C). The fan crystals range from 0.2 to 2 mm long and usually
develop as thin layers ca. 30 mm thick (Figure 3B,C). The granular crystals are the most
widely developed crystals in the Sobcha travertines and have highly variable sizes between
0.1 and 0.5 mm in diameter (Figure 3B). The granular crystals have a more irregular
morphology and are subhedral to anhedral in shape (Figure 3B).
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Figure 3. Thin-section microphotographs of the Sobcha travertines (A-C); plane-polarized light. (A) Clot-
ted peloidal boundstone and fan crystals. (B) Fan crystals and granular crystals. (C) Fan crystals.

4.3.63C, 6130, and 57 5r/*°Sr

The §'3C, 8180, and #Sr/80Sr signatures of the Sobcha travertines are listed in Table
S1. The Sobcha travertines show 53C from 3.4 %o to 4.9%. V-PDB (average = 4.0%0 V-PDB).
8180 of the Sobcha travertines has a range larger than §'3C (from —26.7 %o to —23.7%o V-
PDB, average = —25.6%. V-PDB). A positive §!3C-5!80 correlation was found in the Sobcha
travertines, but the correlation is not very strong (R? = 0.50, n = 30) (Figure 4). Additionally,
it is notable that there is a gradual positive 580 shift from the bottom to the top of the
studied profile, although a few anomalous values are also present (Figure 5A). Such increase
was also found in §!3C of the travertines, but the 5!3C excursion is very slight (Figure 5B).
Unlike visible §!°C and §'80 variations, 87Sr/8Sr of the Sobcha travertines are nearly
unchanged and show a very narrow range from 0.712458 to 0.712951 (average = 0.712737,
n = 30) (Figure 5C).
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Figure 4. Bivariant graph of 580 and §'3C of travertines from Sobcha.
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Figure 5. (A-C) Vertical variations of 5180, 513C, and 87Sr/80Sr of the Sobcha travertines in the
studied profile.

4.4. U-Th Dating

The U-Th dating results of three travertine samples (i.e., Samples 1, 21, and 30) are
listed in Table S2. Samples 1, 21, and 30 were collected from the bottom, middle, and top of
the sampling profile at Sobcha, respectively. Sample 1 has a measured depositional age of
8981 =+ 420 yr BP, while Sample 21 exhibits a depositional age of 6502 4= 1542 yr BP. Sample
30 is the youngest of the three samples and its corrected age is 1785 £ 642 yr BP. The dating
results show that travertine deposition of the studied travertine mound system began, at
least, in the early Holocene and ceased in the late Holocene.

4.5. Rare-Earth Elements, Mn, Sr, Zr, and Cu

Rare-earth elements, Mn, Sr, Zr, and Cu concentrations and some main calculated geo-
chemical parameters of the Sobcha travertines are listed in Tables S3 and S4. ~REE of the
Sobcha travertines is highly variable (ranging from 0.61 to 23.05 ug g !, average = 8.04 ug g 1),
but most of the samples show ZREE below 13.00 nug g~ !. The Sobcha travertines show
significant MREE and HREE enrichment relative to LREE, as shown by their very low
(Pr/Tb)N (from 0.10 to 0.55, mostly between 0.10 and 0.25, average = 0.16) and (Pr/Yb)n
(from 0.12 to 0.60, commonly between 0.12 and 0.24, average = 0.19). (Tb/Yb)y ratios of the
Sobcha travertines vary from 1.09 to 1.21 (average = 1.14), indicating the Sobcha travertines
are weakly MREE-enriched compared to HREE.

Elemental anomaly calculations show that the Sobcha travertines have (Eu/Eu*)y
ratios range from 1.05 to 1.68 (average = 1.36) and most of the (Eu/Eu*)yn data are between
1.28 and 1.43. This reflects unneglectable positive Eu anomalies in the Sobcha travertines.

The Sobcha travertines have very low Zr and Mn concentrations and Mn/Sr ratios.
Their Zr concentrations are from 0.38 to 3.24 ug g~ ! (average = 1.73 ug g~ 1), but most
of the values are lower than 2 pug g~!. Mn concentrations of the Sobcha travertines are
between 279 and 1280 pug g~ ! and have an average value of 825.75 ug g~ !. The calculated
Mn/Sr ratios are within a small range from 0.53 to 2.48 (average = 1.63). Cu concentrations
of the Sobcha travertines are between 0.19 and 1.17 pg g~ ! and have an average value of
0.52 ug gfl.
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5. Interpretation and Discussion
5.1. Interpretation of 5'3C: Source of Mother CO,

813C analyses of travertines are good tools in the determination of mother CO,
sources [52,62,79]. §'3C of mother CO; (i.e., 8'3Cother.coz) of spring-related carbonates
have been used to divide them into thermogene travertine and meteogene travertine [79-83].
For example, according to Pentecost and Viles [83], 5'C of thermogene travertines ranges
from —4%o to 8%. V-PDB, whereas 5!3C of meteogene travertines ranges from —11%. to
0 V-PDB. 5!3C values of the Sobcha travertines are between 3.4%o and 4.9%. V-PDB, which
is obviously in the §!3C range of thermogene travertines. In addition, Figure 6 also shows
that the Sobcha travertines belongs to hypogean CATT (calcitic or aragonitic travertine
and tufa) [60]. However, spring-related carbonates with §!3C in the travertine range may
show highly different CO, sources. Thus, 813C nother-coz Of the Sobcha travertines were
calculated and compared with §!'3C of potential CO, sources to determine their genesis
and mother CO, source(s).

thermogene travertine

I
I

meteogene travertine

15 15"C(%0 V-PDB),

Hypogean CATT from carbonates
and/or igneous rocks

(except carbonatites and ultramafics) 10 1
Lacustrine CATT
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3"*0(%o0 V-PDB)
=25 =20 -15 =10 =3 0 5
Hypogean CATT from =57
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-15 -
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Figure 6. 5'3C and §'80 composition for the Sobcha travertines. 5'>C ranges for thermogene and
meteogene travertines were from Pentecost and Viles [64]. 513C and 8180 ranges of different CATT
(i.e., calcitic or aragonitic travertine and tufa) were from Teboul et al. [65].

The empirical equation developed by Panichi and Tongiorgi [84] was adapted to
calculate 8'3C, oiher-cop Of the Sobcha travertines. The calculated §'3C,oiher-cop Varies
from —6.5%0 and —4.6%. V-PDB (Table S1). A simple comparison in Figure 7 shows
that the calculated 5'3C other-co2 overlaps the 813C range of mantle-derived CO,, and is
significantly different from 5!3C of soil-related CO, and §'3C of marine carbonate rocks
in the study area and surrounding areas [69,85-88]. This might be indicative of the close
relationship between the Sobcha travertines and mantle-derived CO;. Such magmatic CO;-
containing volatiles has been found in hot springs from Naqu (close to the study area) and
was interpreted as the product of magma bodies in the shallow crust [89,90]. Unfortunately,
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detailed analyses of hot spring gases from the study area have not been performed. Thus,
such a mantle-derived CO, origin is possible but is not the only interpretation.

-35
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e S 0bcha to Quse Formation carbonates

Figure 7. Calculated §'3C,omer-cop Of the Sobcha travertines in comparison with §!3C of potential
carbon sources. §'3C ranges of mantle-derived CO, and CO, related to C3 plants and C4 plants were
from Vogel [69] and Prokoph et al. [68]. s13C ranges of carbonate rocks of the Sewa Formation and
Sobcha to Quse Formation were from Yi [70] and Yi [49]; Fu et al. [67]; Yi [70].

An alternative explanation of the similarity between the calculated S13C other-CO2
range and §'3C of mantle-derived COj is underground CO, mixing. Apart from magmatic
CO,, there are at least two main CO, sources for travertine systems: soil CO, (C3 or C4
plants) and carbonate-related CO; (either by the dissolution or decarbonation of carbonate
rocks) [82]. In our study area, the distribution of C4 plants is very limited, probably due
to its high altitude [91]. Therefore, the plants in the study area are mainly C3 plants. For
the carbonate-related CO,, given the low Ca®* concentration (0.17 mM) and high HCO3™
concentrations (14.95 mM) of the modern spring in the study area [68], the dissolution of
carbonate rocks is considered to only supply minor CO, to the spring waters and travertines
at Sobcha. However, this cannot exclude the CO, contribution of carbonate decarbonization
because this process can provide CO, to the spring water (in other words, elevating HCO3™
concentration) without increasing the concentrations of Ca?* and Mg?*. If there was an
underground mixing between soil CO; and carbonate-related COj, their mixture may yield
similar §13C to mantle-derived CO,. Thus, mixing, if present, might happen between soil
CO; (C3 plants) and CO; related to carbonate decarbonation.

5.2. Interpretation of 8 Sr/%°Sr: Sr Source Rocks

The 87Sr /80Sy analysis of travertines can be used to determine their Sr sources [72].
With respect to the studied travertines, all the rocks exposing in the study area are their
potential Sr source rocks. A simple comparison between 87Sr/30Sr of the studied travertines
and 8Sr /86Sr of potential Sr source rocks [92-94] was made and is given in Figure 8. The
comparison shows that the 8Sr/8Sr range of the Sobcha travertines is significantly higher
than 87Sr /86Sr ranges of carbonate rocks and clastic rocks exposed in/near the study area
(mainly the Quse Formation) and Cambrian to Cenozoic marine carbonates (Figure 8). This
suggests that the studied travertines must acquire more radiogenic Sr from other Sr source
rocks, instead of from the local rocks cropping out in the study area. Interestingly, the
studied travertines display 8Sr/80Sr very close to the average 8 Sr/8°Sr value of Nadi
Kangri volcanic rocks. However, the nearest exposed Nadi Kangri volcanic rocks are
located in the Bilong Co area and are ca. 20 km away from the study area [95]. Thus,
simply treating the Nadi Kangri volcanic rocks as the main Sr source rocks of the studied
travertines is not very appropriate. Conclusively, further studies are required to uncover
the main Sr source rocks of the Sobcha travertines.
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Figure 8. 8Sr/80Sr in the studied travertines in comparison with 8Sr/86Sr ranges of potential Sr
source rocks: oil shales and micritic limestones of the Quse Formation (data from Fu et al. [76]),
average values of Nadi Kangri volcanic rocks (data from Fu et al. [75]), and Cambrian to Cenozoic
marine carbonates (data from McArthur et al. [77]).

5.3. Interpretation of REE Patterns and Eu Anomalies

REE of carbonate rocks might not be pristine, because they can be easily contaminated
by other materials, such as clastic detritus [96-103] and Fe-Mn (oxyhydr) oxides [104]
during or after deposition. Thus, prior to the analysis of REE of carbonates, a contaminant
evaluation is often required. The Sobcha travertines shows Zr concentrations lower than
4ug g’l (Table S3). This indicates that there is no significant contamination from clastic
detritus [98]. In addition, the Sobcha travertines display no Cu-XREE correlations and
have very low Mn concentrations (279 to 1660 ug g~ ') (Table S3, Figure 9), reflecting that
the contamination of Fe-Mn (oxyhydr)oxides is not important [105]. The REE modification
of post-depositional processes can be also neglected because the Mn/Sr ratios of the Sobcha
travertines are all less than 3 (Table S4) [106-108]. These show that our REE data are not
significantly contaminated and can provide original geological information.
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Figure 9. Bivariant graph of Cu and ZREE of travertines from Sobcha.

There are two striking REE characteristics of the Sobcha travertines: (1) MREE-
enrichment relative to both HREE and LREE and HREE-enrichment relative to LREE,
and (2) positive Eu anomalies (1.28 and 1.43; Figure 10 and Table S4). There are two main
factors which might influence REE patterns of the studied travertine: solution complexation
and REE of aquifer rocks. Paleo-fluids depositing the Sobcha travertines might be composi-
tionally similar to active hot springs at Sobcha (i.e., bicarbonate- and carbonate-rich) [68].
Such fluids could form strong HREE-complexes (i.e., preferential HREE incorporation into
fluids) and the resulting fluids and associated deposits would be HREE-enriched com-
pared to REE of their aquifer rocks [109]. However, it is strange that although the Sobcha
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travertines are HREE-enriched compared to LREE, their HREE are depleted compared to
MREE. This indicates that their MREE-enrichment was largely inherited from aquifer rocks,
instead of caused by solution complexation. However, this does not mean that the influence
of solution complexation on the REE pattern of the Sobcha travertines is very weak. It
is here believed that solution complexation might indeed cause the HREE-enrichment in
the Sobcha travertines, but such HREE-enrichment did not fully mask the aquifer rock
REE information recorded in the travertines (i.e., MREE-enrichment). In Figure 11 the
REE patterns of the Sobcha travertines are compared with those of rocks cropping out in
the study area, such as shale, calci-mudstone, and marl of the Quse Formation and Nadi
Kangri volcanic rocks (including basalt, rhyolite, dacite, and tuff) [70,110-115]. It is clear
that none of the surface rocks display MREE-enrichment, excluding the possibility that
these rocks are aquifer rocks. Such inference is consistent with the results of the 8Sr/36Sr
analyses in Section 5.2 because aquifer rocks were often considered as predominant Sr
source rocks [116-118].
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Figure 10. PAAS-normalized REE patterns for the travertine samples of Sobcha.
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Figure 11. Comparison of PAAS-normalization patterns between Sobcha travertines and potential
source rocks: basalt, rhyolite, and dacite of the Nadi Kangri volcanic rocks (data from Fu et al. [93]);
tuff of the Nadi Kangri volcanic rocks (data from Wang et al. [96]; Fu et al. [97]; Wang et al. [98]);
shale of the Quse Formation (data from Fu et al. [50]); mudstone of the Quse Formation (data from
Nie et al. [95]); and marl of the Quse Formation (data from Fu et al. [94]).
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Positive Eu anomalies in marine carbonate rocks are often indicative of a hydrothermal
origin of their parent fluids [75,119]. At high temperatures (often >250 °C), Eu might be
fractionated from other REE because of the reduction of Eu into Eu?* [120], which would
finally cause Eu enrichment in high-temperature fluids. As a result, carbonate rocks
deposited from these fluids, or their cooled products might show positive Eu anomalies. At
Sobcha, the temperature of its reservoir(s) has not been investigated. However, geothermal
systems with reservoir temperatures over 250 °C have been found in Central Tibet (e.g.,
Yangbajing geothermal field) [121]. Therefore, it is possible that positive Eu anomalies of the
Sobcha travertines might be related to undiscovered high-temperature reservoirs beneath
Sobcha. An alternative explanation of the positive Eu anomalies in the Sobcha travertines
might be the preferential dissolution of Eu-rich minerals/rocks (especially plagioclase).
Indeed, such a process is not uncommon in groundwater systems [122]. Therefore, positive
Eu anomalies of the studied travertines might be caused by high-temperature geothermal
reservoir(s), preferential dissolution of Eu-rich minerals/rocks, or both, and more studies
are still necessary in this region.

5.4. Evolution of Paleo-Fluids

Travertine deposition may be affected by various factors, such as tectonic activity,
climate, hydrodynamics, and hydrochemistry [10,12,17,123] and is thus not always steady.
For example, some of these complex controlling factors (either internal or external), such
as climate change, may lead to the changes in the flow path and/or discharge. However,
changes in (paleo-)fluids (e.g., the source and physicochemical properties of the mother
water) might be reflected by the geochemical features of travertine deposits, such as 5!°C,
8751 /86Sr, and REE. The 8'3C of the Sobcha travertines shows a great stability (Table S1,
Figure 5B). The small range of §'3C indicates that the CO, source of the Sobcha travertines
did not change. The 8Sr/86Sr and REE signatures of the Sobcha travertines also display
little changes in the sampling profile (Table S1 and Figure 5C), indicating the source and
physicochemical stability of the mother water of the Sobcha travertines

The 5'80 of the Sobcha travertines has a larger variation than §'3C and shows a striking
gradual increase from bottom to top of the sampling profile (Table S1 and Figure 5A). The
5180 signature of travertines is important to the recovery of paleo-temperature of the
mother water in travertine deposition systems [52,62,79]. We were unable to recover
the exact temperature changes of the mother water depositing the Sobcha travertines.
However, according to common traditional oxygen isotope thermometers, there is an
inverse relationship between 5'80 of carbonate deposits and water temperature [124]. Thus,
the positive 5180 excursion in the studied travertine profile of Sobcha, at least, indicates
that paleo-fluid temperature forming the Sobcha travertines decreased gradually. However,
the factors that cause such a §'80 increase or temperature decrease remain unknown.

Climate (mainly atmospheric temperature and rainfall) may influence the temperature
of mother water of travertines [63,64,125]. The Sobcha travertine deposition began, at
least, in the early Holocene and ceased in the late Holocene. From the early Holocene to
the middle Holocene and to the late Holocene, the southern Qinghai-Tibet Plateau was
generally in a climate background from drought to humid and to drought, as recorded in
the 5'80 composition of cave deposits [126-128]. In the Holocene, the temperature of the
Qinghai-Tibet Plateau also experienced a gradual increase from the early to the middle
period and a gradual decrease from the middle to the late period [126]. In general, the
trend of '0 during the deposition period of the Sobcha travertines are similar to that of
8180 recorded in cave deposits of the southern Qinghai-Tibet Plateau at the same time.
This seems to indicate that the 5!80 of the Sobcha travertines, or rather the temperature of
the mother water, is affected by climate.

In addition to climate, a gradual decrease in the discharge of the mother water may
also lead to a faster decrease in the temperature of the mother water (assuming the air tem-
perature is stable). This would in turn lead to a gradual increase in the 5'80 of the deposits.
The gradual decrease in the discharge of the mother water of the Sobcha travertines may
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also be due to the gradual drought of the climate during the deposition period. However,
the self-closure of the vents and mound vertical growth might also lead to a gradual de-
crease in water discharge of mound springs. For the Sobcha travertines, we found that the
paleo-vent was completely closed due to the growth of deposit (Figure 2C). Therefore, it is
possible that water discharge of paleo-fluids depositing the Sobcha travertines gradually
decreased due to the gradual closure of the vent(s) and/or mound vertical growth.

6. Conclusions

Through the geochemical and geochronological study on the Sobcha fossil travertine
mound, we mainly draw the following conclusions:

(1) The Sobcha travertines are dominantly composed of laminated crystalline crust mainly
composed of granular crystals and fan crystals. In addition, a small amount of clotted
peloidal boundstone was also observed. Calcite has an absolute predominance in the
Sobcha travertines.

(2) 813C and 5'80 analyses show that the Sobcha travertines belong to thermogene
travertines, and its parent CO, may be derived from mantle-derived CO; or the
mixture of soil-derived CO, and CO, related to carbonate decarbonation.

(3) The Sobcha travertines display 8Sr/80Sr very close to the average 8 Sr/%Sr value of
Nadi Kangri volcanic rocks. However, further studies are required to uncover the
main Sr source rocks of the Sobcha travertines.

(4) For the PAAS-normalized REE patterns of the Sobcha travertines, the LREE depletion
relative to HREE of the Sobcha travertines may be due to the differences in geochemi-
cal mobility between LREEs and HREEs during water-rock interaction at depth, while
the MREE enrichment of the Sobcha travertines may be inherited from aquifer rocks.
Positive Eu anomalies were also observed in the Sobcha travertines and may result
from the hydrothermal property of the mother water and/or preferential dissolution
of Eu-rich minerals/rocks.

() Travertine deposition in the studied travertine mound began, at least, in the early
Holocene and ceased in the late Holocene. During the whole deposition period, the
source of CO, and the source of the mother water of Sobcha travertines remained
stable. However, 5'80 of the studied travertines gradually decreased, probably
because of climate drying, self-closure of the vents, or mound vertical growth.
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was evaluated using the equation from Panichi and Tongiorgi [84]. Table S2: U-Th dating results
of the Sobcha travertines. Table S3: Concentrations (ug g~ 1) of trace elements in the travertine
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Abstract: The south-eastern Gorny Altai is one of the most hazardous seismogenic area in the north of
Central Asia. We present a synthesis of field, 20Th-U geochronological, mineralogical and geochemi-
cal data collected on seven Quaternary travertines. All travertines occur within the zones of active
faults that border the Chuya and Kurai intermontane basins. Travertine cement mainly comprises
calcite (with minor amounts of aragonite), which cements alluvial, alluvial fan, and colluvial deposits.
The results of 220Th-U dating suggest that deposition of the travertines was triggered by large pa-
leoearthquakes in the last eight thousand years. Several stages of travertine formation with ages
9-11 ka BP correspond to the known period of strong paleoseismicity in the region (8-16 ka BP). The
123 ka BP travertine resulted from a slip triggered by the Middle Pleistocene deglaciation, while that
of 400 ka BP represents seismic motions likely associated with the main Cenozoic orogenic phase. All
travertine forming events fall within warm and wet climatic phases (interglacials). Large earthquakes
activated faults and caused a rapid rise along them of ambient-temperature bicarbonate groundwater,
which was previously sealed in deep-seated Upper Neoproterozoic-Paleozoic limestone-dolostone
aquifers. Rapid CO; degassing of the spring water was the most important control of calcite or
aragonite precipitation. Such travertines represent an important tool for paleoseismological research
in seismically active regions.

Keywords: large paleoearthquake; active fault; travertine; paleoenvironmental conditions; 229Th-U
dating; Gorny Altai

1. Introduction

The term ‘travertine’ refers to a large group of freshwater carbonate rocks that precipi-
tate to form bicarbonate water upon or near the surface. As authors of many overviews
note [1-3], there is no unified classification system for the calcareous fresh-water spring de-
posits, and differentiation between travertine and tufa is problematic. Pedley [4] and Ford
and Pedley [5] defined travertines as carbonate precipitates from warm-to-hot hydrother-
mal water and tufas as precipitates from ambient-temperature water. Pentecost [6] and
Pentecost and Viles [7] introduced the term ‘cemented rudite’ to describe surface-cemented
rudites, consisting of cemented screes, alluvium, breccia, gravel, etc. We do not use the
term ‘cemented rudite’ in our study.

‘Travertine-cemented gravel’ [8,9], ‘conglomerate carbonate cements’ [10], or ‘car-
bonate cement in gravels’ [11,12] are considered as an independent lithofacies genetically
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related to a travertine-deposition system. This carbonate cement precipitated from ascend-
ing bicarbonate waters discharged into the permeable colluvium, till, alluvium, and mixed
debris sediments. This process leads to the deposition of variably inclined large bodies (up
to several square kilometres). Obviously, erosion is the reason why we often are dealing
with the remnants of the originally large bodies and have not found travertine lithofacies
associated with vent or slope environments, feeding channels along active faults, calcite
veins associated with fractures, fluid escape features, etc. The incorrect definition of the
‘travertine-cemented gravel’ lithofacies leads to the loss of a huge archive of paleoseismo-
logical and paleoclimatic information on mountainous areas. According to Pentecost [1],
the term ‘travertine’, in its broadest sense, refers to all chemically precipitated continental
carbonate precipitates formed in or near seepages, springs, along streams, rivers, and
occasionally in lakes. It is in this way that the term ‘travertine’ is applied for both travertine
and tufa fossil deposits by Claes et al. [13,14]. In our study, the term ‘travertine’ is always
used in its broadest sense.

Travertines can be classified according to several criteria, the most important being the
stable isotope composition, geochemistry, fabric and morphology, and the depth at which
the travertine-forming fluids circulated [1,7,14-16]. Pentecost [1] divided travertines into
‘meteogene’ and ‘thermogene’ according to the carrier of CO; incorporated in travertine
formation. The CO; involved in ‘meteogene’ travertine precipitation has meteoric origin
(vegetation, soil, and atmosphere). Waters of ‘meteogene’ travertines are often characterized
by ambient temperatures. The CO, for ‘thermogene’ travertines originates from deeply
seated thermal processes (magmatic CO,, decarbonation of sedimentary calcareous parent
rocks during regional and contact metamorphism). Travertines of thermogenic origin are
enriched in 13C. ‘“Thermogene’ travertines often precipitated from hot spring water, but
thermogene source waters are not necessarily hot [1]. According to Crossey et al. [15] waters
containing deeply derived CO, (regardless of temperature) are classified as ‘endogenic’.

The origin of travertine-forming fluids is frequently associated with different source
rocks dissolved in non-hydrothermal superficial (‘epigean’) or hydrothermal deep (‘hy-
pogean’) hydrogeological systems. The classification of travertines as ‘epigean’ or ‘hy-
pogean’ was based on the stable isotope composition of CaCOj [16]. The Ba/Sr ratio was
used in the reconstruction of source rock lithology prevailing in the hydrogeological or
paleo-hydrogeological reservoir. In this study, the travertine classification is based on
Teboult et al. [16].

Travertines may be relevant for paleoclimate studies, providing information on, e.g.,
the climate-controlled temperature of groundwater; provenance of atmospheric precipi-
tation, recharging groundwater; characteristics of soils and intensity of biological activ-
ity in them; etc. [17-22]. Numerous studies on Quaternary travertines worldwide have
demonstrated the close link between the circulation of travertine-forming fluids and active
faulting [23-41]. Attempts have been made to link the mobilisation of CO,-rich fluids to
seismic triggers, to use travertines, which source fluids have deep origin, to determine the
age and recurrence periods of paleoearthquakes, and to estimate slip rates and coseismic
slip along seismogenic faults [42—49]. These travertines are also used for the estimation
of the CO; flux from tectonically active regions in the Earth’s atmosphere, necessary to
understand the global geological carbon cycle [50].

Gorny Altai (49-52° N, 82-90° E) represents the northern end of the fan of the Mongo-
lian Altai structures, and together with the latter is part of the system of intracontinental
Cenozoic orogens in northern Central Asia, formed as a far-field response to the India—
Eurasia convergence and collision [51]. The neotectonic crustal deformation and mountain
growth in the Gorny Altai, especially intensified during the Quaternary period, produced
6 km of structural relief (between high mountain ranges and the bottoms of the large
intermontane basins), based on the displacement of the Mesozoic pre-orogenic erosion
surface [52-55]. They were accompanied by strong seismicity and occurred at times of
significant climate change [56-62].
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To date, several dozen travertine deposits have been documented in various areas
of the Gorny Altai [63,64]. Importantly, in the south-eastern part of the Gorny Altai
(Figure 1) all known travertine deposits are spatially associated with zones of active
faults [41,48,65,66]. The goals of this study are: (1) the generalization of the available
data on the structures of travertine deposits of the south-eastern part of the Gorny Altai,
and their petrographic, mineralogical and geochemical features and *Th-U geochronol-
ogy; (2) the correlation of episodes of travertine formation with movements along active
faults, including the ages of paleoearthquakes; (3) the evaluation of the possible connection
between travertine formation and the climate.
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Figure 1. Main active faults, earthquakes, and travertines in the south-eastern Gorny Altai. Base map
was made from GeoMapApp (http://www.geomapapp.org, accessed on 5 December 2022) [67].

2. Geological Setting
2.1. Morphostructures of the South-Western Gorny Altai

The main morphostructures in the south-western Gorny Altai are mountain ranges
with altitudes of 3000-4000 m a.s.l.: North Chuya, South Chuya, Sayluygem, Chikhachev,
and Kurai ranges. The ranges frame the Chuya (70 x 35 km), Kurai (35 km x 20 km), and
Kokorya (23 km X 9 km) intermontane basins (Figure 1). The Chuya and Kurai basins are
separated from each other by the Chagan Uplift (2900 m a.s.1.), and the Chuya and Kokorya
basins by the Kyzylshin Uplift (2560 m a.s.1.).

Cenozoic siliciclastic infill of the basins overlies the deformed Late Neoproterozoic—
Carboniferous and Jurassic volcanogenic, siliciclastic, and carbonate rocks (Figure 2) as well
as relics of the Late Cretaceous—Paleogene weathering crust [68]. Controlled-source resistiv-
ity results show that the thickness of the infill reaches 1.0-1.6 km [53,54,56,69]. The basins
were formed in the Paleogene-Neogene period as pull-apart structures, in which 600-800 m
of fine-grained lacustrine (in the central parts of the basins) and coarser near-shore lacus-
trine and alluvial (closer to basin margins) sediments have accumulated [53,54,70,71]. In
the Early to the earliest Middle Pleistocene period the main phase of the Cenozoic orogen-
esis and the growth of mountain ranges occurred. At that time the pull-apart structures
transformed into basins bounded by thrusts and reverse faults. Up to 300 m of coarse brown
intermountain molasse have accumulated in the basins [52-54,71]. The upper part of the
sedimentary fill of the basins comprises Middle Pleistocene-Holocene glacial, fluvioglacial,
alluvial, limnic, mud-debris, colluvial, and aeolian sediments [53,56,63,72].
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Figure 2. Geological map of the south-western Gorny Altai (simplified from [73]), showing locations
of travertine occurrences.

2.2. Active Faults and Seismicity

The Kurai and Chuya basins are bordered to the south by the active South Chuya Fault
(Figure 1), separating them from the North- and South Chuya ranges [74,75]. The Chuya
(the Altai) earthquake (27 September 2003; Ms = 7.3, I = IX) with its epicenter at the back of
the Chagan Uplift, the largest of the historic and instrumental Gorny Altai earthquakes,
was associated with the South Chuya Fault (Figure 1). Its largest aftershocks occurred
on 27 September 2003 (Ms = 6.4) and 1 October 2003 (Ms = 6.6). The main shock and the
largest aftershocks had a dextral strike-slip focal mechanism with a NW trending plane [76].
The earthquake caused the formation of surface ruptures exceeding 70 km in length. In
the vast areas of the Chuya and Kurai basins, multiple secondary seismic deformations,
triggered by this large seismic event, have been detected [77,78].

The structure at the northern margin of the Chuya, Kurai, and Kokorya basins
(Figure 1) is controlled by the active Kurai Fault Zone (KFZ). The positive flower structure
of the KFZ with the Kubadru master fault is the result of transpression [52,71,74]. The
Kubadru Fault dips towards the N-NE reverse fault with a dextral strike-slip component.
To the south, there is a series of sub-parallel reverse faults and thrusts along which the
Kurai Range thrusts over the basins. The backthrusts with a southern dip are pinnate
to them. The displacements along the two fault systems lead to the growth of forebergs
at the ridge front. Forebergs separate narrow (from a few meters to a few kilometres)
negative morphostructures from the Chuya, Kurai, and Kokorya basins [57,71,74,79,80].
The regional seismological catalogues contain records only M < 5 instrumental and historic
events along the KFZ. Morphostructural and seismological data also indicate that the faults
associated with the Chagan and Kyzylshin uplifts are still active [48,71,80].
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Numerous fault scarps and large landslides known in the area indicate that abundant
large Late Pleistocene-Holocene paleoearthquakes are associated with the South Chuya
Fault and the KFZ [57,74,77]. Trenching studies, supported by radiocarbon, optically
stimulated luminescence, and infrared-stimulated luminescence dating revealed that at
least 12 large paleoearthquakes with Mw of 6.6 to 7.6 occurred along the Kurai faults over
the past 16 thousand years [49,57,71,74,79,81].

2.3. Climate, Permafrost, and Hydrogeology

The south-eastern Gorny Altai is characterized by a sharp continental climate and
desert-steppe landscapes. The mean temperatures in January are from —26 to —30 °C,
and in July 10 to 14 °C; the mean annual temperature is —6 °C. The areal distribution
of precipitation is heterogeneous: the annual amounts range from 67 to 300 mm in the
intermontane depressions and 600 to 800 mm on the slopes of the mountain ranges [82].

The Chuya and Kurai depressions and the surrounding mountain ranges are affected
by permafrost, whose thickness ranges from 6 to more than 100 m [82,83]. On the surface,
permafrost manifests as patterned ground and pingos. Numerous thermokarst lakes are
associated with permafrost degradation.

The Chuya and Kurai intermontane basins host the largest artesian basins of the
Gorny Altai, whose aquifers are associated with Neogene-Quaternary sediments. Fissure
waters are ubiquitous in the bedrock of the basin rim, often associated with fault zones.
Such waters discharge as descending low-yield springs, most of which are known in
the Kurai Range. Fissure waters are recharged primarily by the infiltration of meteoric
precipitation and meltwater. Fresh (salinity up to 0.5 g/L) bicarbonate Ca-Mg, Ca and Ca-
Na groundwaters prevail in the area. Bicarbonate-sulphate Ca (0.5-1.0 g/L) and sulphate
Na-Mg (up to 1-3 g/L) waters occur locally in the south-east of the Chuya Basin [84].

3. Materials and Methods
3.1. Field Studies and Sampling

Seven travertine occurrences in the south-eastern Gorny Altai were examined and
sampled in the course of field expeditions in 2017-2021. The field documentation included
the determination of the linear dimensions of travertine bodies, the evaluation of their
relationships with the underlying and overlying sediments and rocks, and the mapping of
zones of active faults and fracturing. Fifty-five samples of fossil travertines, five samples
of modern precipitates, and three samples of spring water were collected. Spring water
temperature (T) and pH values were measured in situ with a manual Hanna Instruments
PH ORP Combo Meter & Temperature Gauge (HI98121) to a precision of 0.1 °C and 0.1 pH.

3.2. Petrography, Mineralogy and Mineral Chemistry

The petrographic study was assessed by optical petrography on thin sections in
both transmitted and reflected light using an Olympus BX51 optical microscope at the
Analytical Centre for Multi-Elemental and Isotope Research (Sobolev Institute of Geology
and Mineralogy (IGM), Novosibirsk, Russia).

Mineral phases (>1%) were identified by X-ray diffraction analysis (XRD) in powdered
samples. All specimens were analysed on a Shimadzu XRD-600 diffractometer (Shimadzu
Corporation, Kyoto, Japan) (CuK« radiation with a graphite monochromator, A = 1.54178 A)
at the South Urals Research Centre of Mineralogy and Geoecology (SU FRC MG) Miass,
Russia). The scans were recorded from 6 to 60° 26 at 0.05° 26 increments with a 5 s scanning
time per step.

Scanning electron microscopy (SEM) was applied to characterize the phase distribution
and to identify minerals based on back-scattered electron (BSE) images, energy-dispersive
spectra (EDS), and elemental maps (EDS system). The polished thin sections were sputter-
coated with ~15-25 nm carbon films for SEM examination. The measurements were
performed on a Tescan Mira 3MLU scanning electron microscope (Tescan Orsay Holding,
Brno, Czech Republic) equipped with an Oxford AZtec Energy Xmax-50 microanalyses
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system (Oxford Instruments Nanoanalysis, Abingdon, UK), at IGM (Novosibirsk, Russia).
An accelerating voltage of 20 kV and 1 nA beam current were used in low- (40-60 Pa) or
high-vacuum modes at a 20 s count time.

The chemical composition of minerals was determined by wavelength-dispersive elec-
tron microprobe analysis (EMPA) on carbon-coated polished samples (IGM, Novosibirsk).
Carbonates were analysed on a Jeol JXA 8100 electron microprobe microanalyzer (Jeol,
Tokio, Japan) at an accelerating voltage of 20 keV, a beam current of 15 nA, and a peak
counting time of 10 s. The mineral compositions were estimated with reference to natural
and synthetic standards: albite (Na), diopside (Mg, Ca), BaSO4 (Ba, S), pyrope (Fe), Sr-Si
glass (Sr), Mn-almandine (Mn), fluorapatite (P), Y3Al5015 (Y). The detection limits for the
elements were (in wt%): 0.02 for P; 0.03 for Na, Fe and Ca; 0.04 for Mn; 0.05 for S and Sr;
0.06 for Y; and 0.08 for Ba (30). The matrix correction using the ZAF algorithm (generalized
algebraic procedure; assumes a linear relation between concentration and X-ray intensity)
was applied to the raw data prior to recalculation into elements. Analytical accuracy was
within 2 rel% for [C] > 5 wt% elements, and ca. 5 rel% for [C] < 2 wt% elements [85].

3.3. Rock Chemistry

Minor and trace elements, including REE, in isolated carbonate fractions from traver-
tine samples were determined with inductively coupled plasma mass spectrometry (ICP-
MS) on an Agilent 7700 x spectrometer (Agilent Technologies, Inc., Santa Clara, CA, USA)
at the SU FRC MG (Miass, Russia). Selective dissolution of CaCOj followed a modified
procedure of Feng et al. [86]. Powdered samples (0.2 g) were rinsed in 50 mL of water
(Milli-Q) in an ultrasonic bath. The obtained solutions were centrifuged and the super-
natants were carefully decanted to remove any water-soluble salts. Then, the insoluble
residues were dissolved in 5% HNOj in a centrifuge tube for 2-3 h to isolate the carbonate
phase. The solutions were centrifuged and the supernatants were stored for analysis. The
analyses were ran in triplicate, and the results differed for <5%. Precision and accuracy
were estimated to be 10-15 rel% for all elements. The detection limits for trace elements
were in the range 0.01-0.5 pg/l. The analytical reproducibility was monitored using a
BCR-2 standard (U.S. Geological Survey, Denver, CO, USA), in which the measured values
were consistent with the certified ones.

3.4. Stable Isotope Geochemistry of Carbonates

For the measurement of C and O stable isotopes in bulk travertine samples (Table S1),
26 powdered carbonate samples were dissolved in 100% phosphoric acid at 50 °C for
over 48 h and then analysed on a Gas Bench Il instrument coupled with a MAT 253 mass
spectrometer (Thermo Finnigan, Waltham, MA, USA) at IGM (Novosibirsk, Russia). All
isotope values are quoted in per mill (%o) using d-notation relative to the Vienna Pee Dee
Belemnite (V-PDB), with accuracy of <0.1%. for §13C and 0.2%. for 5180 (1 o).

Additionally, the 105 powdered carbonate samples were taken from 17 hand specimens
(Table S1). For each specimen, multiple samples were taken across the growth zones of
mineral aggregates. Powders were reacted with 99% orthophosphoric acid and analysed
using a Delta V Plus isotope ratio mass spectrometer equipped with a Gasbench II (Thermo
Fisher Scientific, Waltham, MA, USA) at the Institute of Geology, University of Innsbruck.
The results were calibrated against international calcite reference materials and reported
relative to the VPDB standard. The long-term precision for $!3C and §'0 was 0.06 and
0.08%o, respectively (1 o [87]).

3.5. Water Chemistry and Stable Isotope Analysis

Major- and trace-element concentrations in three water samples were measured at the
Institute of Geology, Innsbruck University by inductively coupled plasma-optical emission
spectrometry (ICP-OES) on an Activa spectrometer (HORIBA Jobin Yvon SAS, Edison,
NJ, USA) and by titration. Major cations and trace elements were analysed in 15 water
aliquots which were stored separately and then acidified with 0.5 mL of 15 N distilled nitric
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acid; anions were determined in another 50 mL aliquot of unacidified water. Oxygen and
hydrogen isotope compositions of HyO were studied at the Institute of Geology, Innsbruck
University using a L-2130-i analyser (Picarro, Santa Clara, CA, USA). The results were
statistically processed and normalized against the Vienna Standard Mean Ocean Water
(V-SMOW). The measurement accuracy was 0.1%o for 5180 and 0.4 for 8°H (10). The
PHREEQC software can be used to calculate the saturation index (SI) values of the minerals
in water [88].

3.6. 20Th-U Geochronology

Nineteen samples of travertines were dated by the 2°Th-U method. Thirteen samples
were prepared and analysed at the Institute for Geosciences, University of Mainz, Germany,
using a Neptune Plus multi-collector inductively coupled plasma mass spectrometer (MC-
ICPMS) (Thermo Scientific, Bremen, Germany). Six samples were prepared and analysed
at the Max Planck Institute for Chemistry, Mainz, Germany, using a Nu Plasma MC-ICPMS
(Nu Instruments™; Nu Instrument Ltd., Wrexham, Wales, UK). Typical sample sizes were
0.3 g. Chemical separation of U and Th in both laboratories was performed as described
by Yang et al. [89]. Details of the MC-ICPMS analyses in both laboratories are described
by Obert et al. [90], a detailed description of the calibration of the mixed U-Th spike used
in both laboratories is given by Gibert er al. [91]. To account for the potential effects of
detrital contamination, all ages were corrected assuming an average upper continental crust
232Th /238U mass ratio of 3.8 for the detritus and 23°Th, 2**U and 233U in secular equilibrium.
All activity ratios were calculated using the half-lives of Cheng et al. [92]. Ages are reported
in thousands of years before present (ka BP); age uncertainties are quoted at 2o-level.

4. Results
4.1. Description of the Travertines
4.1.1. The Cheybek-Kohl 1 Travertines

The Cheybek-Kohl 1 travertine is located at the western flank of the KFZ (Figures 1 and 2),
in close proximity to the active Kurai Fault line (Figure 3A). The area of the Kurai Fault in
the terrain is expressed by a deep gorge that divides the Kurai and Aygulak ranges. The
gorge hosts the Cheybek-Kohl lake, which formed as a result of the Chibitka River being
dammed by a debris flow cone. The travertine body is located in the upper reaches of a
creek, a left tributary of the Chibitka River, 168 m above the Cheybek-Kohl lake, at 1958 m
a.s.l. (50.400556° N, 87.611389° E) (Figure 3A). In the modern relief, only a few remnants of
the original large travertine complex have survived. In August 2015, the largest remnant
with the size 12 x 6.5 x 2 m was found (Figure 3B). The valley hosts abundant boulders
of breccia with travertine cement (Figure 3C). In travertines, calcium carbonate cements
grey Holocene colluvium, forming breccias (Figure 3B-E). Carbonate also lines the walls of
tensional fissures in underlying shale and/or fill them along with shale clasts (Figure 3F).

4.1.2. The Cheybek-Kohl 2 Travertines

The Cheybek-Kohl 2 travertine crops out 0.5 km west of the Cheybek-Kohl 1 travertines,
at the shore of the lake with the same name (Figures 1, 2 and 3A; 50.40144° N, 87.60491° E;
1818 m a.s.l.). Travertine carbonate cements grey colluvium, which predominantly consists
of fragments of Devonian shale, forming a breccia (Figure 4A-D). The apparent thickness
of the outcrop is 2.5-4.0 m (Figure 4A). The travertine body can be traced for 29 m along
the base of the mountain slope. Water seeps are observed in the south-eastern part of the
breccia body (Figure 4E). At these discharge sites, fresh carbonate precipitates on the older
breccia, forming a white-yellow or brownish laminated travertine crust, not exceeding
1-2 mm in thickness. The surface of the modern precipitates is coated by microbial colonies
and algae (Figure 4F).
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Figure 3. Location and morphology of the Cheybek-Kohl 1 and Cheybek-Kohl 2 travertines.
(A) Active faults, location, and U-Th dates of the Cheybek-Kohl 1 (50.400556° N, 87.611389° E)
and Cheybek-Kohl 2 (50.40144° N, 87.60491° E) travertines. (B) Remnant of the breccia with traver-
tine cement capping the colluvium. (C) Boulders of breccia with travertine cement truncated by a
creek. (D,E) White-yellow sparry and micritic calcite cementing Lower Devonian shale clasts; druse
calcite aggregates are present in voids and small cavities. (F) Tensional fissures, lined with travertine
carbonate and hosting shale clasts.

4.1.3. The Kuraika Travertines

The Kuraika travertines are located on the southern slope of the Kurai Range, over-
thrusted along the KFZ on the deposits of the Kurai Basin (Figures 1, 2 and 5A). The spring
is located some 770 m above the bottom of the Kurai Depression (50.28034° N, 88.00408°
E, 2029 m a.s.l.). The spring discharges from the debris, formed by the destruction of the
Lower-Middle Devonian siltstones and sandstones (Figure 5B). At the spring orifice, the
ferruginization of debris surfaces is notable. No signs of modern travertine formation
were found (Figure 5C). A scree slope of yellowish colour can be traced from the spring
down the slope for 200 m (Figure 5B). The colour of the talus is due to the abundance
of travertine debris (Figure 5D). These fragments are formed during the destruction of
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travertine-cemented breccias. Small outcrops of such breccias can be found locally under
the scree.

Figure 4. The Cheybek-Kohl 2 travertines. (A) Outcrop of breccia with travertine cement. (B,C) Close-
ups: breccia with travertine cement. (D) Travertine crusts lining the inter-clast space. (E,F) Carbonate
crusts covered with algae precipitating in the present seepage zone.

4.1.4. The Meshtuyaryk Travertines

The Meshtuyaryk travertines are located on the Kurai Fault line, immediately north-
east of the Chagan Uplift (Figures 1, 2 and 6A). They crop out on the right side of the valley
of the river with the same name, at the base of one of the triangular facets (50.13817° N,
88.34074° E, 1860 m a.s.1.). The outcrop of coarse-layered breccias with travertine cement
is ca. 5 m thick, 15 m wide, and extends 80 m up the slope. The breccia overlies the
ferruginous greenschists and phyllites. In the breccia, white, white-yellow and honey-
yellow microsparitic-to-sparitic carbonate crusts, 2 cm in thickness, cement sand- to gravel-
sized detrital clasts. The layering of breccias is the result of sorting of the colluvial material
(Figure 6B-D). Along with greenschist and phyllite debris dominating in the breccias,
fragments of dolerites, limestones, and calcite veins were found. There were no obvious
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angular unconformities in the body of the breccias that would suggest the presence of
travertines of different ages.
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Figure 5. Location and morphology of the Kuraika travertines. (A) Structure of the Kurai Fault Zone
and northern part of the Kurai Basin, showing the location and U-Th dates of the Kuraika travertines
(50.28034° N, 88.00408° E). (B,C) Emerging spring and scree slope, composed of travertine on the
southern slope of the Kurai Range. (D) Travertine fragment.
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Figure 6. Location and morphology of the Meshtuyaryk travertines. (A) Active faults, location, and U-
Th dates of the Meshtuyaryk travertines (50.13817° N, 88.34074° E). (B) Fragment of a layered breccia
body with travertine cement. (C) Layered characteristics of travertine-cemented breccia; layering is
due to variations in grain sizes of the clastic material. (D) Close-up: breccia with travertine cement.

4.1.5. The Totugem Travertines

The Totugem travertines are located on one of the faults, which is part of the KFZ
structure at the junction of the Chuya Basin and the Kurai Range (Figures 1, 2 and 7A;
50.11039° N, 88.60268° E, 2434 m a.s.1.). The thrust crosses the Totugem River valley in its
middle part, and forms in its sides a tectonic scarp ca. 300 m in height. During floods, the
Totugem River intensively erodes the left side of the valley; as a result, a 6 m high cliff has
formed. Its lower part is composed of strongly fissured siltstones (Middle Devonian) with
a visible thickness of 3-5 m, overlain by a scree (Figure 7B). The lower part of this talus
is cemented by travertine, making a 1-3 m thick and 30 m long breccia body (Figure 7C).
The white-yellow carbonate crusts lining the debris surface reaches a thickness of 1.5 cm
(Figure 7D).

4.1.6. The Baltyrgan Travertines

The Baltyrgan travertines are exposed within the forberg located north-west of the
Chagan Uplift (Figures 1, 2 and 8A; 50.157524° N, 88.023709° E, 1700 m a.s.L.). The asymmet-
ric foreberg is bordered from the south-east by an active thrust and rises above the bottom
of the Kurai Depression from the south-west to the north-east from several tens to 100 m.
Within the foreberg Middle Pleistocene alluvial fan gravels are involved in the uplift [56].
Late Proterozoic limestones and metamorphosed effusives of the Lower Cambrian age
dominate in the debris, ranging in size from 1 cm to 30 cm. Travertine material cements
the alluvial fan gravels, transforming them into conglomerate, roughly layered beds which
dip towards the Chagan Uplift at 60-70° (Figure 8B). In conglomerates, carbonates line the
pore space between clasts, forming crusts up to 0.5 cm thick (Figure 8C).
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Figure 7. Location and morphology of the Totugem travertines. (A) Active faults, location, and U-Th
dates of the Totugem travertines (50.11039° N, 88.60268° E). (B) Outcrop of the breccia with travertine
cement on the left bank of the Totugem River. (C) Breccia with travertine cement. (D) Close-up:
travertine cement of breccia.

4.1.7. The Chibit Travertines

Chibit travertines are confined to the north-western flank of the South Chuya Fault
(Figures 1,2 and 9A; 50.31277° N, 87.49337° E, 1187 m a.s.l.). In the erosional ledge of the
left bank of the Chuya River valley, 15 m above the river, travertines cement alluvial sand
and gravel, creating a 20 m body. The cementation produces sandstones and conglomerates
up to 3 m thick (Figure 9B,C). In conglomerates, travertine crusts (several mm to 3 cm
thick) coat the gravel surfaces and fill the free space between them. In the lower part of
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the outcrop, the seepage of water was observed. At the spring outlet, modern precipitates
(crusts up to 0.2 cm thick) have been deposited (Figure 9D). The modern vegetation and
soil are partially covered by powdery gypsum (Figure 9E).

o~

N A ; = ;
<. Ch rthquake [assr==
n Uplift BREFRERER 2

il

. Earthquake
epicenter

— 6 &
LN =
>N

~ : ~N
. : : 2 N
\\\\ Thick-bedded conglomerate™ <
© > with-travertine cement

—
- Baltyrgan R.

Figure 8. Location and morphology of the Baltyrgan travertines. (A) Active faults, location, and
U-Th dates of the Baltyrgan travertines (50.157524° N, 88.023709° E). (B) Inclined thick-bedded
conglomerates with travertine cement. (C,D) Conglomerates with travertine cement.

Summarizing, the most common type of fossil travertine in the south-eastern Gorny
Altai is represented by carbonate cements that bind the debris clasts of different genesis:
colluvial, alluvial, and alluvial fan. Much less common travertines in the south-eastern
Gorny Altai are the crystalline flowstone crusts (up to 2 mm thick), forming near the
discharge sites of modern springs and seeps.
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Figure 9. Location and morphology of the Chibit travertines. (A) Active faults, location, and U-Th
date of the Chibit travertines (50.31277° N, 87.49337° E). (B,C) Sandstones and conglomerates formed
by the cementation of alluvial deposits by travertines. (D) Travertine crusts, formed at the point of
discharge of a modern spring. (E) Powdery gypsum aggregates covering modern vegetation and soil.
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4.2. Hydrochemical Characteristics of Travertine Spring Water

All waters sampled at the travertine sites were slightly alkaline (pH =7.9-8.2) (Table 1).
The temperature recorded in the Cheybek-Kohl 2 and Kuraika springs were similar (34 °C,
34 °C, August 2021), water of the Chibit spring was substantially warmer (11 °C, 34 °C,
August 2021). The TDS (total dissolved solids) values were 1629 mg/L at Chibit, 431 mg/L
at Kuraika and 312 mg/L at Cheybek-Kohl 2. The Cheybek-Kohl 2 and Kuraika spring
water were of HCO3-504-Ca-Mg and HCO3-504-Mg-Ca types, whereas Chibit water was
of the SO,-HCO3-Mg-Ca type (Figure 10). The SO4%~ content was the highest in the Chibit
spring water (733.6 mg/L), whereas 13.6 mg/L and 18.9 mg/L were found at Kuraika and
Cheybek-Kohl 2, respectively. Similar to SO42~, HCO3~ was higher in the Chibit spring
water (507 mg/L). The HCOj3™ concentrations were 330 mg/L at Kuraika and 224 mg/L
at Cheybek-Kohl 2. Ca?* and Mg?* were the dominant cations in all the sampled spring
waters (mg/L): 35 and 45 at Kuraika, 34 and 28 at Cheybek-Kohl 2, and 211 and 150 at
Chibit. All the sampled spring waters showed low concentrations of Na* (3-16 mg/L),
K* (1-2 mg/L) and CI~ (0.7-1.6 mg/L). Travertine spring water at the Kuraika, Cheybek-
Kohl 2 and Chibit sites were characterized with similar anion and cation compositions
in 2015 and 2020 (Figure 10). The saturation index values of calcite and aragonite for all
the sampled water samples were greater than 0: Slcaiite = 0.45 and Slaragonite = 0.29 for
Kuraika; Slcaiite = 0.09 and Slaragonite = 0.25 for Cheybek-Kohl 2; and Sl 4¢jte = 1.00 and
Slaragonite = 0.85 for Chibit (Table 1).

Table 1. Chemistry and stable isotope composition of waters of the travertine springs of the south-
eastern Gorny Altai.

Spring Kuraika Cheybek-Kohl 2 Chibit
50.280503° N 50.40144° N 50.31277° N
Location 88.00398 °E 87.60491° E 87.49337° E
2258 m a.s.l. 1818 m a.s.l. 1187 m a.s.l.
Sample ID PN-2021/2.1 PN-2021/4.1 PN-2021/5.1
Year of sampling 2021 2021 2021
T (°Q) 3 4 11
pH 8.21 8.14 7.92
TDS (mg/L) 431 312 1629
K* (mg/L) 0.9 1.0 25
Na* (mg/L) 49 2.9 15.9
Ca®* (mg/L) 34.6 34.3 211.4
Mg?* (mg/L) 448 27.9 150.4
Ba?* (mg/L) 0.009 0.010 0.017
Sr?* (mg/L) 0.25 0.35 5.14
AIP* (mg/L) 0.022 0.021 0.051
Cl~ (mg/L) 0.67 1.59 1.21
SO,4%~ (mg/L) 13.56 18.85 733.6
NO;~ (mg/L) 1.36 0.61 1.66
HCO;~ (mg/L) 330 224 507
Mg/Ca 1.29 0.82 0.71
5180 (%0 VSMOW) —17.4 —15.9 —16.9
52H (%0 VSMOW) —126.7 —114.6 —1255
Sl alcite 0.45 0.09 1.00
Slaragonite 0.29 0.25 0.85

The Chibit and Kuraika spring waters had similar stable isotope compositions:
8180 = —16.9 and —17.4%0 and 8D = —126 and —127%o, respectively. The heaviest iso-
topic composition was typical of the Cheybek-Kohl 2 spring water (580 = —15.9%o;
0D = —145%o) (Figure 11).
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Figure 10. Piper diagram for the travertine spring water (cf. Table 1) and mountain steam water [41]
of the south-eastern Gorny Altai.

4.3. Travertine Petrography and Mineralogy

All fossil travertines of Totugem, Baltyrgan, Cheybek-Kohl 1, Cheybek-Kohl 2, Chibit,
and most parts of travertines of the Meshtuyaryk were composed of calcite (Table 2,
Figures 12 and 13). Sparry and micritic calcite was white-yellow or grey; cementing
clasts of different shapes and sizes. Calcite forms multiple layers which rimmed the
clasts (Figure 12A-E). The free space of cavities and pores were filled with closely packed
elongate crystals, up to 1 mm in size, with rhombohedral terminations. At the base of
such aggregates there was a zone usually formed by anhedral calcite. In some cases, a
series of druse rhythms alternated. Breaks in calcite precipitation were caused by poisoning
by detrital silicate materials (Figure 12E,G-I). Euhedral terminations of calcite crystals
displayed evidence of recurrent surface etching and subsequent regeneration (Figure 12F).
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Figure 11. The isotope composition of the travertine water compared with ice and meltwater of the
south-eastern Gorny Altai as well as meteoric precipitation. Sources: Glacier meltwater and ice from
valley glaciers in Tavan-Bogd and Mongun-Taiga massifs [93,94]. Local meteoric water line (LMWL;
3D = 7.1-6180-4.3) [95]. Global meteoric water line (GMWL) [96].

Table 2. Stable isotope composition of CaCO3 and mineralogy of fossil travertines and modern
precipitates from the south-eastern Gorny Altai.

Travertine Deposit Mineralogy 813C (%o VPDB) 8180 (%o VPDB)
Fossil travertines
Cheybek-Kohl 1 calcite —4.4to0 -2.9 —13.8 to —13.0
Baltyrgan calcite —2.5to0 —2.0 —13.4to —13.1
Cheybek-Kohl 2 calcite —25t01.2 —13.8to —12.9
Meshtuyaryk calcite; calcite + aragonite —12t01.9 —16.3to —14.4
Kuraika aragonite; aragonite + calcite —03t00.7 —14.8 to —13.2
Totugem calcite 0.4to 2.0 —15.0to —14.5
Chibit calcite 1.5t04.3 —14.3to —12.2
Modern precipitates
Cheybek-Kohl 2 calcite + aragonite na na
Chibit gypsum + calcite + aragonite na na

Mineralogy according to XRD and SEM data; na—not analysed.

Kuraika was the only fossil travertine site, where aragonite was the dominant mineral
phase (62-98%) and calcite was present as a minor phase. Aragonite formed colourless and
white-yellow fan-shaped radiating aggregates up to 2 mm in size, built up of needle-like
crystals. Usually such aggregates are formed in the free pore space, where they overgrow
with elongated calcite crystals (Figure 13A-D).
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Totugem

Figure 12. Photomicrographs of the fossil travertine samples composed of calcite. (A-D) Closely
packed druse aggregates of elongate calcite crystals covering angular detrital clasts. (E,G-I) Calcite-
laminated crusts composed of translucent sparite layers alternating with brown micrite laminae
enriched in detrital material. (F) Calcite crystals with evidence of repeated surface etching and
regeneration. Cross-polarized light (A-D,G), plane-polarized light (E,H,I), and backscattered electron
(BSE) images (F).

In the Meshtuyaryk travertines calcite drusy aggregates sometimes contained arago-
nite (up to 15%), overgrowing anhedral sparry calcite at the base (Figure 13M-P). Aragonite
formed layers of acicular crystals (up to 150 pm long) which grew nearly perpendicu-
larly to the substratum. In some samples aragonite formed thicker layers (up to 1 mm),
which overgrew drusy aggregates of calcite, and, in turn, were overgrown by calcite. The
fan-shaped radiating acicular aggregates of aragonite originating from a nucleation point
(detrital particles or calcite grains) are quite rare.

Samples of modern travertine crusts found only in the active seepage zone at the
Cheybek-Kohl 2 and the Chibit sites also contained aragonite as well as calcite (Figure 13E-L).
The upper surface of the travertine crust was colonized by algae and moss. Aragonite (5 to
40%) was present only in laminated crusts that grew upon oriented aggregates of elongate
calcite crystals, up to 300 um in length. The laminae of aragonite alternated with layers of
brown micrite (<150 um thick) or, less often, colourless anhedral sparite calcite. Aragonite
formed colourless fan-shaped radiating acicular aggregates. The carbonate rhythms were
locally separated by thin layers of fine-grained detrital material or organic films. The
Chibit travertines contained fossilized moss cushion and algae (Figure 13G). Gypsum was
found in the Chibit travertines in association with the active water seepage zone. Gypsum
occurred as anhedral grains filling pores between calcite and aragonite or forming thin
layers overlying laminated calcite—aragonite aggregates (Figure 13H).

172



Minerals 2023, 13, 259

Kuraika deposit

schist
fragment

L]
schist

fragment

0.45 wt% SrO

p AT s

1.70 wt% MgO

e

50 um

Figure 13. Photomicrographs of the fossil travertine samples and modern precipitates composed of
aragonite and calcite. (A,B,D) Fan-shaped radiating and acicular aragonite layers. (C) Porous aggre-
gate of elongated aragonite crystals and monolithic calcite aggregate. (E) Calcite crystals cementing
detrital clasts. (F) Calcite-aragonite-laminated crust in void. Present seepage zone. (G) Fossilized
moss cushion and algae in calcite precipitated in the present seepage zone. (H) Aggregate of the
anhedral gypsum grains with calcite clasts and organic matter particles. Present seepage zone.
(I,J K) Laminated crust with multiple alternations of micrite calcite and acicular aragonite laminae
covering an aggregate of oriented calcite crystals. Present seepage zone. (L) Closely packed calcite
crystal-cemented sand particles. (M,N) BSE image and elemental map (Mg) of laminated crust with
aragonite layers at the base. (O) Calcite-aragonite crust covering a fragment of schist. (P) Fan-shaped
radiating and acicular aragonite in a Mg—calcite matrix. Cross-polarized light (A,B,D,E,F), plane-
polarized light (IJ,L,0), and backscattered electron (BSE) (C,G,H,K,M,P) images; Mg elemental map
(N). Arg = aragonite, Cal = calcite, Gp = gypsum; OM = organic matter. Fossil travertines (A-E,L-P);
modern precipitates (F-K).

4.4. Mineral Chemistry

Calcites from all travertines contained significant amounts of MgO (0.5-5.7 wt%)
while FeO, MnO, SrO, and Y,03 were below detection. Aragonite showed SrO contents
of 0.2-2.0 wt%, occasionally containing Y,O3 (up to 0.5 wt%) and BaO (up to 0.15 wt%).
Other impurities (Fe, Mn, Na) in aragonite were negligible.
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4.5. Trace Elements

The calcitic and calcite—aragonitic travertines showed contrasting trace-element com-
positions (Table 3). The calcite travertines were enriched in Mg (4264-7925 ppm) but had
low Sr and Ba abundances (235-1515 ppm and 11-41 ppm, respectively). Travertines
composed of aragonite and calcite showed low Mg contents (< 594 ppm) but higher Sr
(3106—4586 ppm) and Ba (up to 138 ppm) contents. The Fe and Mn contents in travertines
were variable (18-465 ppm and 1-36 ppm, respectively) due to commonly observed sec-
ondary impregnations of cements by Fe3*-hydroxides. Kuraika and Cheybek-Kohl 2
travertines were enriched in U relative to other travertines of the south-eastern Gorny
Altai (13.9-15.8 ppm vs. 0.6-2.0 ppm). Travertines from Cheybek-Kohl 1, Cheybek-Kohl 2,
Totugem, and Baltyrgan deposits had the greatest Zn content (4.9-8.2 ppm). All travertines
were depleted in Th (<0.13ppm) and Rb (<0.5ppm).

Table 3. Trace-element and REE concentrations (ICP-MS data, in ppm) in carbonate fractions extracted
from travertines of the south-eastern Gorny Altai.

Cheybek-

Cheybek-

Deposit Kohl 1 * Baltyrgan Totugem Meshtuyaryk Kohl 2 * Kuraika Chibit
Phases Cal Cal Cal Cal Cal + Arg Cal + Arg Cal + Arg

Li 1.90 3.30 3.35 2.95 1.50 2.86 4.80
Na 93.5 n.a. 146 204 114 141 n.a.
Mg 7049 n.a. 4264 7925 273 594 n.a.
Al 378 107 19.8 25.9 169 45.9 110
P 50.3 n.a. 32.5 n.a. 35.3 8.08 n.a.
K 108 34.7 259 13.0 85.7 19.0 237
Mn 35.6 na. 1.30 1.60 17.2 2.78 na.
Fe 376 89.2 18.4 514 465 64.0 183
Co 0.6 0.17 n.d. 0.07 0.50 0.07 0.16
Cu 3.40 0.59 n.d. 521 1.00 1.77 4.70
Zn 5.20 4.90 7.47 0.49 8.20 0.69 2.50
Rb 0.50 0.30 n.d. n.d. 0.40 0.01 0.10
Sr 344 1515 454 235 4586 3817 3106
Y 0.50 3.04 6.90 n.d. 0.40 n.d. 0.12
Ba 11.1 40.8 26.3 20.7 121 138 31.0
La 0.42 2.02 3.41 n.d. 0.25 0.04 0.07
Ce 0.86 2.76 3.14 0.03 0.48 0.07 0.15
Pr 0.11 0.44 0.73 n.d. 0.06 n.d. 0.02
Nd 0.48 1.90 3.20 0.02 0.25 0.02 0.09
Sm 0.11 0.34 0.71 0.01 0.08 n.d. 0.02
Eu 0.02 0.08 0.16 n.d. 0.01 n.d. 0.01
Gd 0.10 0.39 0.96 0.02 0.10 n.d. 0.02
Tb 0.02 0.07 0.13 n.d. 0.01 n.d. n.d.
Dy 0.13 0.39 0.68 n.d. 0.06 n.d. 0.02
Ho 0.02 0.09 0.15 n.d. 0.02 n.d. n.d.
Er 0.06 0.27 0.50 n.d. 0.04 n.d. 0.02
Tm 0.01 0.04 0.08 n.d. 0.01 n.d. n.d.
Yb 0.06 0.22 0.54 n.d. 0.05 n.d. 0.01
Lu 0.01 0.03 0.09 n.d. 0.01 n.d. n.d.
~REE 241 9.05 14.49 0.08 1.43 0.13 0.43
Th 0.13 0.12 nd. n.d. 0.09 n.d. n.d.
8) 0.60 1.76 3.1 1.96 15.8 13.9 0.79

n.a. = not analysed, n.d. = not detected. Arg = aragonite; Cal = calcite. Phase composition according to XRD data.
* Composition according to [41].

All travertines were markedly depleted in XREE (0.08-14.49 ppm) relative to the PAAS
(post-Archean Australian shale) value of 83 ppm [97]. The PAAS-normalized REE + Y
patterns of all travertines were similar, with a slight enrichment in heavy REEs (Figure 14).
Weak negative anomalies for redox-sensitive REEs were observed for travertines Baltyrgan
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and Totugem (Ce anomaly) and Cheybek-Kohl 2. Travertine Chibit showed a positive
Eu anomaly.
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Figure 14. REE + Y patterns of CaCOj fractions extracted from travertines of the south-eastern Gorny
Altai (cf. Table 3) compared to the post-Devonian calcite vein [41]. Normalized to PAAS [97].

4.6. Stable Isotope Compositions of CaCO3

The studied travertines slightly differed in their 680 values (—15.8 to —12.2%o)
(Table 2, Table S1, Figure 15). The 313C values showed a rather wide range (—4.4 to
4.3%0), with 70% of the data falling within the —1.0 to 2.0 %o range. The CaCOj; from
Cheybek-Kohl 1 and Baltyrgan travertines had a 5'0 varying between —13.8 and —13.0%.,
and a 813C varying between —4.4 and —2.0%.. Both positive and negative values of the
§13C (—2.5 to 1.9%0) were measured in the Cheybek-Kohl 2, Kuraika and Meshtuyaryk
travertines. Calcites from Totugem site were markedly enriched in '3C (0.4 to 2.0%.). The
CaCOj; from Meshtuyaryk and Totugem had the lowest 5'80 values (—16.3 to ~14.4%).
The highest 513C (1.5 to 4.3%0) and 6180 —4.3 to —12.2%o) values were observed in CaCO3
from the Chibit deposits.
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Figure 15. Stable isotope properties of the CaCOj3 from travertines of the south-eastern Gorny Altai
(see Table S1).
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4.7. Ages of Travertines

We obtained nineteen of 239Th-U age dates [48,49] of travertines from the south-eastern
Gorny Altai (Table 4 and Table S2, Figures 3A, 5A and 6A). The oldest Baltyrgan travertine
(401,455 +41,000/ —28,700 ka BP) is located within the foreberg west of the Chagan Uplift
(Figure 8A). The Totugem travertines (ca. 123 ka BP) are located on the eastern flank of
the KFZ (Figure 7A). Further to the west, along the active faults of the zone, there are only
Holocene travertines, ranging in ages from 11.0 to 3.5 ka BP. The youngest Chibit travertine
(1.243 £ 0.266 ka BP) is spatially related to the South Chuya Fault.

Table 4. 29Th-U ages of travertines from the south-eastern Gorny Altai, data from [48,49].

238U 232Th [234U/ [230Th/
S 1 + + + +
amp-e (mg/g) (ng/g) B8Ulx 28015
Cheybek-Kohl 1
20.1-2* 0.441 0.003 3.0930 0.0245 2.6888  0.0002 0.1715 0.0013
RYALT-15-17-1 ** 0.623 0.005 2.452 0.026 2.687 0.012 0.151 0.001
Cheybek-Kohl 2
512-3* 36.670 0.246 0.6821 0.0057 2.8820  0.0008 0.2383 0.0011
RYALT-15-16-11 ** 0.886 0.006 33.247 0.339 2.840 0.010 0.278 0.004
RYALT-15-16-8-1 * 0.518 0.015 2.166 0.018 2.846 0.002 0.275 0.002
Kuraika
15-14-1+ 8.276 0.055 0.2274 0.0019 3.4099 0.0010 0.1258 0.0004
RYALT-13-18-2 ** 12.229 0.238 0.651 0.007 3.385 0.070 0.151 0.003
Meshtuyaryk
PN 2019/1.1.2* 1.404 0.008 0.4626 0.0031 1.1687  0.0003 0.0980 0.0005
PN 2019/15_1% 1.561 0.010 0.0170 0.0002 1.1321 0.0004 0.0371 0.0003
PN 2019/1.5_3a * 1.661 0.010 0.0349 0.0003 1.1390  0.0004 0.0367 0.0004
PN 2019/1.5_3b * 2.012 0.013 0.0363 0.0003 1.1391 0.0003 0.0390 0.0004
PN 2019/1.6 * 1.077 0.007 0.7849 0.0055 1.1537 0.0004 0.0802 0.0008
PN 2019/1.10 * 2.160 0.014 0.3897 0.0026 1.1653  0.0003 0.0810 0.0007
PN 2019/1.11 % 1.596 0.010 0.0327 0.0002 1.1587  0.0004 0.0758 0.0007
PN-2019/1.14 * 0.969 0.006 0.0765 0.0011 1.1310 0.0005 0.0760 0.0004
Totugem
RYALT-13-8.1 ** 2.852 0.037 5.069 0.060 2.345 0.028 1.728 0.023
RYALT-15-12-13-2 * 2.260 0.015 12.689 0.097 2.3237 0.0011 1.7078 0.0067
Baltyrgan
RYALT-13-7.1 *+* 1.519 0.011 12.064 0.138 1.045 0.004 1.034 0.007
Chibit
RYALT-15-32-1 ** 0.476 0.004 12.746 0.169 1.490 0.003 0.017 0.004
Sample Age Uncorrected (ka BP) + Age Corrected (ka BP) + [234U/238U1, Initial +
Cheybek-Kohl 1
20.1-2% 7.226 0.045 7.152 0.056 2.7233 0.0020
RYALT-15-17-1 ** 6.337 0.056 6.296 0.059 2.7171 0.0124
Cheybek-Kohl 2
512-3* 9.340 0.042 9.340 0.043 2.9324 0.0008
RYALT-15-16-11 ** 11.484 0.053 11.109 0.168 2.8992 0.0098
RYALT-15-16-8-1 * 11.022 0.061 10.981 0.060 2.9038 0.0016
Kuraika
15-14-1 % 4.090 0.015 4.089 0.015 3.43788 0.0010
RYALT-13-18-2 ** 4.973 0.140 4.973 0.144 3.418 0.072
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Table 4. Cont.

Meshtuyaryk

PN 2019/1.1.2° 9.553 0.048 9.545 0.049 1.1733 0.0003
PN 2019/1.5_1° 3.639 0.031 3.638 0.031 1.1335 0.0004
PN 2019/15 3a* 3.575 0.036 3.574 0.037 1.1404 0.0004
PN 2019/1.5_3b * 3.804 0.041 3.804 0.041 1.1406 0.0003
PN 2019/1.6* 7.870 0.079 7.852 0.078 1.1572 0.0004
PN 2019/1.10 * 7.859 0.066 7.855 0.067 1.1690 0.0003
PN 2019/1.11* 7.379 0.075 7.379 0.074 1.1620 0.0005
PN-2019/1.14 * 7.589 0.040 7.587 0.040 1.1339 0.0006

Totugem
RYALT-13-8.1 ** 122.987 3.652 122.970 3.677 2.904 0.030
RYALT-15-12-13-2 * 122.60 0.80 122.540 0.80 2.8716 0.0006

Baltyrgan

a1 4+ +39.900/ +41.000/
RYALT-13-7.1 401.656 29000 401.455 28700 1.139 0.011
Chibit

RYALT-15-32-1 **+ 1.761 0.067 1.243 0.266 1.4922 0.0025

All measurements are reported with £2 o absolute uncertainties. Subscript A denotes activity ratio. U decay
constants: Ayzg = 1.55125 x 10710 [98] and Apzy = 2.82206 x 1076 [92]. Th decay constant: Aysp = 9.1705 x 107° [92].
Corrected >9Th ages assume the initial 220Th/23?Th atomic ratio of 4.4 £ 2.2 x 107°. Those are the values for a
material at secular equilibrium, with the bulk Earth 232Th /2381 value of 3.8. The errors are arbitrarily assumed to
be 50%. BP stands for “before present” where the “present” is defined as the year 1950 CE. *—Measured on the
Neptune Plus at the Institute for Geosciences, **—Measured on the Nu Plasma at the Max Planck Institute for
Chemistry, Mainz.

5. Discussion
5.1. Paleofluid Source Rocks

A combination of isotope and elemental analyses can be used to constrain the origin
of CO; and paleofluid provenance fossil travertine systems [14-16,99]. The carbon and
oxygen isotope data of fossil travertines from the south-eastern Gorny Altai plot was within
the hypogean travertine (according to Teboul et al. [16]), with CO, derived from carbonates
or igneous (except carbonatites and ultramafics) source rocks (Figure 16A). The high
strontium and low barium contents in the Gorny Altai travertines indicate that the fluids
had hypogean origin and were in contact with source rocks consisting of mixed limestones,
evaporites and dolostone [16] (Figure 16B). The relatively elevated concentrations of Mg
can be related to the interaction of the fluids with the dolomitic limestones or dolostones.
Thus, the isotope and trace-element data jointly indicate hypogean origin of the paleofluid
from the fossil Gorny Altai travertine system and the dolomitic limestones or dolostones as
fluid source rocks. The paleofluid originated from groundwaters subjected to prolonged
water—rock interactions with aquifer carbonate rocks, Upper Neoproterozoic to Devonian
limestone and dolostone, widespread in the area.

5.2. Calcite-Aragonite Precipitation

Fossil travertine cements in the south-eastern Gorny Altai comprise calcite and arago-
nite. At different sites, mineral compositions varied from exclusively calcitic (Totugem, Bal-
tyrgan, Cheybek-Kohl 1, Cheybek-Kohl 2, and Chibit) to predominantly calcitic with minor
aragonite (Meshtuyaryk) to predominantly aragonitic (Kuraika). The Mg-calcite and Sr-
aragonite showed no signs of diagenetic alteration and retained their typical morphological
features. This indicates that both CaCO3; polymorphs were in primary phases, and that cal-
cite was not a replacement of precursor aragonite. As it was shown previously, [1,2,100-104]
the precipitation of aragonite and calcite in spring systems is controlled by a number of
factors, such as: (1) temperature of the spring water, (2) microbial activity, (3) pCO; and the
rate of CO, degassing, (4) mineral precipitation rates, and (5) Mg/Ca ratio in water. There
is not a single or universal control applicable in all situations [102].
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Figure 16. 5'3C-5'30 (A) and Sr-Ba (B) cross-plots of travertines from the south-eastern Gorny Altai
overlain on clusters of Teboul et al. [16].

Aragonite precipitation commonly takes place in thermal springs with temperatures of
30-80 °C [1,100,105-108]. Meanwhile, some studies have suggested that temperature does
not play any significant role in the precipitation of aragonite or calcite [109-113]. The stud-
ied travertine springs in the south-eastern Gorny Altai had temperatures ranging from 3 to
11 °C; yet both calcite and aragonite were deposited in them (Table 2). Stable isotope studies
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suggested that fossil travertines were precipitated from ascending ambient-temperature
bicarbonate waters [41,48,49,65,66]. Thus, the spring water temperature does not seem to
be a controlling factor in aragonite precipitation in the case of the Altai travertines.

It is known that biofilms can affect the precipitation of CaCOj3; polymorphs [1,106,107,
113-116]. The Cheybek-Kohl 2 travertine complex provided evidence that microbial activity
was involved in the modern calcite-aragonite precipitation, but was suppressed during
the formation of fossil travertines [41]. In the case of the Chibit travertine site, limited
aragonite precipitation occurred only in present seepage zone featuring abundant microbial
mats around the spring orifice; modern precipitates were enriched in organic compounds
(Figure S1). Fossil travertines at this site were composed of calcite only. Evidently, at
the Chibit site the microbial activity and high Slyragonite in water may favour aragonite
formation in modern precipitates.

Neither optical microscopy nor SEM analysis on fossil aragonite-rich Kuraika and
aragonite-bearing Meshtuyaryk travertines yielded evidence of biological influence on their
precipitation. In Particular, weak UV-luminescence of Meshtuyaryk travertines [49] was
consistent with the lack of involvement of biological processes in travertine precipitation.
In the Kuraika travertines aragonite occurred as fan-shaped radiating aggregates associated
with calcite layers in the inner parts of the fossil travertine body. At the fossil Meshtuyaryk
travertines aragonite formed thin layers at the base of calcite crusts. The absence of organic
compounds corroborates the hypothesis about abiotic precipitation of calcite and aragonite.

Many researchers note, that the precipitation of aragonite is favoured by high Mg/Ca
ratios of the spring water (>1), because the Mg inhibits the growth of calcite [117-121]. In
water of the south-eastern Gorny Altai travertine springs the Mg content was typically
lower than the Ca content (Table 1). Only one water sample from the Kuraika spring had a
Mg/Ca =1.29. According to Folk [100], such Mg/Ca ratio at low spring temperatures (3 °C)
should promote the precipitation of aragonite. All calcites from Meshtuyaryk travertines
contained appreciable amounts of Mg. The anhedral sparry calcite that coexisted with
aragonite at the base of druse had the greatest CaO content (up to 6.0 mol% MgCOs3).
There, fine layers of Mg-enriched calcite overgrew the aragonite layers. The Mg/Ca ratio in
carbonates of abiotic origin depend on the Mg/Ca ratio in solution [119] and temperature,
which affects the distribution coefficient [122]. The Mg/Ca ratio of waters is controlled
by the lithology of host rock in zones, where most of water-rock interactions occur. For
Meshtuyaryk travertine-forming water, the Paleozoic limestone and dolostone served as
the aquifer. It is likely that the water was characterized by a slightly elevated Mg/Ca ratio,
favouring aragonite precipitation.

Reviewing calcium carbonate polymorph precipitations, Jones [102] reported abun-
dant evidence of aragonite (+ calcite) precipitation from spring water with a high CO,
content and rapid CO, degassing. Chafetz et al. [123] also suggested that aragonite precipi-
tates from water with high CaCOj supersaturation, whereas low-supersaturation waters
tend to precipitate calcite. The formation of travertines in the south-eastern Gorny Altai
was triggered by seismic events, which induced the activation of faults and the rapid rise
of bicarbonate groundwaters previously sealed in carbonate aquifers. The rapid rise of
groundwaters to the surface was accompanied by rapid CO, degassing and increased
CaCO;s supersaturation levels, which led to aragonite precipitation. Decreasing overpres-
sure led to the rise in subsequent portions of groundwaters in a quieter mode. The lowering
of CaCOj3 supersaturation favoured the precipitation of calcite.

It is likely, therefore, that rapid CO, degassing along with elevated Mg/Ca ratios of the
travertine-forming water were the primary controls of calcite and aragonite precipitation
in the fossil travertines of the south-eastern Gorny Altai.

5.3. Stable Isotopes and Geochemistry of Present-Day Spring Water

The linear distribution of the 5D and $'80 in spring water along global and local
meteoric water lines (Figure 11) strongly suggests its meteoric origin [96]. The stable
isotope values of the travertine spring water were lower than that of the summer rainwater
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in the south-eastern Gorny Altai [95]. On the contrary, the D and §'80 in travertine
spring water were plotted close to the meteoric precipitation of cold and transitional
seasons (snow) and water from melted glaciers/ice. Bantsev et al. [93,94] showed that
precipitation of the transitional seasons (spring-autumn) played the most important role in
the recharge of glaciers in the arid parts of the Altai Mountains. Thus, the travertine spring
water appeared to be recharged by glaciers meltwater and/or winter precipitation, with
isotopically depleted compositions.

The chemistry of groundwater is controlled by many factors, including aquifer rock
type, residence time, and geochemical processes along the groundwater flow paths (evapor-
ation—crystallization, flow regime, etc.) [124,125]. Waters from Cheybek-Kohl 2 and Kuraika
travertine springs were dominated by HCO;~, Ca2*, and Mg?* (Table 1). Such composition
is indicative of carbonate aquifers. Mg/Ca ratios depend on the proportion of calcite
and dolomite present in the aquifer rock and/or chemical kinetics [126]. The Upper
Neoproterozoic fractured limestone and dolostone are the main aquifer rocks for travertine-
forming solution within the south-eastern Gorny Altai (Figure 2) [84]. Hence, the Mg/Ca
ratios of travertine-forming solutions (and, by extension, of travertine carbonates) was
controlled by reactions of water with dolostone-poor or dolostone-rich rocks.

The sulphate, Ag and In contents were low for almost all the travertine spring water
samples, except for the Chibit sample, showing the highest values of 733.6 mg/L for SO4%~,
5 ng/L for Ag, and 10 pg/L for In (Table 1). Gypsum dissolution or oxidation of sulphides is
a common source of sulphate in groundwaters [127,128]. The Mg/Ca ratio was similar in the
sulphate-rich Chibit and sulphate-poor Cheybek-Kohl 2 waters. Therefore, gypsum should
not be considered as the main source of SO4%~ in the travertine-forming solutions, because
it dissolution would increase the Ca?* content and lower the Mg/Ca ratios. Sulphate, In
and Ag in Chibit spring water can be sourced from the oxidation of sulphide minerals,
which are abundant in Devonian Chibit Cu-sulphide-quartz-carbonate ore deposits and
numerous Cu-Au, Ag-Cu-Pb, Cu-Ag, Au-Cu-Ag sulphide ore occurrences [84].

Thus, the studied spring waters were similar to groundwater in the area in their
HCO3-504—Ca-Mg water chemistry. Their isotopic composition suggests the dominant
contribution of winter precipitation; chemical characteristics suggest minor water-rock
interactions. These waters rarely deposit carbonates. The saturation index values of calcite
(SLealcite) and aragonite (Slaragonite) in Cheybek-Kohl 2 water were 0.09 and 0.25, respectively.
In Kuraika water Sl ,icite (0.45) and Sliragonite (0.29) values were higher. According to Pente-
cost [1], in freshwater environments the minimum critical Sl it for calcite precipitation
is perhaps around 0.48. In many travertine systems calcite and aragonite precipitation
starts significantly after SI.,jcite €Xceeds 0.8 (or around one) [104,107,129,130]. In the studied
spring waters Slg,icite (1.00) and Slaragonite (0.85) values only exceeded 0.8 in the Chibit
deposits, where minor amounts of CaCOj precipitated along with gypsum.

5.4. Comparison of Travertine Ages with Paleoearthquake Ages

The age of the Chibit travertines (1.243 £ 0.266 ka BP) agrees well with the age of the pa-
leoearthquake (Figure 17A) with Mw = 6.6-6.9 and intensity IX-X on the ESI-2007 intensity
scale, associated with the KFZ. Its surface ruptures can be traced along the zone for 40 km;
in the north of the Kurai Basin, they are dated to 1.210 £ 0.07 cal ka BP (IGAN aMs7749;
0.954 probability; this study), 1.240 £ 0.110 cal ka BP IGAN —3205), and 1.150 = 0.105 cal
ka BP [131], in the north-western part of the Chuya Basin to 1.305 £ 0.015 cal ka BP [57,79].
The western end of the surface ruptures is 30 km east of the Chibit travertine outcrop.
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Figure 17. Age dates of the travertines (U-Th) and large paleoearthquakes (1*C) in the south-eastern
Gorny Altai shown in the context of the paleoclimate proxy records: (A) North Greenland Ice Core
Project (NGRIP) 5'80 [132,133]; grey line—complete data set; red line—5-point moving average.
(B) LRO4-stack 580 [134].

The youngest age cluster of the Meshtuyaryk travertines (3.574 4= 0.037, 3.638 & 0.031, and
3.804 £ 0.041 ka BP), as well as the age of the youngest Kuraika travertines (4.089 £ 0.015 ka BP)
fit into the time frame (Figure 17A) of the surface rupture of the paleoearthquakes: from
4.630 £ 0.120 cal ka BP to 3.420 £ 0.030 cal ka BP [49]. The synchronicity of travertine
formation at different locations may indicate that travertine springs began to discharge in
the north of the Chuya and Kurai basins as a result of a single seismic event. Consequently,
the zones of open fracturing along the faults of the Kurai zone opened up simultaneously
at a distance of ca. 30 km. This distance can be used as an analogue of the “surface rupture
length” parameter. If so, according to the empirical relationships [135] the paleoearthquakes
had a magnitude of Mw = 6.8. This value is close to the magnitude estimates (6.5-6.7)
obtained from trenching studies.

A series of different-age surface ruptures of paleoearthquakes were identified and
dated by us in the north of the Kurai Basin. Thus, the age of the oldest Kuraika travertines
(4973 £ 144 yr BP) falls within a relatively wide age range of one of the primary paleoseismic
deformations (Figure 17A): from 5.910 £ 0.050 cal ka BP (IGANams7731; 0.954 probability;
this study) to 4.550 &+ 0.170 cal ka BP (IGANaMs7715; 0.954 probability; this study). At
the same time, the Cheybek-Kohl 1 travertines of 6.296 & 0.059 ka BP match the age of the
surface rupture (Figure 17A), which occurred in the northern part of the Kurai Basin during
the 6.3 ka paleoearthquake (Mw = 6.5-6.7, shaking intensity VIII-IX) [57,79].
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The age dates of the Meshtuyaryk travertines (7.379 £ 0.074, 7.587 + 0.040, 7.852 £ 0.078,
and 7.855 &+ 0.067 ka BP) agree well with the age of the surface ruptures caused by one
paleoearthquake (Figure 17A) documented only 3.7 km south-east (7.850-7.500 cal ka
BP [49]). A seismic rupture with a similar age at 7.460 £ 0.060 cal ka BP (IGAN 7752;
0.916 probability; this study), was also found in the north of the Kurai Basin. The Cheybek-
Kohl 1 travertine 30 km north-west of it was dated to 7.152 £ 0.056 ka BP.

In recent years, there has been much evidence that the removal of glacial loading
on continents after the Last Glacial Maximum (LGM) has increased the rate of displace-
ment along active faults and resulted in the overall increase in the seismicity of these
areas [136,137]. For example, the glacial deloading during the degradation of the last
(Vistulian) glaciation in Fennoscandia between 15 and 9 ka BP was accompanied by fault
movements and large earthquakes with Mw ~ 7-8 [138-142].

Similar processes apparently occurred during the degradation of the LGM glaciers in
the south-western Gorny Altai. According to Butvilovsky [63] and Blyakharchuk et al. [143],
the degradation occurred between 16 and 8 ka BP. Seismic movements along the KFZ at
this time led to the formation of surface ruptures at ca. 8.5 ka BP [131], as well as large
landslides and rockslides dated to around 8.3, 9.7, and 16 ka BP [81,131]. Our 2°Th-U age
dates for Cheybek-Kohl 2 (9.340 £ 0.043, 10.981 =+ 0.060, and 11.109 =+ 0.168 ka BP) and
Meshtuyaryk (9.545 £ 0.049 ka BP) correlate well with both the onset of Holocene warming
(Figure 17A) and increased seismicity.

The 220Th /U date of the Totugem travertines (ca. 123 ka BP) corresponds the MIS 5e
(Eemian) (Figure 17B). At this time, the most widespread sheet glaciation in the Gorny Altai
was degrading [62]. The intensification of neotectonic movements along the KFZ at this
time could have been caused by an isostatic response of the Earth’s crust to the removal of
the glacial load. An additional isostatic effect could have been caused by the catastrophic
release of water from the Kurai-Chuya limnosystem during the destruction of glacial dams
at the end of the late glacial-early interglacial period [58].

The age of the oldest Baltyrgan travertines, ca. 400 ka BP, corresponds to the accumu-
lation of the upper part of the Early Middle Pleistocene molasse in the intermontane basins.
At the peak of Cenozoic orogenesis in the region, forebergs formed in the marginal parts of
the Kurai Basin under submeridional compression [54]. Within the foreberg the travertine
material cements the Middle Pleistocene alluvial fan gravels. Deposition of travertine
among the gravels occurred during the degassing of carbonaceous groundwater along the
fracture zone at that time. Obviously, the Middle Pleistocene fault movements were also
accompanied by earthquakes. The high seismicity of the region at that time is indicated by
numerous seismites associated with the liquefaction and fluidization of soils, which were
recorded in the Lower-Middle Pleistocene sediments in the west of the Chuya Basin.

Summarizing, we posit that the ages of the large paleoearthquakes and ages of the
episodes of travertine formation in the rim of the Chuya and Kurai basins during the last
8000 years exhibit a close match. The stages of travertine formation between 11and 9 ka BP
fit into the period of strong paleoseismicity in the region (16 to 8 ka BP). Travertines dated
to 123 and 400 ka BP mark seismic movements, which could be induced by the isostatic
rebound of the Earth’s crust following the removal of the glacial load and related to the
most intense phase of the Cenozoic mountain formation, respectively.

5.5. Paleoclimate and Travertine Deposition

The age of the Chibit travertine, 1.243 + 0.266 ka BP, falls into the Medieval Cli-
mate Optimum (1.2-1.3 ka), during which time the average summer temperatures in the
alpine zone of the Gorny Altai were higher than today by 0.7-0.9 °C [144]. However,
Ganyushkin et al. [145] showed that the average temperatures and annual precipitation
between 1.3 and 1.0 ka ago at the Mongun-Taiga Uplift (Figure 1) were close to the present-
day temperatures.

Five 29U-Th ages of the Meshtuyaryk and the Kuraika travertines were dated to
3.6-5.0 ka BP, which is within the time frame of the Late Holocene Akkem glacial stage
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(3.5-5.3 ka BP [145]). At the same time, in the Mongun-Taiga Uplift area, the annual
precipitation exceeded the modern one by 10%, and the temperature could have been 1 °C
colder relative to modern values [145]. Galakhov et al. [144], however, placed the Akkem
glacial stage into a narrower time range of 4.3—4.0 ka BP. At 4.0 ka BP, the mean summer
temperature was 1 °C lower than the present-day values, while for the 3.5 and 5.0 ka BP
this parameter was 0.5 and 0.9 °C lower than the present-day value, respectively.

Cheybek-Kohl 1 travertines (ca. 6.3 ka BP) formed under wetter and warmer con-
ditions. The mean annual temperatures could have exceed modern ones by 1.5-2.5 °C,
whereas annual precipitation exceeded the modern norm twice [144,145].

Similar climatic conditions were present in the south-eastern part of the Gorny Altai
during the formation of the Cheybek-Kohl 1 and Meshtuyaryk travertines at 7.2 to 7.9 ka
BP, Cheybek-Kohl 2 and Meshtuyaryk travertines at 9.3 and 9.5 ka BP, and Cheybek-Kohl
2 travertines at 11.0 ka BP [143,145].

The ages of the Totugem travertines (ca. 123 ka BP) and the Baltyrgan travertines
(ca. 400 ka BP) are poorly characterized in climatic terms. One can only state that the
formation of the former coincides with the warm interglacial MIS 5e (Eemian), while the
latter corresponds to the MIS 11 interglacial (Figure 17B).

As it was shown previously [22,33,146,147] warm and humid (interglacial) periods are
favourable for travertine formation. All travertine-forming events at the south-western
Gorny Altai fall within warm (Figure 17) and wet climatic phases.

5.6. Travertine Formation Model

All Quaternary travertine deposits of the south-eastern Gorny Altai are spatially
associated with the active faults bordering the Chuya and Kurai basins. Carbonate cements
of the travertines have similar isotopic—geochemical characteristics, and their ages match
the ages of the paleoearthquakes and periods of increased tectonic activity of the region in
the Quaternary [41,48,49,65,66]. This suggests a similar mechanism of their formation and
similar compositional sources. According to stable isotope and trace-element compositions,
travertines precipitated from cold groundwaters remained in prolonged contact with Upper
Neoproterozoic-Paleozoic carbonate aquifers (Figure 18). The rapid rise of these waters
towards the surface was triggered by earthquakes. During seismic shifts, zones of open
fracturing were formed and/or renewed along active faults, serving as pathways for
groundwater migration to the Earth’s surface. Near and on the surface the rapid rise
of water was accompanied by rapid CO, degassing and CaCOj3 precipitation. One of
the important arguments supporting the seismogenic characteristic of travertines is the
observed existence of three periods of travertine precipitation in the Meshtuyaryk deposit,
separated by long periods of no carbonate formation (Table 4). All three groups of 220Th-U
dates obtained for travertines of the Meshtuyaryk deposit correspond to the ages of large
paleoearthquakes whose epicentral zones were located in the immediate vicinity of this
deposit [49]. According to the 2°Th-U dating, travertine deposition occurred during warm
(Figure 17) and humid periods (interglacials). Warming, ice rebound, and permafrost
degradation may result in seismicity and fracturing, which channelled groundwaters
previously sealed in carbonate aquifers. During interglacials, the overall volume and
dynamics of groundwater are expected to increase.

5.7. Implications for Paleoseismology and Long-Term Fault History

The possibilities of the paleoseismological method in determining the ages of pale-
oearthquakes are limited, to a significant extent, by the preservation in the relief of fault
scarps and other varieties of primary seismic dislocations, as well as seismogravitational
deformations. These are destroyed by erosion processes, as a rule, within several thousand
years, which limits their use for paleoseismological analysis. For example, in the Gorny
Altai and in climatically similar regions of the northern Tien Shan, there are known fault
scarps with ages up to 13-14 ka [61,148] and landslides up to 16 ka [81]. Therefore, for the
reconstruction of more ancient seismic events, various secondary seismodislocations in
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unconsolidated soils, united under the term “seismites”, have recently become significant.
The analysis of these in the Gorny Altai has allowed us to extend its seismic record to the
Middle Pleistocene [58-60,62,149,150]. The main disadvantage of the analysis of seismo-
gravity structures and seismites is that in most cases they allow neither identification of the
focal zones of paleoearthquakes nor specific active faults associated with seismic events.
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Figure 18. Generalized model of the formation of the south-eastern Gorny Altai travertines.

According to our proposed model, travertines located along active faults and possess-
ing specific carbon isotope properties, mark the fracture zones included in the systems of
surface ruptures of paleoearthquakes. The found match between the times of travertine
formation in the south-eastern Gorny Altai and the ages of paleoearthquakes over the last
8 ka BP (Figure 17A) allow to consider travertines as an analogue of colluvial wedges,
the age of which determines the age of paleoearthquakes. Consequently, the radiometric
ages of travertine carbonates can be used as a tool to rebuild the sequence of ancient and
historical earthquakes in the region. In contrast to surface earthquake ruptures and seismo-
gravitational structures, travertine bodies are more resistant to weathering. This allows
us, by determining their radiometric ages, to identify episodes of seismic activity on a
much longer temporal scale. The results of our 22°Th-U dating demonstrated the possibility
of detecting travertine with ages up to 400 ka BP (Figure 17B). Unlike seismites, large
landslides and rockslides, the travertines we studied clearly indicate the fault on which the
seismogenic displacement occurred. Furthermore, their resistance to weathering allows
using coeval travertines to assess the length of the surface rupture system of a particular
earthquake; in other words, the distance between such travertines can be used as an ana-
logue of the “surface rupture length” parameter when estimating the moment magnitudes
of paleoearthquakes. Consequently, seismogenic travertines become an important tool in
the analysis of seismically active regions.

6. Conclusions

This study describes seven travertine deposits of the south-western Gorny Altai. The
analysis of the morphology of travertine bodies, their petrography and mineralogy, mineral
and rock chemistry, stable isotope geochemistry of carbonates, and 2*Th-U geochronology
of carbonates in comparison with data on neotectonics, active tectonics, paleoseismicity
and paleoclimate of the region allow the following main conclusions.

(1) The travertine deposits have been found to be spatially associated with the active faults
bordering the Chuya and Kurai basins. Travertines predominantly cement Middle
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Pleistocene-Holocene colluvial, alluvial, and alluvial fan deposits, transforming them
into breccias, conglomerates, and sandstones.

(2) Ca-carbonates of fossil travertines are primary precipitates and show no indications
of diagenetic alteration. Precipitation of calcite and aragonite in fossil travertines was
probably controlled by rapid CO, degassing and the Mg/Ca ratios of the spring water.

(38) Theisotope and trace-element data jointly indicate a hypogean origin of the paleofluid
from the fossil Gorny Altai travertine system and the Upper Neoproterozoic-Paleozoic
limestone-dolostone as fluid source rocks.

(4) The times of travertine formation match the ages of paleoearthquakes over the last
8 ka BP (Figure 17A), and episodes of travertine deposition at 9.0-11.0 ka BP corre-
spond to the period of elevated paleoseismicity of the region at 8.0-16.0 ka BP. The
123 ka BP travertine resulted from a slip triggered by the Middle Pleistocene deglacia-
tion, while that of 400 ka BP represents seismic motions during the main Cenozoic
orogenic phase. Episodes of travertines formation were triggered by large seismic
events, which induced the rapid rise of bicarbonate groundwaters previously sealed
in carbonate aquifers along seismically activated ruptures. All travertine-forming
events at the south-western Gorny Altai fall within warm and wet climatic phases
(interglacials), when ice rebound and permafrost degradation occurred.

(5) The obtained results allow using travertines with similar isotopic characteristics and
structural position as indicators of fault activity both in the south-western Siberian Al-
tai and in other seismically active regions of the world. Radiometric ages of carbonates
make it possible to determine the age of ancient and historical earthquakes, detail-
ing and significantly extending the data of instrumental and historical seismology
and paleoseismology.
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Abstract: A database consisting of 163 data on the uranium content and 23*U /23U initial activity
ratio of 15 Italian travertine and calcareous tufa sites was created using data from the relevant
literature. Using a graphical method, data were interpreted considering the U geochemistry in
natural environments as well as the geological, hydrogeological and hydrogeochemical settings of
each site. The U content and 23U /23U initial activity ratio in travertine and tufa appear to be affected
by different factors, such as the availability of U in the aquifer rocks, the redox state of the waters,
and the alpha-active radionuclide recoil phenomenon. The data allow the identification of four
groups of travertines/tufas: (i) those precipitated from circulating groundwater, with a short/fast
flow path, in volcanic rocks with a high radionuclide content; (ii) those precipitated from circulating
groundwater, with a long, deep flow path in carbonate/evaporite formations with a relatively low
radionuclide content; and (iii) those precipitated from cold waters associated with riverine systems,
which are characterized by oxidizing conditions and fed by high-discharge springs recharged by
carbonate aquifers. The fourth group represents the intermediate situations frequently occurring
due to the mixing of waters from different aquifers. The results suggest an interpretative model that
might contribute to the paleo-environmental reconstruction of fossil travertine and calcareous tufa
depositing systems.

Keywords: uranium geochemistry; travertine; calcareous tufa; Italy

1. Introduction

Travertine and calcareous tufa are lithological terms generally used to describe con-
tinental carbonates that form in subaerial environments through the precipitation of cal-
cite/aragonite from waters ranging in temperature from ambient to boiling, around ground-
water seepages, springs, and along streams and rivers. These carbonate deposits are com-
monly found in the Quaternary deposits in central and southern Italy [1,2]. They are
particularly abundant along the western sector of the Italian peninsula, where they can
form large deposits of remarkable thickness. The most notable example of this type is
represented by the travertine of Tivoli (a town near Rome), a continental tabular carbonatic
plateau that reaches in its depocenter a thickness of 85 m [3]. It has been exploited as a
building material since the Roman period; even the word ‘travertine’ probably originated
from Lapis Tiburtinus, i.e., the stone of Tibur, from the Latin name of Tivoli.

Travertines and calcareous tufas are important terrestrial archives of past climate and
environmental changes [4,5], tectonic activity [6], and paleohydrological-hydrothermal
circulations [7,8]. They may also indicate the possible location of geothermal resources [9,10]
and contribute to defining the carbon cycle and budget [11,12]. Therefore, during the last
twenty years, many studies have been conducted on these deposits. Many of these studies
rely on U-series geochronology, because they can be reliably dated through the U-Th
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method, which allows the establishment of a precise chronology of up to 600 thousand
years (ka) [13].

Radiometric dating techniques require the measurement of uranium content (U) and
the determination of the 234U /23U initial activity ratio (i.e., at time of deposition) in
the precipitated carbonate; these data are generally published in scientific papers and
are used to calculate the age, but they are rarely discussed in relation to travertine/tufa
formation and are not considered for their geochemical significance. In this study, we
created a dataset of 163 published data on the U content and 23U /23U initial activity
ratio (herein referred to as (234U /238U)i), of travertine and calcareous tufa samples from
the relevant literature, in an effort to investigate the relationship between travertine/tufa
deposition, groundwater circulation and mixing, and subsurface geology. The dataset
includes fifteen Italian travertine and tufa deposits originating from cold and thermal
waters. Data were interpreted using a graphical method. The data interpretation also made
use of the related information on the groundwaters, the aquifers and the geological settings
of the various deposits.

Introduction to Uranium Geochemistry and Rationale of This Study

The behavior of uranium in the environment has been studied by many authors
([14,15], and reference therein). In nature, U mainly exists in two oxidation states, U(IV)
(tetravalent) and U(VI) (hexavalent). In surface environments, U(VI) is the dominant form;
in reducing environments and in the mantle, tetravalent U is dominant and insoluble in
water, and is generally less mobile than hexavalent U.

In aqueous solutions, the uranium concentration depends on several factors, including
pH, Eh, temperature, ionic strength, and the ability to complex other ions (fluorides,
chlorides, phosphates, and carbonates) and organic ligands [16,17].

Under oxidizing conditions, hexavalent uranium can be highly mobile, as it forms the
uranyl ion (UO,)** which forms compounds that are soluble in water in a wide range of
pH conditions. The ability to form complexes with inorganic (carbonate, bicarbonate and
phosphate) and organic ligands further enhances the uranium’s mobility, because these
complexes do not participate in sorption processes. Under near-neutral conditions, uranium
forms soluble complexes with carbonate and phosphates, while at lower pH values and
saline waters, it forms soluble complexes with fluorides, chlorides and sulphates [15].

Under reducing conditions, tetravalent uranium tends to be insoluble and precipitates
as insoluble uraninite (UO;). At a low pH, uranium (IV)’s solubility tends to increase due
to the formation of complexes with fluoride, and at pH > 7-8 it tends to increase due to
complexation with hydroxyl ions [15].

In continental carbonates, such as travertine/tufa, traces of U, Ra and other decayed
products of the 2*8U series are common [18]. Uranium is generally present in carbonate
because of its incorporation in the crystal structure of calcite [19], but the way in which
uranium is incorporated into the calcite lattice is poorly understood [20]. Generally, ura-
nium is not present in the carbonate as a separate phase, as evidenced by the experimental
study of [21]. Uranium can be adsorbed on mineral surfaces and particulate impurities and
associated with organic matter [22].

Naturally occurring uranium is an isotopic mixture of three long-lived isotopes: 225U
(t1/2 = 4.5 billion years), 25U (4 /2 = 0.7 billion years), and 24U (4 /2 = 245,000 years). In a
closed system, 228U and 234U are in secular radioactive equilibrium, which corresponds to
the steady state reached by the whole decay series (i.e., their activity is equal) [23]. However,
physical and chemical processes occurring during water-rock interactions can preferentially
remove different uranium isotopes from the system, altering the secular equilibrium and
changing the activity ratios of uranium isotopes. The preferential dissolution of 234U is
mainly caused by leaching owing to crystal lattice instability after alpha emission during
2381 decay, and by the direct recoil ejection of the 2>*Th nucleus into the water via the alpha
recoil effect or via the etching of alpha recoil tracks [24]. Other reasons for isotope frac-
tionation could be associated with adsorption, changes in U speciation or redox chemistry,
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including microbially mediated uranium reduction [25]. As a consequence, natural waters
are generally enriched in 2%*U, and their 22U /28U activity ratios can deviate from the
radioactive equilibrium by up to more than 10% [26].

Based on the studies of [27,28], it is possible to argue that the total U content and
234U /28U initial activity ratio, generally measured on continental carbonates for U-Th
dating determinations, can provide information about the groundwaters from which they
precipitated and the respective geological nature of the aquifer. Three basic assumptions
are needed: (i) the U concentration in continental carbonates reflects the U content in the
groundwater at the time of deposition, (i) the 234U /238U initial activity ratio in continental
carbonates is the same occurring in the groundwater, and (iii) the carbonates maintain a
closed-system behavior (i.e., uranium and the products of its decay used in the dating are
neither added nor removed from the carbonate system after deposition).

The mobilization of U and fractionation of 234U /238U take place in different geological
contexts through different processes. Groundwater dissolution preferentially mobilizes U
in a carbonate aquifer over a silicate aquifer; however, its content in the former is generally
lower than in the latter, so it is more frequently possible to find more U in groundwaters
flowing through silicate aquifers. 2>U/?3U fractionation is a process due to the alpha-
active radionuclide recoil phenomenon that preferentially leaches 2>*U into the circulating
waters. This phenomenon is directly related to the groundwater residence time, which in
hydrogeological Italian contexts is generally longer in the carbonate aquifers that constitute
the Meso-Cenozoic bedrock of the Plio-Quaternary volcanic and alluvial formations.

Therefore, it can be stated that a relatively high 23U /23U initial activity ratio mea-
sured in continental carbonate may be indicative of precipitating groundwaters that cir-
culated through a Meso-Cenozoic carbonate aquifer, in which the recoil enrichment of
234U was more pronounced; on the contrary, a low 234U /23U initial activity ratio may
be indicative of waters that circulated through a silicate (volcanic) aquifer. In summary;,
U content, used in conjunction with the 2U/?*8U ratio, contributes to distinguishing
groundwaters that flowed deep into the crust versus those that resided at shallower levels.

2. Materials and Methods
2.1. Travertine and Calcareous Tufa Deposits

Fifteen travertine and calcareous tufa deposits are considered in this study (Figure 1).
Most of these deposits are located in the western sector of central Italy: in the south-
ern Tuscany (sites 4—Bagno Vignoni, 11—Rapolano, 13—Sarteano, 14—Semproiano and
15—Saturnia) and Lazio (sites 2—Acque Albule, 3—Aniene Valley, 5—Bolsena lake,
6—Canino, 9—Middle Velino valley and 10—Prima Porta) regions. Two deposits (sites
1—Acquasanta T. and 12—Rocchetta al Volturno) are located in the eastern regions of
central Italy (Marche and Molise, respectively). The northern deposit is located in the
Veneto region (site 8—Euganean Hill), whereas the southern one is in Sicily (site 7—Mt.
Etna). As a consequence of the different geological contexts and genetic processes, these
deposits show different morphological and geochemical features, which are synthetized
in Table 1.

According to a widely used classification which considers the genetic environment
and the presence of biota [5,29,30], the term “travertine” indicates the hard and crystalline
lithotype, related to abiotic processes in waters which are typically hydrothermal in origin,
whereas the term “calcareous tufa” indicate a material more porous than travertine, rich in
microphytes, macrophytes, invertebrate and bacterial remains, generally formed in waters
of an ambient temperature. This classification implies some uncertainties, especially when
carbonate deposition occurs from cooled thermal waters, where tufa-like deposits may be
precipitated when the water temperature decreases with distance from the spring orifice.
In Table 1, we use the terms “travertine” and “calcareous tufa” for the deposits based on
the description and terminology used in the reference papers.
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Figure 1. (a) Location of travertine and calcareous tufa sites and simplified lithological map: carbonate
rocks include carbonate platform and pelagic formations, limestone-marls (Mesozoic-Cenozoic),
volcanic rocks include extrusive volcanites (Miocene, Plio-Quaternary, and Holocene), (b) location of
deposits in central Italy. The site 3—Aniene valley includes two outcrops, the first at Subiaco (the
eastern site) and the second at Vicovaro Mandela (the western site).

The travertine and tufa deposition in the sites included in this study occurred during
the last 600 ka [3,12,27,28,31-46]. At present, carbonate deposition is still active (at sites 1, 2,
3,4,6,7,11,14), but on a very small scale [2]; for example, in the Sarteano site, the deposition
is restricted to the discharge channel of the local thermal spa [44]. Some exceptions are the
Rapolano and Saturnia sites, where the carbonate still precipitates abundantly.

Several morphologies were recognized: mounds, fissure ridges, plateaus, terraces,
cascades, and dams. Travertine/tufa deposits are complex systems, and therefore such mor-
phologies coexist frequently in the same deposits. Different geometries depend on multiple
factors—firstly the substrate geometry and topographic gradient, but also the spring orifice
position and its change during time, as well as the water geochemistry. Mounds and fissure
ridges are depositional types typical of vent environments, i.e., associated with spring
orifices. Circular mounds, consisting of domes situated at the spring orifices, can be iden-
tified at sites 1, 4 and 8 [32,35,39]. Linear-to-arcuate fissure ridges are elongated mounds
with a central fissure along the long axis, developing along fractures; this morphology is
recognizable at sites 4 and 15 [12,35,45]. Moving away from the spring orifice, different de-
positional systems can occur, varying from gentle inclines to steep slopes, depending on the
underlying morphology. Variably inclined lobate bodies characterized by smooth to well-
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developed terraced slopes in their frontal part can be formed by waters flowing away from
the vent. Terraced pools, aprons, and self-building channels are distinct forms developing
on steep and smooth slopes, identifiable at sites 1, 2, 4, 11, 12 and 14 [3,28,31,32,35,43,45].
At sites 1, 3, 9 and 12, deposits are developed along the course of the fluvial valley,
i.e., the Tronto, Aniene, Velino and Volturno rivers, respectively. In these cases, dams,
terraces and slope systems, grading from a proximal feeding system into flat marginal de-
posits, are recognized [31,32,34,40,43]. Finally, in a low relief topography, a tabular plateau
can be formed, as in the case of sites 2 and 15 [3,12,33,45]. With the exception of mounds and
fissure ridges, spring orifices are rarely recognizable in fossil deposits, hence the difficulty
of reconstructing the temporal and spatial evolution of travertine/tufa deposits.

Groundwaters from which the travertine/tufa precipitated vary significantly in tem-
perature and chemical composition [47-67]. At sites 3, 5,7, 9 and 12, the travertine/tufa
precipitated from cold waters (T < 15 °C) and Ca-HCO3 and Na-HCOs3 chemical com-
position, typical of cold karstic springs [49,53,55,57,63]. In the other cases, the travertine
precipitated from thermal (T > 20 °C) or intermediate (15 < T < 20 °C) waters, whose chem-
ical compositions include Ca-HCOs (sites 4, 10, 11 [51,59,61]) and are sometimes enriched
in Mg (site 2 [48]) or Na (site 7 [55]), Ca-Cl (sites 14 and 15 [66,67]), Ca-SO; (site 13 [64,65]),
Ca-S0O4 and Na-Cl (sites 1, 6 and 8 [47,54,56]) hydrochemical facies. Their chemistry and
temperature are due to the hydrothermal origins of the groundwaters. In several sites (1, 2,
5,6,9,10, 11, 13), the hydrochemistry of groundwater and hydrogeological data suggest a
mixing process of groundwater from deep and shallow aquifers [27,47,48,54,58,60,61,64,65].
In general, Meso-Cenozoic carbonate formations act as deep, sometimes confined, aquifers
that can be hydraulically connected with shallow, unconfined aquifers through faults and
fractures [27,47,48,60].

Indeed, most of the deposits are located in active hydrothermal settings, in tectonically
active areas, where active faults and fractures offer possible pathways for the circulation
and mixing of deep and shallow fluids and lead to diffuse hydrothermal manifestations,
such as thermal springs and gas vents, next to continental carbonate deposition.

In southern Tuscany, several travertine deposits (sites 4, 11, 13, 14 and 15) occur at
the periphery of the Mt. Amiata volcanic center [12,28,35,42,44-46]. Its magmatism is
characterized by intrusive acidic and volcanic products with associated high-temperature
metamorphism [68]. The location of travertine/tufa deposits and parental thermal springs
is tectonically controlled by regional and local faults; for example, the fluid upwelling
connected to the deposition of Sarteano was favored by the intersection of transcurrent
faults with pre-existing regional normal faults [44], while in the case of the Bagno Vignoni
site, travertine deposition was tectonically controlled by WSW-ENE striking, oblique and
normal faults, associated with a main fault (named as the Violante Fault) [28].

In the Lazio region, magmatism generated several volcanic centers, the activity of
which started approximately 600 ka, with the emplacement of large volumes of potassic and
ultrapotassic lavas and pyroclastics [69]. Several travertine/tufa deposits are associated
with the volcanic centers of the Roman Magmatic Province, such as the Vulsini Mts. (sites
5 and 6 [27]), the Sabatini Mts. (site 10 [41,59,60]) and Alban Hills (site 2 [3,33]) volcanic
complexes. Additionally, in these cases, tectonics controlled hydrothermal setting and
travertine deposits: examples are the transverse faults (NE-SW and N-5) identified in the
Acque Albule basin [3], or the normal faulting that controls the rising of water from the
deep aquifer in the Canino area [70].

In the Veneto region, a travertine deposit (site 8) is located in the Euganean Hills
district, an isolated volcanic body within the Veneto alluvial plain and the most important
geothermal field of northern Italy [56]. This area is within the complex Lessini-Euganei
structural domain, which is part of the transcurrent western margin of the Adria Indenter
and, at the same time, the western boundary of the foreland of the South Alpine thrust
and fold belt [71]. Travertine crops out in the spa town of Abano Terme, and is closely
associated with a fault buried under the Quaternary alluvial deposits [39].
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Finally, in eastern Sicily, a travertine deposit (site 7) crops out on the lower southwest-
ern flank of Mt. Etna., the largest strato-volcano in Europe and one of the major emitters of
magmatic CO, on the Earth’s surface [37]. This volcano grew in proximity to the collision
boundary of the African and Eurasian continental plates due to repeated eruptions of alkali
basalts—hawaiites over the last 200 ka [69].

In the inner and eastern sectors of central Italy, the travertine/tufa deposits crop
out far from the main volcanic centers of the peninsula. Some deposits occur within
the Apennine chain, the Neogene fold and thrust belt formed by the convergence of
the European and Adria-African continental blocks during the late Cretaceous. These
deposits (sites 1, 3, 9 and 12) developed along the course of fluvial valleys, and formed
depositional terraces [31,32,34,40,43]; their formation in some cases was directly connected
to hydrothermal systems and tectonically active areas (sites 1 and 9), and not in other
cases (sites 3 and 12). In the inner sector of central Apennine, several deposits occur
along the Middle Velino valley (site 9); they crop out along the northern boundary of the
San Vittorino plain, an intramontane depression that is the result of extensional and/or
transtensive tectonics, displacement along major fault planes and regional uplift [40].
The plain is characterized by the occurrence of mineralized springs, gas emissions and
sinkholes, as well as recent and historical seismicity. The travertine here likely formed due
to the emergence of mineralized water [72] following intense tectonic activity at the end
of the Middle Pleistocene. Other travertine/tufa deposits, in the inner sector of central
Apennine, crop out along the course of Aniene river (site 3); their formation was due to
fluvial barrage that developed in correspondence with a morphological step, possibly of
tectonic origin [34].

In the eastern part of central Apennine, deposit of Acquasanta T. is located
(site 1) [31,32,47,73,74]. This deposit is associated with an important compressional feature,
the Acquasanta Terme anticline, which was cross-cut by a local transtensional tectonic
regime resulting in dextral strike-slip and minor normal faulting during the Neogene-
Quaternary, that may have controlled the hydrothermal circulation system [73]. Addition-
ally, the Acquasanta Terme system is sustained by a low temperature geothermal field
probably due to a normal geothermal gradient [74], a consequence of long and deep circula-
tion of meteoric fluids infiltrating nearby mountain ranges, such as the Sibillini mountains
to the east [74] or the Laga mountains to the south [47].

Finally, in the southeastern sector of central Apennine, the Rocchetta al Volturno tufa
(site 12) crops out along the Volturno river valley. This deposit was formed by waterfall
that, aggrading and prograding, acted as barrier behind which small accumulation basins
developed [43].

2.2. The Dataset

The dataset is listed in Appendix A. It consists of 163 data on the uranium content
(in ppb) and (34U /%8V)i at 15 Italian travertine and calcareous tufa sites, reviewed from
the following studies: [3,12,27,28,31-46]. The dataset includes only uranium data from
travertine and tufa samples, and not from groundwater, because such data are not available.

The uranium content data from travertines and calcareous tufas are, in principle, not
directly comparable, since the respective depositional contexts differ mainly in terms of
carbonate accumulation rate, temperature and ionic strength of the precipitating waters.
The uranium concentrations in the carbonate precipitates may be influenced by these
variables, and reflect the uranium concentrations in the parent waters. It should also
be noted that there is a considerable uncertainty in the correct classification of tufas or
travertines in the sites reviewed, and travertines can often belong to depositional facies that
recall those typical of tufa, especially if deposited far from the spring orifice. It is therefore
difficult to identify depositional features in each sample. For these reasons, in this study,
it is assumed that the uranium concentration in carbonate precipitates mainly reflects the
concentration in groundwater, irrespective of their attribution to travertines or tufas.
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3. Results

The U content of the sites of this study ranges from 3 to 6390 ppb (Appendix A), with
a median value of 77 ppb. Among the sites, U varies significantly (Figure 2a). Very low
median values (<15 ppb) are calculated for the sites 1, 4, and 8, while very high values are
calculated (>500 ppb) for the sites 5 and 7. Intra-site variability is sometimes recognized,
e.g., sites 2, 5, 6, and 7. Occasionally, outliers are detected (sites 1, 2, 3, 11, 15). Figure 2b
shows the variation of the (33U /238U)i ratio: it varies between 0.91 and 2.879 (Appendix A),
with a median value of 1.106. In most of the sites, the isotopic ratio is between 1 and 1.5,
except for sites 4, 8, and 11, where the ratio is higher, and in general, it is correlated with a
marked intra-site variability. Outliers are statistically detected in sites 2 and 9.
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Figure 2. (a) Box plot of the uranium content measured in travertine and calcareous tufa samples;
(b) box plot of the (B*U/28U)i ratio. The middle line of the plots represents the median; red
asterisks are the outlier values. Site code: 1—Acquasanta T., 2—Acque Albule, 3—Aniene valley,
4—Bagno Vignoni, 5—Bolsena Lake, 6—Canino, 7—Mt. Etna, 8—Euganean Hills, 9—Middle Velino
Valley, 10—Prima Porta, 11—Rapolano, 12—Rocchetta al Volturno, 13—Sarteano, 14—Saturnia,
15—Semproniano. See also Figure 1 for the site location.
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Figure 3 shows the plots of the (***U /23 U)i ratio versus the inverse of total U content of

the reviewed sites. In this type of plot, it is assumed that the (***U/23U)i ratio of travertine
and tufa is the same of the parental groundwater, and also that U content would reflect the
U content in the groundwater. In the reviewed sites, different patterns are recognized, and
related to their hydrogeological setting (summarized also in Table 1):

Site 1—Acquasanta T. The plot shows intermediate to low values of U and a (U /28U
ratio < 1.5; the U-ratio tends to increase as the U content decreases. According to [47],
travertines of Acquasanta are deposited by thermal waters that rise from an aquifer
hosted in a carbonate sequence. Chemical and isotope data suggest the co-existence of
a deep circuit, involving Triassic evaporitic formations, and a variable amount of cold
water coming from fast surface circuits. The recharge area of the deep aquifer could
be identified in the Laga Mts., about 30 km away from the site.

Site 2—Acque Albule. The plot shows intermediate to low values of Uand a (U /28U
ratio < 1.5. According to [48], in the Acque Albule area, a deep confined carbonate
aquifer is connected through tectonic discontinuities to a shallow travertine aquifer.
The recharge area of this deep aquifer could be identified in the Cornicolani Mts.,
about 10 km away from the site.

Site 3—Aniene valley. The plot shows intermediate values of U and a (3**U/?*¥U)i
ratio < 1.2. The calcareous tufa of the Aniene valley is deposited by the cold waters of
the Aniene river, fed by many tributaries and the Agosta spring that, with a discharge
rate of 5400 1/s, has a recharge area corresponding to the carbonate unit of Simbruini
Mts. [49].

Site 4—Bagno Vignoni. The plot shows low values of U and a (**U/?8U)i
ratio > 1.5; the U-ratio tends to increase as the U content decreases. Groundwater
chemistry suggests a deep circulation in a Mesozoic evaporite carbonate reservoir [51].
Tritium data point to a residence time for the deep carbonate aquifer of between 40
and 70 years [52].

Site 5—Bolsena lake. The plot shows a high U concentration (>1000 ppb) and a
(*?**U/%8U)i ratio < 1.2. According to [27], the groundwaters are hosted in part
in an aquifer connected to deep carbonatic formations, and in part in a surficial
aquifer consisting of volcanic products, from the Vulsini volcanic complex, particularly
enriched in uranium (up to 22.9 ppm; [69]).

Site 6—Canino. The plot shows a wide range of U values, from low to high, and a
(334U /28U)i ratio < 1.5; the U-ratio tends to increase as the U content decreases. Ac-
cording to [54], the hydrothermal system, located within buried carbonate structures,
is made up of a shallower zone (where Ca-SO, waters are prevalent) and a deeper
zone (where Na-Cl brines are present). The recharge area can be identified partly in
carbonate structures and partly in the regional volcanic aquifer. As the small carbonate
outcrop of Mt. Canino is not sufficient to explain the flow rate of thermal waters, the
authors of [54] hypothesize that the carbonate structures are locally in contact with
the regional volcanic aquifer that recharges the deep aquifer.

Site 7—Mt. Etna. The plot shows a high U concentration (>1000 ppb) and a (***U/?8U)i
ratio < 1.2. The recharge area of the spring related to carbonate precipitation is
identified in the western flank of Etna Mt volcano [55]. The U content of volcanic
products is up to 4.9 ppm [69].

Site 8—Euganean Hills. The plot shows a very low U concentration (<20 ppb) and a
(***U/%8U)i ratio >2. According to [56], the recharge area of the thermal fluids can
be identified in the Venetian Prealps, situated about 70 km north of the Euganean
Hills. A magmatic contribution, possibly related to vestiges of the volcanic activity
that occurred in the Abano area during the Tertiary age, can be ruled out, on the
basis of the chemical and isotope compositions of gases associated with the thermal
manifestations [56].
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Site 9—Middle Velino valley. The plot shows intermediate values of U content and
a (34U/?%U)i ratio < 1.5. According to [58], the springs of the middle valley of
Velino river and of the San Vittorino plain are recharged by the carbonate units of
Giano-Nuria-Velino Mts. hydrogeological system and by the Mt. Paterno-Canetra
hydrogeological unit. Mineralized fluids of deep origin affect groundwater, which
have particular hydrochemical characteristics (sulphurous water, ferruginous water
with slightly hydrothermal character) in some cases [57].

Site 10—Prima Porta. The plot shows low values of U content and a (***U/?¥U)i
ratio < 1.5. The fossil travertine system of Prima Porta is located at the border of the
Paleo-Tiber Graben, a tectonic depression filled by an aquifer, comprising a thin layer
of volcanic rocks, overlying sandy, gravelly terrains and a thin and discontinuous
sandy, gravelly layer at its base [41]. The chemistry of present-day groundwater
suggests the circulation in a volcanic aquifer, and probably mixing with the alluvial
plain aquifer [59,60].

Site 11—Rapolano. The plot shows intermediate to low values of U content and a
(***U/%38U)i ratio increasing up to 2 as the U content decreases. According to [61],
in the Rapolano area, Mesozoic limestones of the pre-Apenninic belt and associ-
ated travertines are the recharge areas of two well-mixed water types, shallow cold
Ca-HCOj waters and deep thermal saline Ca-SO4(HCO3) waters; further aquifers
confined in Neogene sediments of the Siena basin host cold saline Na-Cl waters, that
appear relatively isolated and are not mixed with the thermal waters.

Site 12—Rocchetta al V. The plot shows intermediate values of U content and a
(34U /238U)i ratio < 1.2. The carbonates of Rocchetta al V. are deposited by the cold
waters of the Volturno river, fed by the Capo Volturno spring that, with a discharge rate
of 6600 L/s, has a recharge area corresponding to the carbonate unit of Mt. Genzana
and Mt. Greco [62,63].

Site 13—Sarteano. The plot shows intermediate values of U content and a (***U /23 U)i
ratio < 1.5. In the Sarteano area, mixing between deep and shallow fluids, initially
of meteoric origin, occurs. Groundwater circulation occurs in a highly fractured,
quasi-continuous reservoir constituted by the Mesozoic limestone and the underlying
Burano anhydrite formation; the recharge area is in Cetona Mt ridge [44].

Site 14—Saturnia. The plot shows intermediate to low values of U content and a
(?3*U/?8U)i ratio just over 1.5. Thermal waters currently discharged at Saturnia are
hosted in a deep aquifer occurring within the Mesozoic carbonate units of the Tuscan
nappe. The residence time, calculated on the basis of tritium data, is about 30 years.
The recharge area is located south of Roccalbegna, 10 km away from the site [67].
Site 15—Semproniano. The plot shows low values of U content and a (>3*U/?3U)i
ratio < 1.5; the U-ratio tends to increase as the [U] decreases. The fossil system of
Semproniano is genetically connected to the hydrothermal system of Saturnia [45],
and therefore the hydrogeological setting can be considered not different.
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Figure 3. For each site, the 23*U/?38U initial activity ratio is plotted against the uranium content,
expressed as 1/U in logarithmic scale.
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4. Discussion

On the basis of data collected and plots of Figure 3, the U content and (?**U/?*U)i
ratio in the travertine/tufa were interpreted to be the results of the not-trivial interaction
between different factors: (a) the U content of the aquifers where groundwater circulated;
(b) the redox conditions of the groundwaters; and (c) the alpha-active radionuclide recoil
phenomenon.

The main factor affecting the uranium in the travertine/tufa seems to be U enrichment
in groundwater through mineral dissolution, which depends firstly on the availability of
U in the aquifer rocks. Volcanic aquifers are generally characterized by rocks with high
radionuclide contents, up to 22.9 ppm of U in the Vulsini volcanic complex (which hosts
the surficial aquifer for site 5—Bolsena lake) and up to 4.9 ppm in Mt. Etna (which is the
recharge area of the groundwater precipitating travertine in site 7) [69]. On the contrary,
the carbonate rocks are characterized by radionuclide contents generally lower than the
volcanic rocks, although data on the U content in carbonate formations are quite scarce. A
value of 2.19 ppm of U is reported for limestones, the Meso-Cenozoic carbonate bedrocks
of central Italy [75], which represent the aquifer of several sites (1—Acquasanta, 2—Acque
Albule, 3—Aniene valley, 6—Canino and 9—Middle Velino valley).

Secondly, the redox state of the waters controls the speciation of uranium and therefore
the presence of uranyl compound which is the U mobile phase. For example, uranyl-
carbonates are the most common complexes in equilibrium with Mt. Etna oxidizing
groundwaters (site 7) [76]. Waters characterized by oxidizing conditions include those of
the sites 3—Aniene valley (Eh = +110 to +481 mV [50]) and 12—Rocchetta al V.
(Eh = +200 to +400 mV [63]) (Table 1). This could explain the relatively high content
of U. Under more reduced conditions, U is very insoluble, and this behavior could explain
the lowest contents of U in the sites 14—Saturnia (Eh = —212 mV [66]) and 4—Bagno
Vignoni (Eh = =106 mV [51]) (Table 1). The residence time of groundwater could also
influence the redox conditions; travertines/tufas will show a lower or higher U content de-
pending on whether groundwaters are deep with long residence times, and thus reducing,
or shallow with short residence times, and thus oxidizing.

The recoil phenomenon in the aquifer constitutes the factor controlling the (24U /?*U)i
in travertine and tufa deposits. This ratio is significantly influenced by water-rock inter-
actions and by the alpha recoil phenomenon. A long residence time of groundwater in
the aquifer, due to deep circulation and/or remote recharge area, may determine intense
water-rock interactions and a selective extraction of 234U, increasing the (>**U/?38U)i ra-
tio. 224U enrichment is especially evident in the reducing groundwaters that precipitated
the travertine deposits of site 1 —Acquasanta T., 4—Bagno Vignoni, 8—Euganean Hills,
14—Saturnia and 15—Semproniano (Table 1); correspondingly, they show low values of
U and a (?*U/?*8U)i ratio that increases as the U content decreases. Their long residence
times are also confirmed by the related hydrogeological studies. Conversely, the low
(***U/%38U)i ratio could suggest a short residence time (as generally occurs in the shallow,
generally oxidizing, groundwaters), determining a scarce >*U recoil enrichment. The
mixing process between different groundwaters can occur, determining intermediate val-
ues of U and a (33*U/?*U)i ratio in the precipitated carbonates. These characteristics can
be observed in some samples of sites 1—Acquasanta, 2—Acque Albule, 5—Bolsena lake,
6—Canino, 9—Middle Velino valley, 10—Prima Porta, 11—Rapolano and 13—Sarteano.
These sites demonstrate mixing between deep-circulating fluids from carbonate/evaporite
aquifers and shallow-cold groundwaters, that circulate through volcanic (e.g., sites 10, 5
and 6), alluvial (e.g., site 10) and travertine (e.g., site 2) aquifers. In these sites, the mixing
processes of groundwater from deep and shallow aquifers are confirmed by geochemical
and hydrogeological studies [27,47,48,60].

Figure 4a shows an idealized cross section that summarizes the occurrence of different
travertine/tufa deposits and the interaction of the factors that influence the U behavior. In
Figure 4b, the samples of travertines/tufas are grouped into four clusters that correspond
to the various occurrences of the travertine/tufa deposits in Figure 4a.
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Figure 4. (a) Idealized section in which the occurrence of different travertine and calcareous tufa
deposits is summarized; (b) the 234U /238U initial activity ratio versus 1/U values with all samples
reviewed from literature. Samples are grouped into four clusters (A, B, C and D) which correspond
to the different occurrences of travertine/tufa in the idealized section. See text for explanation.

Cluster A groups travertine samples from sites 5 and 7, and partly from 6. The data
show very high U concentration (>1000 ppb) and a (*3*U/?*U)i ratio of ~1.2. According
to our interpretation, groundwater, circulating in volcanic rocks with high radionuclide
content, deposited travertines with the highest U contents. The residence time of ground-
waters can be short in the volcanic aquifers, and therefore the 2341 recoil enrichment is
scarce, explaining the relatively low (?**U/238U)i ratio. Oxidizing groundwater conditions
may have favored the U mobility; data on Eh are generally not available to fully confirm
this condition.

Cluster B includes travertine samples from sites 4, 8 and partly from 11, 14 and 15.
These data show a low U concentration (<50 ppb) and an increasing (34U /2%8U)i ratio
from 1.5 to 3. In this case, groundwaters circulating in carbonate/evaporite formations are
not particularly enriched in U due to the relatively low content of U in the reservoir rocks.
The long residence time of the groundwaters in these aquifers, related to deep circulation,
allows a strong 2**U recoil enrichment and consequently an increase in the (***U/28U)i
ratio. In addition, the reducing groundwater conditions, due to a slow and presumably
anoxic deep circulation, may have hindered the U mobility.

Cluster C groups travertine/tufa samples from several sites (1, 2, 6, 10, 11, 13, 14,
15). They are characterized by intermediate to low U concentration and a (34U /?®U)i
ratio lower than 1.5, implying mixing processes of the parent groundwaters; mixing can
occur between groundwaters from deep/carbonate aquifers and groundwaters from the
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other types of aquifers as displayed in Figure 4a: a shallow/volcanic aquifer (C1), a
shallow /alluvial aquifer (C2), and a shallow/travertine aquifer (C3). C4 represents the
mixing between groundwaters from a deep/carbonate aquifer and surface waters from
streams and rivers (C4).

Cluster D exclusively groups tufa samples from sites 3, 9 and 12, which are char-
acterized by intermediate values of U content and a (B*U/38U)i ratio < 1.2. In these
cases, carbonate is precipitated from cold waters associated with river systems, which are
characterized by oxidizing conditions and fed by high-discharge springs recharged by
carbonate aquifers. The oxidizing conditions for these waters are confirmed by the data for
redox potential.

In summary, the residence time of groundwater has been found to be crucial for
every factor affecting the U content and (B*U/38U)i ratio: (i) a long residence time, due
to deep circulation and/or a remote recharge area, may determine intense water-rock
interactions that may increase the uranium content and (234U / 238U)i ratio; meanwhile, the
slow, deep circulation that characterized such conditions may cause anoxia, hindering the
uranium mobility and decreasing its concentration; the natural cases observed in this study
(Figure 4b) demonstrate that the 234U shows a non-significant depletion due to uranium
reduction, thus not showing an evident effect on the fractionation of the (234U / 238U)i ratio;
(ii) a short residence time, due to a shallow and fast circulation, may determine a decrease
in the (?**U/?*U)i ratio, and possibly oxidizing conditions that favor the U mobility.

5. Conclusions

This paper reviews the available data on the uranium content and 2*U /238U initial
activity ratio from 15 Italian travertine and calcareous tufa deposits reported in the relevant
literature. Using the graphical method previously proposed by [27,28], data have been in-
terpreted considering the U geochemistry in natural environments as well as the geological,
hydrogeological and hydrogeochemical setting of each site.

The U content and (33*U/?*U)i ratio in travertines and tufas appear to be affected by
different factors, such as the availability of U in the aquifer rocks, the redox state of the
groundwaters, and the alpha-active radionuclide recoil phenomenon. These factors interact
with each other and determine the U content and isotope ratio of waters responsible for
carbonate precipitation. Four groups of travertines/tufas were identified: (i) those that pre-
cipitated from groundwater circulating, with a short/fast flow path, in volcanic rocks with
a high radionuclide content; these carbonates have a very high U concentration (>1000 ppb)
and a (?**U/?38U)i ratio of ~1.2; (ii) those that precipitated from groundwater circulating,
with a long and deep flow path, in carbonate/evaporite formations with a relatively low
radionuclide content; these continental carbonates have a low U concentration (<50 ppb)
and an increasing (34U /8V)i ratio (> 1.5, up to 3); (iii) those that precipitated from cold
waters associated with river systems, which are characterized by oxidizing conditions and
fed by high-discharge springs recharged by carbonate aquifers; these continental carbon-
ates have intermediate values of U content and a (3*U/%38U)i ratio < 1.2; and (iv) those
that precipitated in hydrogeological settings where mixing between groundwaters from
different aquifers occurs.

The graphical method of [27,28], suitably implemented with a large amount of data re-
viewed from the literature, has proved to be effective for investigating the characteristics of
parental waters and the related aquifers of travertines and calcareous tufas. This approach
might be useful to infer paleo-environmental characteristics of fossil continental carbonate
depositing systems.
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Appendix A

Table A1. Uranium content (in ppb) and 23U /238U initial activity ratio from 15 Italian travertine and

calcareous tufa deposits reviewed from the literature.

1D Site U ppb CTUPU),; Ref. 1D Site U ppb CTU=0),; Ref.
i 15937 BBT] 82 1266 0974 138]
2 16379 B31] 3 12 1133 138]
3 13.108 B3T] 81 2286 T03 138]
5 8 o % — 4 )
5 8545 311 57 Etna Mt TI51 T.008 138]
7 1— 931 T191 132] 58 1073 T.043 138]
8 Acquasanta T. 288.2 1.065 [32] 89 1006 1.086 [38]
g 95 489 32] 90 812 T025 138]
10 232 1354 1321 9T 8 Fugancan hills 17 215 T39]
T 92 7105 [32] ) 3 2.01 [39]
V) 201 T.056 321 % 216 T.05 [40]
13 7.7 T074 32] 91 339 T04 0]
12 102 T304 32] % 9 289 T04 0]
15 106 T02 [33] % Middle Velino Valley 282 T4 T40]
16 118 15 [33] 97 368 T02 [40]
17 238 1T [33] 98 356 T13 0]
18 774 T12 133] 59 1 1275 [T
19 pii .05 133] 00 10— 523 T.065 [T
20 28 1.02 [33] 101 Prima Porta 39 143 [41]
g 77 102 1331 102 15 13 [T
¥ 79 T02 [33] 103 279 T4 28]
3 10 1 133] 104 351 T18 28]
21 610 .06 [33] 105 173 136 28]
% " 31.25 1,056 B3] 106 108 15 128]
26 Acaus Albule 1225 1026 B3] 107 159 157 128]
27 4 26 T115 3] 108 1 2438 6 128]
28 34205 1281 6 09 Rapolano 129 T7T 28]
29 1475 T.004 T3] 110 97 15 128]
30 17 T.084 131 111 76 7108 @]
31 2725 7093 B3] 12 81 091 [42]
2 24,667 T.054 6 13 103 0983 142
3 2525 T.081 6 14 220 T.08 @]
3 211 0958 131 115 50 196 2]
35 265 1027 13] 116 166 106 [43]
36 27 T.006 T3] 17 139 T [43]
37 1585 T107 6 118 43 T12 [43]
33 260 T.06 134] 19 28 16 [33]
39 130 7028 [34] 120 138 113 [43]
0 240 1 4] 21 209 T02 [43]
iy 260 T.059 3] 22 213 T1 [43]
) 230 T037 4] 23 12— 77 T.08 @3]
i 230 T.086 T3] 24 Rocchetta al Volturno T6d 0.99 [43]
v 3— 220 T.008 [34] 125 265 107 [43]
5 Aniene valley 240 T021 [34] 16 115 T4 [43]
16 70 T.082 3] 27 39 T17 [43]
I7 T60 T12 3] 28 13 1 [43]
pL 160 T.066 [34] 129 103 117 [43]
O 70 7078 [34] 130 219 106 [43]
50 510 T002 [34] 131 105 1157 1]
5T 80 T002 3] 132 146 1316 1]
5 g 2.879 135] 33 13— 203 T.028 1]
53 94 1634 [35] 134 Sarteano 21 T17 1]
57 85 2759 [35] 135 155 T077 ]
55 . 79 TOT 135] 136 167 1206 1]
56 Baena Vienon 18763 231 135] 137 129 T125 [5]
57 gno Vig 26.421 23 [35] 138 208 1133 [45]
58 9521 2553 [35] 139 14— 18 1565 [45]
59 21.394 2.498 [35] 140 Saturnia 13 1585 [45]
%0 T3.049 2436 [35] T4 10 1234 [45]
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Table Al. Cont.

1D Site U ppb BTU20), Ref. 1D Site U ppb BTU0), Ref.
61 990 135 1271 142 15.063 [12]
62 1600 119 1271 143 29.783 [12]
63 1520 T18 271 T44 7287 [12]
64 780 1.03 [27] 145 12.908 [12]
5 5— 790 T.03 271 146 7451 2]
66 Bolsena Lake 660 1.07 [27] 147 22212 [12]
67 1010 107 [27] 48 65.13 [12]
68 6390 1.1 [27] 149 30.647 [12]
69 120 1195 271 150 77 1017 [12]
70 210 T.021 271 151 53 T.094 2]
71 128 1349 [36] 152 15— 53 1198 [12]
72 54 1.311 [36] 153 Semproniano 77 1112 [12]
73 51 1426 [36] 154 22 1361 [46]
74 71 1.297 [36] 155 196 [46]
75 i 1566 [36] 156 53 1,094 [45]
76 6— 10 134 [36] 157 53 1198 [45]
77 Canino T4 1.33 [36] 158 77 1112 [45]
78 50 T.09 [36] 159 31 1405 [45]
79 880 T.02 271 160 2.1 T.449 [45]
80 960 1.06 1271 161 22 1361 [45]
81 T410 T.04 1271 162 15 119 [45]

163 9.5 1.307 [45]
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Abstract: A stratigraphy of a buried travertine deposit was developed using stable isotope geo-
chemistry, trace elements, and radiometric dating. The travertine was identified in a well at Prima
Porta (north of Rome, Italy), located at the western boundary of the Tiber Valley, a morpho-tectonic
depression of extensional origin. It deposited close to a spring that discharged groundwaters from
the nearby volcanic aquifer and was associated with the rise of a deep-seated CO,-rich fluid. The
deposition occurred between 53.5 + 10 ka to 24.2 £ 4.7 ka; its activation was probably coeval with the
wettest climatic conditions occurring during Marine Isotope Stage 3, and the end coincided with the
cold and arid phase of the last glacial maximum. The chronostratigraphy showed a strong variation
in the accumulation rate along the depositional sequence, greater in the lower half and much slower
in the upper part, with a sharp decrease in the accumulation rate occurring between 47 and 43 ka.
Isotope and chemical stratigraphy described a temporal evolution of events that are correlated to
the global climatic variability; palaeoclimatic changes, in fact, influenced the hydrological regime
and indirectly the tectonic activity by modulating the emission of deep CO;, the chemistry of the
groundwater, and ultimately the precipitation of the travertine.

Keywords: travertine; stable isotopes; trace elements

1. Introduction

Along the north-western edge of the Tiber Valley, a morpho-tectonic depression of
extensional origin located in the western sector of central Italy, a subterranean travertine
deposit named Prima Porta travertine (PP), was recently identified in a core recovery from
drilling carried out for irrigation purposes. It was studied and described by [1,2]. It is
approximately 3 m thick, lying below 8 m of recent alluvial deposits (Figure 1a,b). This
travertine was likely deposited in proximity to a spring mainly fed by groundwater which
flowed through a volcanic aquifer and was associated with the rise of a deep-seated CO,-
rich fluid.

Previous studies [1,2] aimed to reconstruct the genetic conditions and processes that
led to the formation of the PP travertine deposit using stable isotopes, petrographic features,
and U-Th dating. They have shown that PP carbonate geobody is a calcitic thermogenic
travertine deposited in a low-to-moderate energy environment, such as gently-dipping,
shallow pools of low-angle terraced slopes over its entire depositional history, which
covered about 30 ka years between the late-stage of Marine Isotope Stage (MIS) 3 and the

Copyright: © 2023 by the authors.
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The favorable conditions that led to the deposition of this travertine fit into the context
of extensive tectonics, which involved the formation of the largest morpho-tectonic depres-
sions in central Italy, the Tiber Valley. Along this major regional structure, late Quaternary
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it formed close to a spring of moderate thermal waters at the western border faults of the
graben that housed the paleo-bed of the river Tiber, here oriented NE-SW. It may also have
had a climate control because the deposition period (between 54 and 24 ka) encompassed
the warm, wet conditions that occurred during MIS 3 and the cold, arid phase of the last
glacial maximum, considered climatically adverse to abundant carbonate precipitation
when, however, the deposition of travertine ended.
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Figure 1. (a) Geological sketch of the Prima Porta area and (b) Schematic section of the core (m
a.s.] stands for meters above sea level); the travertine deposit (in blue) is set within the alluvial
sediment of the river Tiber between two levels of paleosols that mark periods of aridity before and
after its formation.

At first glance, the available stable isotope data in [2] did not show interesting
paleoclimate-related changes when plotted versus the core recovery depth, nor events
that could be related to the structural evolution of the area. To verify whether the palaeocli-
matic signal was hidden in the apparent 30 ka continuous sequence, the stratigraphy of
some trace elements was developed in this study and paralleled with the isotopic records.
A group of elements, generally considered to substitute to different extents for calcium
in the crystal lattice of calcite [8], was analyzed by Inductively Coupled Plasma Atomic
Emission Spectrometry (ICP-AES) using the same samples used for measuring isotope
ratios in [2].

Extracting palaeoclimatic and palaeoenvironmental information from terrestrial car-
bonate deposits has been largely applied to Quaternary environmental science research;
nevertheless, speleothems ([9] and references therein) or lake sediments ([10] and references
therein) were used typically for long and detailed palaeoclimatic records, and [11] and
references therein also reported as riverine tufa carbonates can preserve palaeoclimatic
information in their geochemical records, emphasizing that they offer an opportunity to
study details of relatively short-lived climatic events since calcareous tufas occur in nature
with a temporal shorter sequence of a higher resolution due to their rapid accumulation.
Stable isotopes, however, were the most used environmental and palaeoclimatic geochemi-
cal proxies in the time series of continental carbonate sequences (as they are in the marine
stratigraphy), to which chemical stratigraphy has been more rarely applied.

In this paper, we aim for the following targets: First, extracting palaeoclimatic and
palaeoenvironmental information from travertine sequences, although the thermogenic
nature of these geobodies would lead to arguing that the geochemical features can mainly
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reflect endogenic processes; Second, evaluating the potential of elemental parameters in
travertine stratigraphy and their effectiveness in combination with stable isotopes to infer
environmental signals. A multiproxy geochemical approach to sequential carbonate veins
deposited by deep, CO,-rich fluids was successfully used to derive palaeoclimate and fault
movement records of the last 135 ka [12].

2. Geology of the Area

The PP travertine is in the lower Tiber Valley to the north of Rome, in the inner sector
of the Central Apennine fold-thrust belt, a Meso-Cenozoic carbonate thrust sheet that
built up and migrated eastward during the Neogene westward subduction of the Adriatic
plate [13]. From the end of the Neogene to the Quaternary, on the Tyrrhenian side of the
Apennine belt, extensional back-arc processes have occurred: the reduction of the thickness
of the lithosphere, volcanism, extensional basins, and high heat flux [14-19].

Since the Pleistocene (in the last 1.4 Ma), the entire area underwent active uplift [20].
In this period, a juvenile river, the “Paleo-Tiber” [21-24], developed in a palaeo-valley of
tectonic origin with a NNW-SSE trend (Paleo-Tiber Graben [25]); the fluvial sedimentation
was largely driven by glacio-eustatic sea-level fluctuations [26] and mostly characterized
by gravel, sand, and minor amount of mud, deeply entrenched into the Pliocene-Early
Pleistocene marine clay and silt [27]. In the middle Pleistocene, about 700 ka, large explosive
volcanic activity superimposed fluvial development; it originated from the Albani Hills and
Sabatini Mts. and characterized the Roman Area with its peculiar alkaline—potassic eruptive
products, remaining intermittently active until recent times [28,29]. The fluvial deposits
were covered by thick pyroclastic sequences (ignimbrites, phreatomagmatic ashes, pumice,
and ash falls), dating from about 600 to 280 ka [30,31]. This recent tectonic history differs
from the previous extensional regime because it is mainly characterized by N-striking
right-lateral and NE-striking transtensional-to-normal faults [32,33]. These structures have
partially controlled the latest stages of volcanism and related hydrothermal outflows [34]. It
is during this phase, characterized by episodic volcano-clastic contributions from the nearby
volcanic districts, that the river network changed its original N-S orientation, consistent
with the extensional structures, to a transversal direction, wedging its bed between the
Albane and Sabatine vulcanites.

The PP travertine is placed at the top of the Upper Pleistocene-Holocene fluvial incised
valley, which constitutes the Tiber Depositional Sequence ([35] and references therein), a
complex stratigraphic architecture that crosscuts the Paleo-Tiber Graben. The valley fill
was mostly controlled by the last cycle of sea level change (from MIS 5d to MIS 1) and
is composed of basal channel gravels and overlying channel sand and floodplain mud,
respectively ascribed to the late lowstand, still regressive phases (26-14 ka) and to the
late transgressive, highstand phases (14-0 ka). Buried and detached depositional terraces
(locally preserved below more recent deposits) are attributed to the early lowstand phase
(116-26 ka) and record intermittent phases of sedimentation during the general lowering of
the base level.

In the study area, the alluvial plain is ~2 km wide and has elevations ranging from 19
to 22 m above sea level; to the west and east, the plain connects to slightly higher sectors
(up to ~80 m a.s.1.), corresponding to the volcanic hills. The Prima Porta borehole is located
on the west side of the plain, close to the hilly western sector belonging to the Sabatini
volcanic complex (Figure 1a).

Hydrogeology Features

The regional hydrogeology of the area of the Tiber Valley is controlled by strati-
graphic sequences and structural settings. Allochthonous, low-permeability Mesozoic-
Cenozoic (Upper Cretaceous- Paleogene) flysch sequences, and post-orogenic clay-rich
Miocene-Quaternary sediments, overlying Meso-Cenozoic limestones, represent the re-
gional aquiclude [36]. It underlies the Quaternary volcanic and alluvial sediments.

215



Minerals 2023, 13, 789

The area of Prima Porta lies at the northern border of the Paleo-Tiber Graben. The
graben is filled by an aquifer more than 100 m thick towards the southern edge, consisting
of a thin layer of volcanic rocks over layers of sand and gravel. [36]. In the north, around
the study area, the aquifer thickness is reduced. The presence of numerous springs, mainly
located along the eastern side of the valley where the bedrock is shallower than the right
bank, marks the lithological contact between Plio-Pleistocene bedrock and sedimentary
or volcanic rocks. The springs are often ipothermal and sometimes associated with gas
emissions because fluids flow upward along tectonic discontinuities from deep reservoirs.
The chemical composition of the related groundwater is generally dominated by Ca, Mg,
and SO4, which is derived from the dissolution of Mesozoic carbonate rocks and a Triassic
anhydride layer at the base of the carbonate succession. Some groundwater is enriched in
Na and CI, probably due to the dissolution of Miocene-Pliocene marine evaporates [3,37].

3. The Previous Studies

As reported by [2], the travertine body was found between 8 and 11 m of an about 18 m
core drilled on the alluvial sediments of the Tiber Valley. The stratigraphy of the recovery
drill is shown in Figure 1b. Below the travertine, a massive, dark brown/red clayey paleosol
layer of one meter is followed by 6 m thick of grey, massive pebbly, silty sand and clay with
sparse carbonate encrustations, sediments of the Tiber Depositional Sequence [35] that rest
unconformably over yellow-beige, massive, silty sands, attributed to the Paleo-Tiber Unit.
Above the travertine body, a paleosol again marks a break in the depositional episode, and
the upper part of the core consists of beige, massive silts, and clays, which are associated
with a floodplain environment; they likely record the most recent phase of deposition
from overbank flooding of the Tiber River. The travertine is white and characterized by
horizontal to sub-horizontal, irregular, wavy laminations, with alternating dm-thick planar
bedsets and sub-horizontal bedlets; the macro and microscopic observations evidenced
a quite repetitive alternation of undulated layers of rafts and shrubs between micrite
crusts, which macroscopically are substantiated by the sub-horizontal, irregular, wavy
laminations; these structures can be reconducted to a typical low to moderate energy
genetic environments, such as terrace pools or flat ponds. Only in 15 cm out of the entire
thickness are the depositional surfaces steeply inclined (up to 45° dip), in the interval
between 10.15 and 10.30 m depth, indicating that at that position, a slope system, such as
the rims and walls of pools in terraced slope dams, has taken place for a certain elapse
of time. With such exceptions, it is possible to argue that along the vertical profile of the
travertine, the environmental setting did not substantially change during its development,
likely remaining subaqueous and devoid of erosional surfaces.

Stable isotopes of carbon and oxygen from 17 samples collected randomly along the
travertine sequence were also analyzed by [2], allowing the further definition of the genetic
constraints and evidencing the origin of carbon and the environmental temperature (the
isotopic data published in [2] are also listed in Table 1). The high d13C signature, between
+8.8 and +11.2%., reflects non-soil carbon sources and an origin likely associated with the
decarbonation of local carbonate bedrock; the §'80 range is consistent with a carbonate
precipitated from water with an isotopic composition close to that of the present-day local
groundwater and temperatures between 8 and 17 °C [38]. The local groundwater, sampled
in the well from which the core was drilled, showed a pH between 5.9 to 6.2, conductivity
between 3080 and 2752 puS/cm, and temperatures between 18 and 20 °C (data measured at
different periods of the year, November 2012 and March 2013—these data were partially
published in [1]). The discrepancy between the actual water temperature and the calculated
one can be attributed to the distance between the location of the drilling and the now
undetermined spring orifice. Therefore, the carbonate-precipitating water may have cooled
due to surface flow.
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Table 1. Elemental composition, stable isotopes, U/Th ages, and depth of the samples from PP
travertine core. (Stable isotope data and U/Th ages are from [2]).

Sample Depth (m)  §"3C (%o) 8180 (%o) Fe (ppm) K (ppm) Mg (ppm) Mn (ppm) Na (ppm) Sr (ppm) Age (ka)
TR8 C 7.90 11.84 -3.30 577 819 3710 1291 913 1027
TR8 E 7.98 11.42 -3.29 477 961 4184 1480 1151 1133
TR9 C 8.08 10.57 -3.11 752 809 3694 1637 912 850 242
TR9L 8.38 11.65 —-3.37 449 1019 3765 1775 1167 1201
TRI P 8.55 11.26 -3.25 474 934 3909 1593 1042 894 44.6
TROU 8.76 11.24 -3.6 638 830 2947 1395 908 727
TR9 X 8.84 11.54 —-3.41 586 706 2370 1127 672 478
TR9 Z 8.97 11.06 —3.06 678 667 2463 1551 656 432
TR10 C 9.10 10.81 -3.15 740 665 2197 1287 656 459
TR10 E 9.18 10.38 —3.54 491 668 2107 1247 630 445
TR10 F 9.23 10.83 —3.32 508 656 2248 1179 624 439 50.4
TR10H 9.32 10.61 -3.16 612 638 1805 1271 593 315
TR10 O 9.54 11.00 —3.30 590 677 2364 953 667 350
TR11 G 10.07 11.54 —2.93 541 672 2671 1239 716 336
TR11 M 10.35 11.52 —2.88 604 700 2992 1176 736 361 53.5
TRI11 P 10.46 11.22 —3.08 694 774 2493 1392 757 339
TR11 R 10.53 11.82 —2.66 790 712 3360 1047 767 412

The most striking aspect of the isotopes of this travertine is the complete absence of
any correlation between the two variables (Figure 2a); this suggests that the environmental
conditions remained stable throughout formation unless a thorough diagenetic isotope
resetting did involve the entire carbonate body after the completion of deposition. Ref. [2]
detected the effects of diagenesis in the secondary deposition of cement only, although not
very frequent; some microfractures filled by sparite crystals and re-crystallization forming
darker micrite surrounded by cloudy micrite or sparite crystals were observed. These
cements were randomly analyzed for stable isotopes; they resulted similarly or identically
to the primary calcium carbonate as if it may be constituted by early diagenetic fabrics
connected to syn-sedimentary fluids. Post-depositional precipitation of sparry calcite
within the porosity was revealed in a singular case by the total carbon isotope reset due to
organic carbon incorporation. The largely maintained depositional pore network and the
absence of primary precipitation of aragonite suggest that post-depositional dissolution
and reprecipitation events did not occur on a large scale; finally, considering that (i) the
quantity of cement that lines the voids and pores is quite limited and, (ii) the isotope
composition of the cement is similar to that of the bulk rock and micrite samples in most
cases, cementation probably did not cause a significant diagenetic resetting of the isotope
signature. Instead, re-crystallization is generally considered a process relating to early
diagenesis [39] or a syn-depositional process [40]. In these cases, it is reasonable to assume
that circulating fluids had the same characteristics (e.g., temperature and 5'20) as the water
from which carbonate precipitation occurred and, therefore, the observed re-crystallization
had no significant impact on the isotope ratios.

U/Th dating of the travertine of four approximately equally spaced levels yielded
the following ages: 53.5 + 10 ka, 50.4 & 8.7 ka, 44.6 + 6.4 ka, and 24.2 & 4.7 ka, which
were respectively placed at 10.35, 9.23, 8.55, 8.08 m from the top of the core (data already
published in [2] and reported in Table 1). The deposition history of the travertine deposit
encompassed a period of great climatic variability (intercepting both the MIS 3 and the
MIS 2) within a general cooling trend which had its peak at the last glacial maximum.
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Figure 2. (a) Scatterplot of stable oxygen and carbon isotope compositions from Prima Porta travertine
samples, data are from [2]; (b) 513C and 5180 profiles of the travertines of Prima Porta versus depth

of recovery.

4. Sampling and Analytical Method

Sampling was described by [2]. On the 17 samples in which stable isotope ratios
were determined, the concentrations of Sr, Mn, Mg, Fe, Na, and K were analyzed by ICP-
AES with a Varian Vista RL CCD Simultaneous ICP-AES spectrometer with an axial torch
(Department of Earth Sciences, Sapienza University, Rome, Italy).

A 3% solution of hydrochloric acid (HCI) was added at room temperature to about
200 mg of each powdered sample and maintained under stirring. The acid was intro-
duced in successive small additions while monitoring the pH. Upon completion of the
acid-carbonate reaction, after about 1 h, the solution was filtered (0.2 p). Following the
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principles described by [41], this approach aimed to minimize the dissolution of cations
from silicate impurities in the bulk carbonate sample, whereas oxide compounds were
at least partially dissolved. All solvents and reagents were of the highest purity grade
commercially available. Deionized water (resistivity 18 MQ cm~!) obtained from a Milli-Q
purification system was used to prepare all standard and sample solutions that were even-
tually analyzed by the ICP instrument. Emission lines for ICP-AES analysis were chosen
according to previous interference studies. Internal standards were added to compensate
for any effects from acid or instrument drift. Analytical precision was calculated as the
percent relative standard deviation of a set of ten repetitions of the same sample of traver-
tine calcite in any single session of analysis. Results indicated precision values always less
than 5% for Sr, Fe, K, and Na elements, of which the concentrations were between 2 and
5 mg/L in the sample digestion acidic solutions; always less than 3% for Mg and Mn which
were between 5 and 20 mg/L. Accuracy was evaluated on standard solutions and was less
than 10% for all elements. The measurement conditions and emission lines are listed in
Tables Al and A2 of the Appendix A.

5. Results

As already determined in [1,2], the PP travertine is totally calcite, with no relics of
aragonite crystal structures (radiated fibers or needle aggregates) upon observation of
thin sections. The mineralogy of the CaCO3 phase is the prime factor determining the
concentration of a trace element in its lattice [8].

Table 1 shows the results of the chemical analysis together with the results of isotopic
analysis and U/Th dating.

Covariation plots of travertine chemistry allow us to establish when the presence of
cations is related to a common process that, for Sr and Mg, is dominantly the substitution
for Ca in the calcite crystal lattice. Figure 3 shows that these two elements are strongly,
positively correlated. Na and K are strongly positively correlated with each other and, in
turn, correlated with Mg and Sr. All these elements seem to mainly be substitutes for Ca.
Since their behavior is essentially in agreement and since it is reasonable to assume that their
partition coefficients between water and solid phase respond differently to temperature,
deposition rate, and salinity, it is possible to conclude that their abundance is mainly related
to the respective concentrations in the travertine-precipitating waters. Consequently, the
elemental variations as a function of time reflect the different rates of silicate mineral
dissolution from the volcanic aquifer.

Whereas iron is definitely uncorrelated with other cations, Mn shows intermediate
behavior. It must be concluded that iron may represent a detrital fraction present in the
travertine or a residual component, made of oxides and hydroxides and produced during
travertine deposition or post-syn-sedimentary travertine dissolution; manganese is a mix
between the calcite crystal lattice incorporation and other provenances.

Chemical data, when stratigraphically plotted versus depth (Figure 4), show common
features, as obvious for the highly correlated elements (Mg, St, Na, K). These trends can be
summarized as low concentration levels in the lower section, between 10.5 and 9.3 m, and
an apparent gradual increase towards the top. For Mn, this trend is barely visible, and it is
absent for iron.
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Figure 3. Covariation plots of PP travertine chemistry. Sr and K are strongly correlated with Mg and,
in turn, are strongly correlated. Na is not presented in these scatterplots as it behaves similarly to K.

75

500

Mg
8.0

8.5 A

9.0 A

9.5 4

depth (m)

=

0.0 -

10.5 1

11.0

ey

7.5

500 2500 3500 4500

(ppm)

Mn
8.0

85 A

9.0 1

9.5 4

depth (m)

10.0 -

10.5

11.0 T

500 1000 1500 2000

(ppm)

1000
Mn (ppm)

1500

2000

(b) 4500
4000 +
3500 -
3000 -
2500 H
2000 -
1500 +
1000 4
500 -

0

Mg (ppm)

R?=0.7303

(d) 4500

500

1000
K (ppm)

1500

2000

4000 A
3500 -
3000 -+
2500 +
2000 +
1500 -
1000 -
500 A

0

Mg (ppm)

7.5 7.5
K Fe
8.0 1 8.0 -
85 4 8.5
90 4 90 |
£ £
£ £
295 A 295 1
© ©
10.0 A 10.0 4
10.5 - 10.5 4
11.0 v 11.0 :
500 1000 1500 0 500 1000
(ppm) (ppm)
7.5 7.5
Na Sr
8.0 1 8.0
8.5 o 85
90 A 901
£ £
= £
9 9.5 - 295 4
© kel
10.0 4 10.0 A
10.5 4 10.5
11.0 - 11.0 . .
500 1000 1500 0 500 1000 1500
(ppm) (ppm)

Figure 4. Chemical data plotted versus depth.

220

500

1000
Fe (ppm)

1500

2000



Minerals 2023, 13, 789

6. Discussion

Minor and trace elements Sr, Mn, Mg, Fe, Na, and K were analyzed as they can
potentially substitute, to varying degrees, for Ca in the CaCOj (calcite) crystal lattice. Sr
and Mg were selected because they are abundant and the most common substitutes for
Ca. The partition of Mg between calcite and water has been extensively studied in marine
solutions, and it depends on several factors; nevertheless, in freshwater environments
with low ionic strength and low Mg/Ca ratios (<1), it is possible to argue that its content
in the calcite precipitates is determined only by the Mg/Ca ratio and the temperature of
the parental water [42,43]. The variations in Mg content observed in the PP travertine
may be partly due to temperature changes. Still, its strong correlation with Sr, whose
behavior as a function of temperature is generally irrelevant [44,45], suggests that the
main factor for forcing the Mg and Sr variations is their content fluctuation in the water.
Na and K incorporation is thought to occur predominantly by substitution for Ca, as
the correlation with Sr and Mg would indicate; this substitution occurs with a charge
imbalance that had to be compensated by further chemical substitution. Their abundant
presence in the travertine (on average 800 and 750 ppm) indicates that travertine parental
groundwater largely interacted with the aquifer of the nearby Sabatini volcanic complex,
one of the largest centers of the alkali potassium Roman volcanic province. The water
chemistry reported by [1] measured at the PP well also shows a high concentration of Na
and, especially, K (146 and 203 mg/L, respectively). Finally, iron and manganese, which
in principle can substitute for Ca in the calcite lattice, as Fe (II) and Mn (II), do not seem
to have this provenance, as they are uncorrelated with the other elements. Their presence
in the aqueous solutions that precipitate the PP travertine could be relatively abundant
as the field parameters measured in local groundwater in different periods show slightly
reducing features and a pH around 6; after the emergence, the presumable progressive
transition to oxidative features of these waters may have led to the oxidation of iron and
its precipitation as insoluble oxides and hydroxides (when it is not already precipitated as
insoluble FeCQOj3); whereas Mn (II), which is stable at this oxidation state in natural surface
environments, is likely precipitated as MnCOj3 even if a certain possibility of incorporation
into the calcite crystal lattice cannot be totally excluded. Furthermore, iron may also have
concentrated in residual products after post- or syn-sedimentary processes of travertine
compaction and dissolution. The same fate may have involved Mn, given the difference of
several orders of magnitude in the solubility product between calcite and rhodochrosite
mineral phases [46]. Since the acid attack used for the analysis can dissolve both the oxide
and the carbonate phases, the results likely reflect the cationic substitutes of the calcite and
the sedimentary residual fractions. The results of the iron and manganese contents may
have been affected by the latter components.

6.1. PP Travertine Chrono-Stratigraphy

Using the four U/Th dates, an age model was drawn and shown in Figure 5a. The
points, representing ages versus depths, have been linearly interpolated, and consequently,
a constant accumulation rate is assumed; it is displayed, expressed in centimeters per
thousand years, as a three-stepped line in Figure 5b. This representation has the evident
drawback of introducing artificial discontinuities in the sedimentation rate but the ad-
vantage of making evident the remarkable difference between the bottom and the top of
the travertine sequence. Simple calculations allow us to estimate that after the first 10 ka,
the average accumulation rate varied from 35 to 12 cm/ka, whereas in the last 20 ka, it
dropped by one order of magnitude, on average, to 2.4 cm/ka. It is evident that most
of the travertine was deposited on terraced sediments between 55 and 45 ka; from 45 ka
onwards, the precipitation was still active until at least 24 ka and potentially until 16 ka,
but at a considerably slower rate; the upper 50 cm have the longest duration, exceeding
20 ka. The period over which the PP travertine formed corresponds to MIS 3 (57-29 ka) and
part of MIS 2 (29-14 ka) [47]. Climatically, this period was characterized by considerable
variability; millennial-scale Dansgaard—Oeschger (DO) cycles (abrupt temperature rise
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followed by gradual cooling) [48,49], episodically interrupted by cold phases (Heinrich
events), superimposed on a cooling trend which culminated in the last glacial maximum
(LGM) (26.5-19 ka) [50], when the global ice volume reached its maximum expansion and
the eustatic sea level was at its lowest.
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Figure 5. (a) Age model developed from the U/Th ages and the depths of the samples which were
measured for U/Th dating technique, age model dots have been linearly interpolated; (b) Accumula-
tion rate of PP travertine derived from the age model (blue prolongations of the line represent the
linear extrapolation of accumulation rate outside the measured age interval).

The age model allowed the conversion of the chemical and isotopic data from the
depth to the time domain (Figure 6). The elemental records versus time are clearly similar
(Figure 6), except for iron (not reported in the figure). Concentrations in ppm show lower
values between the 55 and 45 ka interval, after which a sudden positive shift is evident.
The duration of the shift is about 4 ka. Hereafter the curves maintain a constant trend up to
16 ka, which marks the end of travertine deposition according to the linear extrapolation of
the accumulation rate. The oxygen isotopes behave concordantly with the Ca-substitute
elemental profiles: they show a decline in the 55-47 ka interval and a steady state after
43 ka; the variations recorded by the isotopic curve are very limited and are always less
than one delta unit.

Referring to the detailed Greenland ice core data record (NGRIP) of global-scale climate
evolution during the period of formation of the PP travertine sequence, it is possible to
correlate the lower end of the sequence with the sharp climatic amelioration that took place
at 54 ka coinciding with Dansgaard-Oeschger (DO)-14. This climatic event could mark
the onset of PP deposition; the subsequent cooling trend of the DO cycle could be found
in the concave profile of some PP records, such as those of Mg and isotopes. The upward
recovery of the curves and the termination of this interval coincide perfectly with the abrupt
temperature increase related to DO-12 at 46.5 ka. In this perspective, the oxygen isotope
record can be interpreted to reflect the oscillation of oxygen isotopes in the precipitation
waters that fed the local aquifer, and the variability in the calcite elemental concentrations
must therefore reflect the variation of the ratio of trace elements to calcium (X/Ca ratio)
in the groundwater. From the 47 ka onwards, the NGRIP record shows successive DO-
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cycles superimposed to a general trend leading to the LGM; the last 26 ka recorded in
the travertine data have a much minor time resolution due to the dramatic fall in the
accumulation rate, inferior to the minimum to detect the next climatic oscillations. The
general trend does not allow for even the identification of the LGM. It shows a slight
decrease in elemental concentrations of Ca-substitutes, especially evident for Sr, and a
slight negative peak for 5'3C.

The palynological signature for the last 300 ka from the Valle di Castiglione site [51],
only about 25 km southeast of the PP travertine location, marked major local vegetation
events that can be correlated with global climate change. The curve in Figure 6 represents
one aspect of the processing of palynological data: the ratio (in percentage) between
arboreal and non-arboreal pollens, which provides a record of humidity evolution. The
positive peaks can be interpreted as corresponding to relatively humid times (more arboreal
pollens), whereas depressions represent relatively dry times (less arboreal pollens). In the
development period of the PP travertine, the pollen record shows a decrease in humidity
from a peak placed before the onset of PP deposition (not shown in the figure); within the
interval between 54 and 47 ka, a rise of humidity and its successive decline is apparent
(Figure 6). After the period when the maximum development of PP travertine ends, the
pollen recorded its driest conditions, which, aside from episodic weak recoveries, remained
stable until the LGM.
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Figure 6. Comparison of different palaeoclimatic records between 15 and 55 ka. From the top: isotopic
records of PP travertine; alkali and alkaline earth metal records expressed in ppm of PP travertine;
sea level change from [52]; arboreal to non-arboreal pollens ratio expressed in percentage from [51];
NGRIP 180 record (numbers represent the DO events) from [48].
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6.2. Climate Evolution in PP Travertine Records

The climatic evolution described by the Greenland ice core data record [48], Valle di
Castiglione palynological stratigraphy [51], and sea level record from [52], displayed in
the lower half of Figure 6, has influenced the chemistry of the PP travertine-precipitating
groundwater. The variations in all elemental and isotopic records can be traced to variations
in climatic changes on a global scale, as the correlation with the NGRIP record, especially
between 54 and 43 ka, would demonstrate. The cooling event after DO-14, which started
at 54 ka, was recorded in the oxygen isotope record as a decrease in 5'0 of precipitation
waters; it was, however, a period of relatively high humidity. The 5'3C record has a trend
concordant with the §'80 record showing an inflection that is expected to reflect either a
decrease in spring CO, outgassing related to atmospheric cooling or a decrease in the deep
CO;, component of the gas emission, the latter leading, in turn, to an increased contribution
of more negative soil CO,. After 50 ka, both isotopic records showed a modest recovery as if
to restore the initial conditions. However, the superimposed trend of climatic deterioration
that led to the glacial phase created cold/arid conditions and a progressive decrease in
sea level, which resulted in a reduction in the availability of groundwaters. The alkali
and alkaline earth metal records showed little to no change at the first cooling as a mostly
humid interglacial climate persisted. It evidently caused only a decrease in Mg/Ca ratios
in groundwater or a possible temperature-dependent decrease in partition coefficient. At
about 48 ka, when the oxygen record stabilizes at its lowest level (around —3.3%0), all
elemental concentrations show a sudden shift to higher values. Minerals containing Ca
have greater resistance to weathering due to water-rock interaction, so this shift reflects
a greater dissolution of metals from volcanic aquifer rocks relative to Ca. A decrease in
water aggressiveness to the aquifer rocks can be inferred. The increase in X/Ca ratios in
groundwater can be interpreted as a result of the increasing pH due to a reduction of the
deep CO; input at the shallower crustal levels. This event may have followed a change in
the hydraulic conductivity related to a fracture restriction driven by locally reduced pore
pressure resulting from decreased groundwater recharge. The reduction of CO; surface
emission reduced the input of carbon from deep sources, and the lowering of the regional
water table greatly influenced water availability; both events dramatically reduced the
precipitation rate of the PP travertine.

7. Conclusions

A recent study on the product of drilling carried out on the right bank of the Tiber
River Valley, immediately northeast of Rome (Prima Porta), revealed the presence of a 3 m
thick travertine body lying below 8 m of alluvial deposits. It was studied for isotope and
chemical stratigraphy and U/Th dating. This travertine was deposited near a spring fed
by groundwaters from the volcanic aquifer of the Sabatini mountains. It was associated
with the rise of thermal, CO,-dominated fluids from the deep crust through direct faulting
related to the graben hosting the Tiber Valley. U/Th dating has shown that this travertine
body was formed in the period 55-16 ka, and that about 46 ka ago, the accumulation rate
of the travertine sequence recorded a sharp decline. Age data from Prima Porta, although
having a high level of uncertainty, suggest that travertine deposition started approximately
coeval with the wettest/high-temperature conditions of the DO-14 event, whereas the
end of deposition would coincide with the cold and arid phase of the LGM. Isotope
records of the travertine layers described a palaeoclimate coherent to this evolution, even
if the signal cannot be interpreted from 43 ka onwards because of the reduced sampling
resolution. Chemical records seem to reflect the element variations (at least for those which
substitute for Ca in the travertine calcites) in the travertine-precipitating groundwaters:
after an approximately constant level in the 55-47 ka interval, a remarkable shift towards
higher content occurred lasting about 4 ka; this shift was coeval with the accumulation
rate reduction and with the definitive establishment of arid and cold climatic conditions.
After this event, the elemental records remain steady until the top of the sequence. This
event has a remarkable palaeoclimate connotation as shown by its correlation with the
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following events: (i) the abrupt temperature increase that marks the DO-12 at 46.5 ka and
its subsequent descent, (ii) the end of the warm, humid peak registered by pollen record
of Valle di Castiglione, (iii) the onset of a definite sea level decrease (and a climate trend
that led from MIS3 to MIS2 and to the LGM). Its clearest evidence in the chemical records
and accumulation rate rather than in isotopes is because this event is related to effects that
have had a strong impact on the hydrological system. The relatively rapid settling down
of the glacial and arid climate triggered a series of events resulting from the lowering of
the regional aquifer water table. The decrease in water availability caused a reduction in
the hydrostatic pressure and fracture openings in the crust; this may have contributed to
changing the hydraulic conductivity of the faults with a consequent reduction of CO; input
into the groundwater, which became less aggressive towards the rocks of the aquifer; the
reduced dissolving capacity of the groundwater changed its chemistry which was recorded
in the carbonates deposited upon its emergence.

The establishment of glacial and arid climatic conditions, therefore, had simultaneous
effects on the groundwater level and the fault movements, with consequences on the
depositional-erosive process of the PP travertine.

This paper demonstrates the efficacy of a multimethod approach, using trace ele-
ments in combination with isotopes and dating techniques, to address the difficulties of
untangling the palaeoclimatic signals present in travertine deposits. These are continental
sedimentary geo-bodies often scarcely considered for palaeoclimatic investigation com-
pared to speleothems (or calcareous tufas) because they are endogenous and, therefore,
less influenced by surface environments. Nevertheless, the information they provide can
be even more organic if we want to deduce the evolution of the climate together with its
interaction with the earth and the environmental dynamics.
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Appendix A

Table A1l. Main operating conditions for ICP-AES analysis.

RF power 1.3 kW
Gas Ar 99.999%
Plasma Ar flux 16.5 L min~!
Auxiliary Ar flux 1.5L min~!
Nebulizer Ar flux 0.70 L min !
Sample aspiration rate 1 mL min~!
reading 30s
number of replicates 3
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Table A2. Analytical characteristics of the ICP-AES method.

A [nm] LOD * [mg kg~1]

Na 589.592 2

K 766.490 4

Ca 396.847 0.06
Mg 279.553 0.04

Fe 259.940 0.8
Mn 257.610 0.08

Sr 407.771 0.05

* LOD Limit of detection (3s detection).
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Abstract: Travertine spring mounds are common in Slovakia; however, their age and depositional
temperature are still poorly known. Our study is the first multimethodological investigation involving
stable carbon, oxygen, and clumped isotope (A4y) analyses and U-Th age determination of travertine
mounds from different locations in Slovakia (Santovka, Dudince, Cerin, Besetiova, Liptovsky Jan,
Liptovské Slia¢e, Vysné Ruzbachy, Ganovce, and Siva Brada) to provide information about their
age, origin, precipitation conditions, and temperature. The positive 5'>C values imply that the
parent water was charged with heavy CO, of deep origin. The §'80 values of spring waters range
between —11.4% and —8.9%., whereas the §2H values vary from —80.5%. to —58.3, indicating a
meteoric origin for spring waters. Clumped isotope compositions (A47) correspond to a deposition
temperature between 4 °C and 32 °C. The U-Th age data of the studied travertines vary from
1.2 (Liptovské Sliace) to 301 ka (Dudince). Our results can serve as a basis for further detailed
geochronological and geochemical studies to reconstruct the paleoclimate and paleoenvironment
during travertine deposition periods in Slovakia since the mid-Pleistocene transition.

Keywords: travertine spring mounds; Slovakia; stable and clumped isotopes; U-Th dating

1. Introduction

The interest in travertine deposits as a paleoenvironmental and paleoclimatic tool has
been well documented around the world. Recently, studies on travertines in Slovakia have
compiled information on the forms, environments, facies, and ages of travertine sites [1,2],
with a primary focus on the northern region of the country [3-5]. However, detailed
information on the age, internal structure, and depositional environment is scarce in other
regions of the country, where prior research has been limited to geothermal potential,
hydrogeochemical, paleobotanical, and paleontological studies [6-10].

Situated in a tectonically complex area of the Western Carpathians and the northern
edge of the Pannonian Basin, Slovakia has a favourable geological and tectonic structure
for the occurrence of mineral and thermal waters in its territory, as well as several natural
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travertine that form springs [1,2,11]. Some of the Slovakian springs present unique features,
such as mounds and cones (e.g., Santovka, Dudince, Bojnice, Vysné Ruzbachy), and exhibit
a rather low temperature of precipitation (e.g., Mi¢inské travertiny —8 °C) [12].

Spring mounds are spectacular forms of travertine deposits characterized by a circular
topographic rise that develops around a spring vent. From the surface of a travertine
mound, the water flows downward in depressed routes, precipitating calcium carbonate,
calcite, and aragonite [13,14]. Travertine morphology is controlled by various factors, such
as basement relief, potentiometric surface, CO, pressure, water chemistry, and tempera-
ture [4,14].

The potential preservation of physical, chemical, and microbial signatures, due to rapid
precipitation, makes the travertine deposits valuable archives of environmental, geothermal,
and geological processes that occur during periods of spring activity, in addition to allowing
the identification of the temperature of carbonate-forming fluids, as well as the timing of
precipitation [15-20]. In the present paper, we provide new stable isotope and radiometric
age for active and inactive travertine mounds in Slovakia. The research focuses on the stable
isotope geochemical study of these mounds, including the estimation of the deposition
temperature and oxygen isotope composition of the travertine precipitating paleofluids
using a carbonate-clumped isotope thermometry method.

2. Geological Settings

Slovakia (Figure 1A) is part of the Western Carpathians and was formed as a result
of multiple tectonic processes involving the Variscan and Alpine tectogenesis [21,22]. The
internal portion of the Western Carpathians is built by a nappe stack, which is represented
by thick-skinned tectonic units (Gemericum, Veporicum, Tatricum) covered by a thin-
skinned nappe system predominantly composed of Mesozoic variable carbonate rocks
(Silicicum, Hronicum, Tatricum, Fatricum). Mineral springs are abundant in the country
and are primarily associated with the Mesozoic carbonates and evaporites, as well as the
Tertiary marine sediments. In several areas, travertine have been formed along deep faults,
where some, such as the Variscan and Alpine faults, also provide escape routes for CO, [23].

The southern part of the territory is characterized by vast lowlands, extensions of the
Neogene Pannonian Basin [24]. The travertine mounds located in this area (1—Santovka,
2—Dudince; Figure 1B) are situated on the Neogene volcanites that cover the nappe
stacking formations of the Internal Western Carpathians. The basement of the volcanites is
the Hronicum nappe near Santovka and the Veporicum tectonic units near Dudince. The
Triassic part of these units consists mainly of limestone, which is the source of the dissolved
carbonate content of the travertine-depositing mineral waters [8].

In the central region of Slovakia, the Cerin spring mounds (3, Figure 1B) rest directly
on the Pliocene fluvial and the Holocene deluvial deposits in the Slia¢-Hron region, which
is part of the Neogene volcanites. The volcanic rocks lie on the deformed Mesozoic nappe
system predominantly composed of Triassic limestone and dolomite of the Hronicum and
Silicicum units [22]. Travertine springs at Liptovské Sliace (4), BeSeriova (5), and Liptovsky
Jan (6) (Figure 1B) were formed at different times and locations along tectonic faults in the
Liptov Basin [25]. The basin is an intramountainous depression in the Internal Western
Carpathians and is filled with Palaeogene sediments. The Mesozoic nappes, specifically
the Triassic limestone and dolomite of the Hronicum unit and the Cretaceous limestone
and marlstone of the Fatricum unit, form the basement of the Paleogene deposits and serve
as sources for the dissolved carbonate content of mineral and thermal waters that feed the
Liptov travertine springs [26].

The spring mounds located in northeastern Slovakia (7—Ganovce, 8—Vy$né RuZbachy,
and 9—Siva Brada; Figure 1B) are directly situated on the Holocene deluvial and fluvial
deposits. The springs are recharged from limestone, dolomite, and evaporites of the
Mesozoic nappe system. At Siva Brada, the recharge source is derived from the Hronicum,
Tatricum, and Veporicum units, while at Vy$né Ruzbachy and Ganovece, it is acquired from
the Fatricum and Hronicum units [27].
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Figure 1. (A) Geographical setting of Slovakia and (B) tectonic sketch of Slovakia, modified from
Hok et al. [26].

3. Materials and Methods
3.1. Field Studies and Sampling

The field research of this study was focused on active and inactive travertine spring
mounds that occur at Santovka, Dudince, Cerin, BeSefiova, Liptovsky Jan, Liptovské Sliace,
Vys$né Ruzbachy, Ganovce, and Sivé Brada (Figure 2). The sampling covered sections from
the top to the base of each spring mound, starting with the vent and moving along the
channels towards the distal parts downstream. In the case of active deposits, spring waters
were also sampled at the vent and collected in 100 mL plastic bottles for stable isotope
analyses. The basic physicochemical parameters of the water (pH, temperature) were
measured in situ with a multi-parameter portable meter (WTW ProfiLine pH/Cond 3320).
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Figure 2. Sampling sites in Slovakia. (A) Spring mound in Santovka Village; (B) Hoste¢ny mound
in Dudince spa; (C) Cerin spring mound (Miéinské travertiny); (D) Mound slopes with cascades in
BesSeriova; (E) Kad’a natural crater in Liptovsky Jan; (F) Vysny Slia¢ crater; (G) Ganovce travertine
spring; (H) Vy$né Ruzbachy mound lake travertine; (I) Siva Brada mound with recent orifices.
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3.2. 6180, 613C, and 6°H Analysis

The stable carbon and oxygen isotopic compositions (5!'3C, §!80) of the travertine
samples and the oxygen and hydrogen isotopic compositions (580, §2H) of the water
samples were performed using a Thermo Scientific Delta plus XP mass spectrometer
(Thermo Scientific, Waltham, MA, USA) equipped with an automated GasBench II in the
stable isotope laboratory of the Institute for Geological and Geochemical Research (IGGR),
Research Centre for Astronomy and Earth Sciences (Budapest, Hungary). A total of samples
were selected, powdered, and homogenized using an agate mortar and pestle, and stable
carbon and oxygen isotope measurements were carried out on the bulk carbonate samples
using the continuous flow technique with the H3POy digestion method [28]. The 580
values of the water samples (6'80,,) were measured using the CO,—water equilibration
method [29]. The hydrogen isotope compositions were determined using the Pt-assisted
H,-H;0O equilibration [30].

Isotopic compositions of all the carbonate samples were measured in duplicate, and the
water samples were measured in triplicate. The mean values are reported in the standard
d-notation in parts per thousand (%o ) relative to Vienna PeeDee Belemnite (V-PDB; §13C and
6180) and Vienna Standard Mean Ocean Water (V-SMOW; 5180y, 62H). The reproducibility
is better than 4-0.1%. for the 5§!*C and §'80 values of carbonates and 4-0.1%0 and £2%.
for 8180y, and §?H, respectively. The accuracy was routinely verified by replicating the
measurements of the laboratory standards calibrated to NBS19 and LSVEC.

3.3. Clumped Isotope Analysis

Clumped isotope analyses of the carbonates were carried out at the Isotope Climatol-
ogy and Environmental Research Centre (ICER), Institute for Nuclear Research (ATOMKI),
Debrecen. The analysis of the carbonate samples was performed on a Thermo Scientific
253 Plus 10 kV Isotope Ratio Mass Spectrometer after phosphoric acid digestion at 70 °C
using a Thermo Scientific Kiel IV automatic carbonate device.

The negative background, which is caused by secondary electrons, was corrected by
the application of the pressure-sensitive baseline correction [31] on all the raw beam signals.
Approximately 100-120 ug aliquots of each carbonate sample measurement were replicated
11-12 times and measured alongside the carbonate standard samples. ETH1, ETH2, and
ETH3 were used as normalization standards, and IAEA-C2 was used as a monitoring
sample to determine the long-term reproducibility of the instrument. Simultaneously with
the clumped isotope analysis, the conventional carbonate stable isotope composition was
also determined for the same samples.

The data evaluation was carried out with Easotope software (release 20190125, concept
by Cédric John, programmed by Devon Bowen) [32] using a CO;-clumped ETH PBL
replicate analysis method with the revised IUPAC parameters for 17O correction [33-40].
The A4y results are given in the I-CDES90 scale [41], and the apparent temperatures in °C
were calculated based on the Aj7-temperature calibration from Anderson et al. [42] with
one standard error.

3.4. U-Th Dating

The travertine samples were dated with the U-Th technique at the High—Precision
Mass Spectrometry and Environmental Change Laboratory (HISPEC), Department of
Geosciences, (National Taiwan University, Taipei, Taiwan) and at the Isotope Climatology
and Environmental Research Centre (ICER), Institute for Nuclear Research (ATOMK]I),
Debrecen, Hungary. Both laboratories followed similar analytical procedures, where the
selected samples were dissolved in a concentrated HNOj3 solution, and a triple spike
(**Th-233U-23%U) was added. Later, 0.5 mL of HCIO, was added to the sample solution to
decompose the organic matter. Uranium and thorium final separation was achieved by a
chemical method [43] and the protocol techniques for multi-collector inductively coupled
plasma mass spectrometry [44] were used for determining the U-Th isotopic compositions
and content.
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Uncertainties in the U-Th isotopic data (corrections for blanks, multiplier dark noise,
abundance sensitivity, contents of the four nuclides in a spike solution) were calculated at
the 20 level [43], and age corrections were calculated using an estimated atomic 2°Th /232Th
ratio of 4 (4-2) x 107°. The half-lives of the U-Th nuclides used for age determination are
reported by [45].

4. Results
4.1. U-Th Geochronological Data

The uranium and thorium isotopic compositions and the U-Th ages are summarized
in Table 1 and Figure 3. The U-Th age data of this study cover a wide span between

301,072 £+ 18,317 and 1156 + 518 yr BP.

Table 1. U-Th dating results for travertine mounds in the study area.

Age

Age

Locality :;8;{)) 2;:;:; sBy 2 [Zigl}:,/lz:;?] 230 _(l;)hlﬁ:)Th . (yr Ago) (yr Ago)c . (y;,A I;g;) % g ;:iit'::iialb
ncorrected Corrected
71 381448 128645 01534+ 0.0018 47 +1 7530 + 91 6912 + 323 6841 + 323 1311 +5
Santovka 396 3261843 47143 00856+ 0.0005 1940 6515 + 39 4880 + 1157 4808 + 1157 478 £ 4
63 319047 1027421 01400 4 0.0020 4641 7759 + 141 7104 + 356 7032 + 356 1048 + 21
. 139 52503414  2518+8  0.8431 £ 00017 3740 28917 + 95 25,925 + 2124 25853 £2124 2710+ 18
e 524 121343 24304100403 290071 301,239 £ 18330  30L144L 18317  A0L072E 18317 2838 £ 161
oiP a0 1518741 63844 002924 0.0005 1540 1958 + 35 1228 + 518 1156 + 518 640 + 4
Lip.Jan 239 3686+1 49343  0.1463 + 0.0006 155 + 1 11,188 + 58 10,891 + 218 10,819 + 218 508 + 4
789 2099541 7942 09287 +£00017 557 +1 204,146 £ 1871  203465+1919 203,393 + 1919 140 + 4
86 835+0 9%+2 0106900005 864+ 13 11174 + 63 11,147 + 66 11,075 + 66 100 +3
RX;;;‘;Y 1320 130 +0 90+£2 01122400005 1806 + 780 11,825 + 65 11,827 + 65 11,755 + 65 93 +2
978 802642 10643  0.1006+0.0007 193 +2 10,385 + 80 10,169 + 172 10,097 + 172 109 +3
1173 650+ 0 8942 01060 £00005 1153+ 26 11,149 + 63 11,134 + 64 11,062 + 64 9242
, 163 100740  448+£3 00979 £00005 240+ 1 7612 + 46 7489 + 98 7417 £ 98 45743
Ganovee ol 127:0 45943 0.055 £ 0.0004 186 + 2 4243 + 34 4151 + 73 4079 + 73 465 +3

Analytical errors are 20 of the mean. 2 [238U] = [2U] x 137,818 (£0.65%0); 824U = ([2*U/ ZSSU]mivit}, — 1) x 1000.
b 52347, i1 corrected was calculated based on 20Th age (T), i.e., 8P4 U itial = 0% Uppeasured X €257 and T is cor-
rected age. © [P0Th/?8UJactivity = 1 — e 2T + (624U casured / 1000)[A230/ (A2zp — A3q)](1 — e A230-A234)Ty,
where T is the age. Decay constants are 9.1705 X 10-° yr’1 for 29Th, 2.8221 x 10~° yr*1 for 24U, and
1.55125 x 10710 yr*1 for B8y, d Age corrections, relative to chemistry date on 4 October 2021, were calcu-
lated using an estimated atomic 230Th /232Th ratio of 4(42) ppm. Those are the values for a material at secular
equilibrium with a crustal *2Th /238U value of 3.8. The errors are arbitrarily assumed to be 50%. * BP stands for
“Before Present”, where the “Present” is defined as the year 1950 A.D.

The oldest travertine (301,072 £ 18,317 yr BP), the Tatar Spring (Tatarsky prameti)
at Dudince, is characterized by a semi-spherical spring mound with a diameter of 860 m
and a height of about 8 m, and a crater on top (Figure 3B). At Dudince, a younger age of
25,853 £ 2124 yr BP was also obtained for the largest travertine terrace with a height of
approximately 5 m. The terrain was formed by several mounds joined together, and this
age refers to the top of the crater of the original spring, preserved on the highest flat spring
mound (Figure 3C).
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Figure 3. Sampled points for U-Th dating and obtained ages (+20) at the studied sites. Ages are
reported in years before present (yr BP). (A) Spring mound in Santovka Village; (B) Tatarsky spring
mound at Dudince; (C) Rimske Kupele mound at Dudince; (D) Vysny Slia¢ spring mound crater;
(E) "White house” inactive travertine crater in Vy$né Ruzbachy; (F) Vy$né Ruzbachy crater-like orifice
and small spring mound downstream; (G) Ganovce travertine mound; (H) Inactive travertine mound
in Liptovsky Jan.
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At Vysné RuZzbachy, two generations of travertine deposits are recognized. The oldest
sample at Vy$né Ruzbachy (Figure 3F) is an old crater with a depth of 3.5 m, which is
currently filled with water at a temperature of about 22 °C. The age determination of
this sample yields an age of 203,393 £ 1919 yr BP. The youngest travertine generation
is represented by a small travertine mound 3 m from the crater (Figure 3F) with an age
of 11,075 £ 66 yr BP and the “White House” inactive crater (Figure 3E), with ages of
11,755 £ 65, 11,062 £ 64 and 10,097 £ 172 yr BP, obtained from the base, middle, and
top, respectively. An inactive mound at Liptovsky Jan (Figure 3H) shows a similar age of
10,819 £ 218 yr BP.

At Santovka, a large mound 5 m high and 40 m in diameter, and a small crater at the
top (Figure 3A) were also sampled from the base to the top, yielding ages of 7032 + 356,
6841 + 323, and 4808 £ 1157 yr BP, respectively. Similarly, younger ages were obtained
from the youngest part of the Ganovce mound (7417 £ 98 and 4079 + 73 yr BP, Figure 3G).
In Liptovské Sliace, an inactive broad orifice and two small craters of different sizes were
found, but only the small one (Figure 3D) was successfully dated, providing the youngest
age of 1156 + 518 yr BP.

4.2. Isotopic Composition of Carbonates (5180, §13C, and Ay7)

The carbon and oxygen isotope compositions of all the travertine samples are reported
in Table S1 (see the supplementary materials) and displayed in Figure 4. The results show
positive 8'3C values for all the sites, ranging from 4.9 to 12.3 (%o, V-PDB). The §'30 values
(V-PDB) are negative and range between —12.2 and —5.8 (%o, V-PDB).

Southern Slovakia
© Santovka
©Dudince

5 Central Slovakia
. 13  Cerin
m # Liptovské Sliace
E 1 # Liptovsky Jan S *
>' , < BeSenova o '/’t
3 &
‘: 7 e & \:O o
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O s

w
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-11 -7 -5 -13 -11 -9 -7 -5
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Figure 4. Stable isotope composition of the Slovakian travertine spring mounds (See Table S1) of (A)
Southern Slovakia, (B) Central Slovakia and (C) Northeastern Slovakia.

The clumped isotope composition (A47) of the inactive travertine mounds was mea-
sured in the samples collected from the orifices (presenting close to equilibrium conditions,
as suggested by Kele et al. [46]) and from the base of each selected mound to reconstruct
the palaeotemperature of the depositing fluids. The A4z 1.crrsoo) values range from 0.571
to 0.668 %o, whereas the calculated deposition temperatures varied between 10 and 32 °C,
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4 and 18 °C, and 17 and 21 °C for southern, central, and northeast Slovakia, respectively
(Table 2 and Table S3).

Table 2. Clumped isotope results and calculated 5'80,,.

613C 5180
A47 (1-cDES90)
. . . (V- (V- A47 (1-cDES90) TAy 18 13 o
Locality ID Lithofacies PDB) PDB) (%) stdOError ©0) + &0y 6%Ccor T°C
o, o, (A"’)
%o %o
STV5 Vent 6.4 90 0.571 0.0111 32 4 —81 29
1 STV38 Distal 7.2 —86 0.638 0.0089 0 3 -127 —19 1127267
Slope
DUD1 Vent 7.7 —82 0.608 0.0148 20 5 100 -13
DUD2 Vent 7.8 ~8.0 0.604 0.0089 21 3 96 11
pupe ~ Lroximal 7.9 ~82 0.601 0.0148 2 5 95 ~1.0
Slope
2 DUDI15 153112;6: 8.0 ~81 0.614 0.0070 18 2 -103  —09  107-30*
DUD18 Vent 8.0 ~84 0.588 0.0120 26 4  —88  —09
DUD23 Vent 7.6 -89 0.631 0.0103 12 3 —125 14
DUDpy ~ arasite 8.3 ~8.8 0.582 0.0100 28 4 87  —06
Vent
3 c7 Vent 75 73 0.660 0.0104 4 3 130 —15  7.9-133
S14 Vent 6.5 78 0.655 0.0140 6 4 130 28
4 519 Distal 7.5 —86 0.613 0.0136 18 4 —108 —15 174
Slope
Distal
5 124 8.4 91 0.650 0.0124 7 3 139 05 18.7-245
Slope
B32 Prsol’;m;al 7.2 73 0.652 0.0070 6 2 124  —18
6 Disfal 14-15.6
B34 7.8 ~8.0 0.632 0.0063 12 2 116 —12
Slope
N12 1831?11 6.5 ~10.1 0.604 0.0099 21 3 116  —27
7 meﬁ’n 1 20.7-22.2
N13 6.2 “121 0.609 0.0115 19 4 —140  —30
Slope
N27 gllsta; 8.0 -89 0.615 0.0104 17 3 114  —09
8 Dis}t’al 224-238
N29 9.2 93 0.618 0.0108 17 3 117 05
Slope
9 N32 Vent 10.1 -85 0.608 0.0162 20 5 102 17 5.5-13.6

1. Santovka, 2. Dudince, 3. Cerin, 4. Liptovské Sliace, 5. Liptovsky Jan, 6. BeSeriova, 7. Vysné Ruzbachy,
8. Ganovce, 9. Siva brada. Agy-based temperature (TA47) was calculated using the equation presented by

Anderson et al. [42]. 5'80,, was calculated using the equation of Kele et al. [46]. 613Ccoz was calculated using the
empirical equation of Panichi and Tongiorgi [47]. T°C is temperatures measured nowadays. * Data taken from
Bacova et al. [48].

4.3. Isotopic Composition of Water (6180, 6°H)

The stable hydrogen and oxygen isotope composition of the water sampled at ac-
tive travertine spring mounds, together with the measured physicochemical parameters
are reported in Table S2. The 8?H values of the water are quite high, ranging between
—80.5%0 and —58.3%0 (V-SMOW), whereas the 5'80,, values vary from —11.4%o to —8.9 %o
(V-SMOW). When plotted in the §°H/§'80,, diagram (Figure 5), they fall along the trend
defined by local (LMWL) [49] and global (GMWL) [50] meteoric water lines.
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Figure 5. Isotopic compositions of water samples of travertine-forming springs in Slovakia, indicating
the global (GMWL) and local meteoric line (LMWL) for comparison.

5. Discussion
5.1. U-Th Ages

Several travertine occurrences can be found in Slovakia [1], which are often formed
on fault intersections and are related to extensional tectonics. Detailed data about their
age are very limited and thus far, the time of their deposition has mainly been assumed
based on paleobotanical, malacological, and paleontological finds and geomorphological
data [26,51-60]. The U-Th data were only published by Kovanda et al. [61] for the Skalka
travertine mound, and Gradziniski et al. [3] for sites located at Vy$né RuZzbachy, Lucky, and
Beseriova. Pivko and Vojtko [1] summarized the published age data of Slovakian travertine.

The geochronological data of travertine can provide information about the paleocli-
mate of continental environments since travertine deposition is commonly linked with
warm and wet climate conditions during the Quaternary period [11,62-64]. Changes in
climatic conditions, including cold (glacial) and warm (interglacial) periods, can impact
the development of mineral and thermal waters. To investigate the possible relationship
between travertine deposition and the paleoclimate in the study area, Figure 6 presents the
5180 isotope stack record [65] and indicates the ages of the studied travertine. These data
show that Slovakian travertine precipitated in both glacial and interglacial periods, with
a tendency towards warmer climate conditions. The samples were dated to the MIS 1, 2,
7,and 9 periods. It is important to note that the MIS 9 sample has a relatively high error
margin, which suggests that it could potentially extend partially into MIS 8.
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Figure 6. U-Th ages of Slovakian travertine compared with LR04 benthic isotope stack record (Lisiecki
and Raymo [65]). Dated samples (black circle) display error bars in red. Global glacial periods (white
bars) and interglacial periods (shaded bars) are shown by marine isotope stages (MIS) defined by
Lisiecki and Raymo [65].

Although our geochronological data are in agreement with previous studies in Slo-
vakia, suggesting deposition during warm and humid periods of the Holocene [66], the
correlation with climate phases seems uncertain, as shown by travertine ages that fit MIS 2
(glacial) and MIS 8/9 (glacial/interglacial) periods.

Dudince (301,072 £ 18,317 yr BP) and Vy3$né Ruzbachy (203,393 + 1919 yr BP) appear
to be correlated with interglacial stages (Figure 6) in the Pleistocene. However, the Dudince
site also shows a U-Th age of 25,853 £ 2124, suggesting another deposition in MIS 2
during the last glacial maximum (LGM) (26.5-19 ka) [67]. The correspondence between the
travertine ages and glacial/interglacial times suggests that travertine deposition was not
completely absent during glacial periods, but likely reduced [68].

Travertine deposition during dry glacial periods can indicate tectonic activity, rather
than climate influence, since faults control the movement of CO,-rich water toward the
surface [69,70]. Deeply derived CO, is expected to be present during both glacial and
interglacial periods, and fluid recharge related to global and regional climate would provide
the necessary water for the observed travertine deposition in dry periods. In Slovakia, the
distribution of mineral water is closely related to well-known deep faults and geological
structures in the country [23], which facilitate long-distance communication between carbon
dioxide sources and mineral water collectors.

The Holocene is well documented by our age data measured from the travertine
deposits of Santovka, Liptovsky Jan, Liptovskeé Sliace, Vy$né Ruzbachy, and Ganovce with
a time interval between 1156 + 518 and 11,755 & 65 yr BP, reflecting a time of a warm
and wet climate [64,66]. During this period, the recharge of a groundwater aquifer could
have been increased and travertine deposition occurred during glacial terminations and
continued into interglacial times.
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5.2. Travertine Classification and Isotope Signature

The §!3C values are used to geochemically classify the travertine deposits into two
main groups [71]. Thermogene travertine show §'3C values between —3%o and +10%.,
while meteogene travertine are characterized by lower §'3C values between —12%. and
+2%o [14]. The §'3C data of the studied Slovakian travertine (+4.9 to +12.3%., V-PDB)
show a typical thermogene isotope value similar to the ones found in previous studies for
travertine in Slovakia [3,5], Italy [72-74], and Turkey [75,76].

The positive §'3C and negative §'80 values obtained for all the samples analyzed
suggest a combination of hydrothermal fluids and meteoric water with a contribution of
heavy CO, formed by the thermal decomposition of carbonate rocks at depth [75]. The
§13C values observed in the active travertine deposits at Cerin, Begetiovd, Vysné Ruzbachy,
and Siva brada are more positive than +10%. (Table S1). The shift in the §!3C values up to
+11.7%0 V-PDB are thought to be a result of more rapid CO,-degassing, which is associated
with fast flowing water on the steeper parts of the downslope [75,76]. In the case of the
vent samples of active springs, the shift can be attributed to the presence of bacterial mats,
since these organisms can locally remove isotopically light CO; [75].

The §'3C data of travertine can be used to determine the source of carbon dioxide
once the 5'3C value of the travertine is controlled by the carbon species dissolved in
the groundwater. Based on that, the '3C of the CO, was calculated using the equation
613C(C02) = 1.2(613C(Trav)) — 10.5 proposed by Panichi and Tongiorgi [47], to calculate the
original 13C/12C ratios of CO, from the §!3C values measured in the fossil travertine.
These calculated values correspond to the §!3C of the CO, released from the water during
travertine deposition [17,77]. The calculated §13Ccop of our samples (Table 2) range from
—3to 1.7 %o.

Generally, the §!3C values of CO, originating from magmatic sources show values
from —7 to —5%. [78] and measurements of the 3He/*He ratios confirmed the presence of
mantle-derived gas in the Carpathian Basin [79-81]. However, the §!3C values calculated
from the measured travertine values are more positive (—3 to 1.7%o) than the §!3C value of
CO; coming from a pure igneous source, which suggests a mixed origin.

Cornides and Kecskés [79] examined CO, discharges in Slovakia, obtaining §'*C
values in the range of —6 to —3 %o, indicating the presence of CO; of a mantle origin.
Despite this, the final stable carbon isotope composition of travertine can be influenced by
the carbon dissolved from the primary carbonate rock. Since in the Carpathian Basin the
carbonates in the bedrock show §'3C values in a range of 0 to 3%. [79], the positive values
calculated for the Slovakian travertine (Table S3) could derive from isotopically heavy CO,
liberated during thermometamorphic decarbonation of carbonate basement rocks, such as
Triassic limestone from Silicicum, Hronicum, Tatricum, and Fatricum units.

5.3. Paleotemperatures

The temperature of the fluid was determined using clumped isotope thermometry
and shows variations across different sites. The comparison with the temperature of the
modern fluids measured in situ at active springs (5.5 to 26.9 °C) is shown in Table 2.

In southern Slovakia, the Santovka clumped isotope paleotemperatures were found
to be 32 £ 4 °C at the vent and 10 & 3 °C for a sample collected from a distant slope
of the mound. Bacova et al. [48] obtained a temperature range of 11.2 to 26 °C mea-
sured in situ, which is similar to our calculated paleotemperatures (Table 2). At the
Dudince site, three different vent samples showed paleotemperatures of 21 & 3,12 + 3, and
28 4 °C. The temperatures of 12 + 3 and 28 + 4 °C were calculated from samples collected
from the same mound, but the higher temperature was obtained from a sample collected
from a younger parasite vent located on the slope of the mound. The current temperature
measurements at the site range between 10.7 °C and 30 °C [48], indicating no significant
difference from the paleotemperatures. The colder temperature (12 &= 3 °C) could indicate
a mixture with cold precipitation or the formation of a pool at the top of the vent.
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In central Slovakia, the Cerin clumped isotope paleotemperature was found to be
4 £ 3 °C, which is consistent with the current temperatures within the range of error. At
Vysny Slia¢, a sample collected from a broad orifice of approximately 25 m in diameter
showed a paleotemperature of 6 & 4 °C, while a sample collected from the distal part
of a different mound showed a temperature of 18 £ 4 °C, similar to the temperature of
17.4 °C measured at an artificial fountain on the slope of this mound. The paleotemperature
of 6 £ 4 °C was collected on the edge of the 25 m diameter orifice. Considering that water
temperature tends to decrease as the distance from the spring orifice increases, this sample
may be located at a considerable distance from the actual spring orifice. Here, kinetic
effects, such as fractionation resulting from water evaporation and CO, degassing, may
have influenced the isotope data. These effects could have led to an enrichment of #0 in
the calcite, lowering the calculated temperature.

The same case is applied to the BeSeriova and Liptovsky Jan data. At BeSerova,
paleotemperatures were calculated from samples collected at the top (6 &= 2 °C) and base
(12 & 2 °C) of the so-called “Rock tower” travertine, which is approximately 9 m high,
and consists of a layered deposit. Close to this site, the present spring water temperature
ranges between 14 °C and 15.6 °C. At Liptovsky Jan, the clumped isotope paleotemperature
calculated for a sample collected at the distal slope of an inactive mound was 7 £ 3 °C,
while the current water temperature measurements range from 18.7 °C to 24.5 °C. Since
the exact location of the vent could not be identified, it is not possible to make a reliable
comparison with the measured temperatures.

In northeastern Slovakia, paleotemperatures were determined at Vy$né Ruzbachy,
with results of 19 £ 4 °C and 21 £ 3 °C. These values are comparable to recent temperature
measurements at the site, which range from 20.7 °C to 22.2 °C. At Ganovce, the paleotem-
perature found was 17 £ 3 °C, which is similar to the current temperature range of 22.4 °C
to 23.8 °C, when considering the error (+3). Siva Brada exhibited paleotemperatures of
20 % 5 °C for vent samples, which are significantly higher than the current temperatures of
5.5-13.6 °C. These differences in temperature could be attributed to several factors, such as
changes in the hydrothermal system, mixing with cooler surface waters, or variations in
the thermal input. Further detailed studies of each site would be needed to determine the
exact cause of the temperature discrepancy.

5.4. Isotopic Signature of Paleofluids

The isotopic composition of water provides useful information about its origin, mixing
between different sources, and water—rock interaction processes [82]. The 5180, values
were plotted against the §2H values for the study area (Figure 5) and have been compared
to the global meteoric water line (GMWL) [50] and the local meteoric water line (LMWL),
with the latter defined by the equation §*H = 7.86 x 580 + 6.99 [49]. The LMWL is
considered more accurate than the GMWL given the climatic/topographic conditions of the
study area.

The meteoric origin of spring water is strongly suggested by the linear distribution
of 8?H and §'80,, along the GMWL and LMWL lines (as shown in Figure 5). The values
of the mineral waters fall along the lines, with the lower part reflecting colder climate
conditions during the infiltration processes [83]. One water sample from the Siva Brada site
(6180y: —8.9, 5?H: —58.3) displays the highest stable isotope composition and lies slightly
above the GMWL. This could indicate a warmer climate during infiltration and mixing
with young, fresh water.

We calculated the §'80,, of the travertine precipitating fluid (Table 2) from the mea-
sured carbonate 5§80 values and the Tyy7 values using the equation of Kele et al. [46]. This
empirical equation is expressed as 1000Ine (calcite-water) = (20 & 2) 1000/ T — (36 + 7), where
« (calcite-water) = (68O 41cite + 1000)/(x ¥ Oyater + 1000) and T is the temperature of the
mineralizing CaCOj-rich fluids (Ta47) expressed in K.

These data indicate that the aquifer water forming the travertine deposits could have
had 8'80,, values between —14 and —8.1%.. The water of the modern springs has an
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isotope composition range of —80.5%o to —58.3%. (V-SMOW) and —11.4 %0 to —8.9%. (V-
SMOW) for §?H and §'80,,, respectively. This §!80 variability between past and recent
values could be interpreted as an influence of present-day precipitation (—10.4 %o to —8.7 %o)
on the water in this region [84].

6. Conclusions

This study investigated travertine mound springs of different regions of Slovakia
through water and carbonates isotope geochemistry, clumped isotope, and U-Th geochronol-
ogy. Integration of these new data permitted us to outline the general features of paleofluid
circulation in this region and the deposition age of these travertine.

Based on their positive 5!°C values, the travertine samples are of thermogene origin.
The deposition temperatures estimated from clumped isotope analysis (A47) range from
4 £ 3 to 32 £ 4 °C, characteristic of cold to warm springs. The clumped isotope paleotem-
perature data obtained for Slovakian travertine have provided valuable insights into the
past temperature trends of paleospring systems in the region. The similarities observed
between paleo and current temperatures suggest that the paleospring systems have not
change significatively over the time, but have remained relatively stable. In the case of Siva
Brada, the discrepancy in temperatures could be attributed to several factors (changes in
the hydrothermal system, mixing with cooler surface waters, or variations in the thermal
input), and more research is needed to better understand these variations.

Slovakian travertine mounds may have formed due to the deposition of meteoric-
derived fluids, which were able to rise upwards along basement-penetrating faults. The
travertine depositional age provided by the U-Th method varies in a wide range from 1.2
to 301 ka and demonstrates that it has been deposited mostly in warm and wet periods,
but also in cold and dry periods.

Our results can contribute to the knowledge of the formation of the mineral water
and travertine in Slovakia and could serve as a base for further detailed geochronological
and geochemical studies to reconstruct the paleoclimate and paleoenvironment during
their deposition.
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5180,,. Table S4: Travertine locations with GPS coordinates and brief description of each site.
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