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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, 230Th-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 230Th-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 CO2 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; 230Th-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 CO2 incorporated in travertine
formation. The CO2 involved in ‘meteogene’ travertine precipitation has meteoric origin
(vegetation, soil, and atmosphere). Waters of ‘meteogene’ travertines are often characterized
by ambient temperatures. The CO2 for ‘thermogene’ travertines originates from deeply
seated thermal processes (magmatic CO2, 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 CO2 (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 CaCO3 [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 CO2-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 CO2 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 230Th-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 × 35 km), Kurai (35 km × 20 km), and
Kokorya (23 km × 9 km) intermontane basins (Figure 1). The Chuya and Kurai basins are
separated from each other by the Chagan Uplift (2900 m a.s.l.), and the Chuya and Kokorya
basins by the Kyzylshin Uplift (2560 m a.s.l.).

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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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) (CuKα radiation with a graphite monochromator, λ = 1.54178 Å)
at the South Urals Research Centre of Mineralogy and Geoecology (SU FRC MG) Miass,
Russia). The scans were recorded from 6 to 60◦ 2θ at 0.05◦ 2θ 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), Y3Al5O12 (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 (3σ). 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× spectrometer (Agilent Technologies, Inc., Santa Clara, CA, USA)
at the SU FRC MG (Miass, Russia). Selective dissolution of CaCO3 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% HNO3 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 µg/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 II 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 (‰) using δ-notation relative to the Vienna Pee Dee
Belemnite (V-PDB), with accuracy of <0.1‰ for δ13C and 0.2‰ for δ18O (1 σ).

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 δ13C and δ18O was 0.06 and
0.08‰, respectively (1 σ [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 H2O 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‰ for δ18O and 0.4 for δ2H (1σ). The
PHREEQC software can be used to calculate the saturation index (SI) values of the minerals
in water [88].

3.6. 230Th-U Geochronology

Nineteen samples of travertines were dated by the 230Th-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 InstrumentsTM; 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 230Th, 234U and 238U 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 2σ-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 × 6.5 × 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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(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. 
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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.
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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.l.). 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.l.). 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).
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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 (3–4 ◦C,
3–4 ◦C, August 2021), water of the Chibit spring was substantially warmer (11 ◦C, 3–4 ◦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-SO4–Ca-Mg and HCO3-SO4–Mg-Ca types, whereas Chibit water was
of the SO4-HCO3–Mg-Ca type (Figure 10). The SO4

2− 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 SO4

2−, HCO3
− was higher in the Chibit spring

water (507 mg/L). The HCO3
- concentrations were 330 mg/L at Kuraika and 224 mg/L

at Cheybek-Kohl 2. Ca2+ and Mg2+ 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 Cl– (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: SIcalcite = 0.45 and SIaragonite = 0.29 for
Kuraika; SIcalcite = 0.09 and SIaragonite = 0.25 for Cheybek-Kohl 2; and SIcalcite = 1.00 and
SIaragonite = 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

Location
50.280503◦ N
88.00398 ◦E
2258 m a.s.l.

50.40144◦ N
87.60491◦ E
1818 m a.s.l.

50.31277◦ N
87.49337◦ E
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 (◦C) 3 4 11
pH 8.21 8.14 7.92

TDS (mg/L) 431 312 1629
K+ (mg/L) 0.9 1.0 2.5

Na+ (mg/L) 4.9 2.9 15.9
Ca2+ (mg/L) 34.6 34.3 211.4
Mg2+ (mg/L) 44.8 27.9 150.4
Ba2+ (mg/L) 0.009 0.010 0.017
Sr2+ (mg/L) 0.25 0.35 5.14
Al3+ (mg/L) 0.022 0.021 0.051
Cl− (mg/L) 0.67 1.59 1.21

SO4
2− (mg/L) 13.56 18.85 733.6

NO3
− (mg/L) 1.36 0.61 1.66

HCO3
− (mg/L) 330 224 507

Mg/Ca 1.29 0.82 0.71
δ18O (‰VSMOW) −17.4 −15.9 −16.9
δ2H (‰VSMOW) −126.7 −114.6 −125.5

SIcalcite 0.45 0.09 1.00
SIaragonite 0.29 0.25 0.85

The Chibit and Kuraika spring waters had similar stable isotope compositions:
δ18O = −16.9 and −17.4‰ and δD = −126 and −127‰, respectively. The heaviest iso-
topic composition was typical of the Cheybek-Kohl 2 spring water (δ18O = −15.9‰;
δD = −145‰) (Figure 11).
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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;
δD = 7.1·δ18O–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 δ13C (‰VPDB) δ18O (‰VPDB)

Fossil travertines
Cheybek-Kohl 1 calcite −4.4 to −2.9 −13.8 to −13.0

Baltyrgan calcite −2.5 to −2.0 −13.4 to −13.1
Cheybek-Kohl 2 calcite −2.5 to 1.2 −13.8 to −12.9

Meshtuyaryk calcite; calcite + aragonite −1.2 to 1.9 −16.3 to −14.4
Kuraika aragonite; aragonite + calcite −0.3 to 0.7 −14.8 to −13.2
Totugem calcite 0.4 to 2.0 −15.0 to −14.5

Chibit calcite 1.5 to 4.3 −14.3 to −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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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). 

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 µm 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 µm in length. The laminae of aragonite alternated with layers of
brown micrite (<150 µm 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).
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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 (I,J,L,O), 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 
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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 μm in length. The laminae of aragonite 

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 (I,J,L,O), 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 Y2O3 were below detection. Aragonite showed SrO contents
of 0.2–2.0 wt%, occasionally containing Y2O3 (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.

Deposit Cheybek-
Kohl 1 * Baltyrgan Totugem Meshtuyaryk Cheybek-

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 25.9 13.0 85.7 19.0 237

Mn 35.6 n.a. 1.30 1.60 17.2 2.78 n.a.
Fe 376 89.2 18.4 51.4 465 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. 5.21 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.

ΣREE 2.41 9.05 14.49 0.08 1.43 0.13 0.43
Th 0.13 0.12 n.d. n.d. 0.09 n.d. n.d.
U 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 ΣREE (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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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 δ18O values (−15.8 to −12.2‰)
(Table 2, Table S1, Figure 15). The δ13C values showed a rather wide range (−4.4 to
4.3‰), with 70% of the data falling within the −1.0 to 2.0 ‰ range. The CaCO3 from
Cheybek-Kohl 1 and Baltyrgan travertines had a δ18O varying between −13.8 and −13.0‰,
and a δ13C varying between −4.4 and −2.0‰. Both positive and negative values of the
δ13C (−2.5 to 1.9‰) were measured in the Cheybek-Kohl 2, Kuraika and Meshtuyaryk
travertines. Calcites from Totugem site were markedly enriched in 13C (0.4 to 2.0‰). The
CaCO3 from Meshtuyaryk and Totugem had the lowest δ18O values (−16.3 to –14.4‰).
The highest δ13C (1.5 to 4.3‰) and δ18O −4.3 to −12.2‰) values were observed in CaCO3
from the Chibit deposits.
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Figure 15. Stable isotope properties of the CaCO3 from travertines of the south-eastern Gorny Altai
(see Table S1).
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4.7. Ages of Travertines

We obtained nineteen of 230Th-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. 230Th-U ages of travertines from the south-eastern Gorny Altai, data from [48,49].

Sample
238U

(mg/g)
±

232Th
(ng/g)

± [234U/
238U]A

± [230Th/
238U]A

±

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
5.12-3 + 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 2019/1.5_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/238U]A 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
5.12-3 + 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



Minerals 2023, 13, 259 23 of 37

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 2019/1.5_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

RYALT-13-7.1 ++ 401.656 +39.900/
−29.000 401.455 +41.000/

−28.700 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 σ absolute uncertainties. Subscript A denotes activity ratio. U decay
constants: λ238 = 1.55125 × 10−10 [98] and λ234 = 2.82206 × 10−6 [92]. Th decay constant: λ230 = 9.1705 × 10−6 [92].
Corrected 230Th ages assume the initial 230Th/232Th atomic ratio of 4.4 ± 2.2 × 10−6. Those are the values for a
material at secular equilibrium, with the bulk Earth 232Th/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 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 CO2 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 CO2 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) pCO2 and the
rate of CO2 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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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 CaCO3 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 SIaragonite 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% MgCO3).
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 CO2
content and rapid CO2 degassing. Chafetz et al. [123] also suggested that aragonite precipi-
tates from water with high CaCO3 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 CO2 degassing and increased
CaCO3 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 CaCO3 supersaturation favoured the precipitation of calcite.

It is likely, therefore, that rapid CO2 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 δD and δ18O 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 δD and δ18O 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 HCO3

−, Ca2+, and Mg2+ (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

2−,
5 µg/L for Ag, and 10 µg/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

2− in the travertine-forming solutions, because
it dissolution would increase the Ca2+ 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-SO4–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
(SIcalcite) and aragonite (SIaragonite) in Cheybek-Kohl 2 water were 0.09 and 0.25, respectively.
In Kuraika water SIcalcite (0.45) and SIaragonite (0.29) values were higher. According to Pente-
cost [1], in freshwater environments the minimum critical SIcalcite for calcite precipitation
is perhaps around 0.48. In many travertine systems calcite and aragonite precipitation
starts significantly after SIcalcite exceeds 0.8 (or around one) [104,107,129,130]. In the studied
spring waters SIcalcite (1.00) and SIaragonite (0.85) values only exceeded 0.8 in the Chibit
deposits, where minor amounts of CaCO3 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 (IGANAMS7749;
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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The youngest age cluster of the Meshtuyaryk travertines (3.574 ± 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 230Th-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 230Th/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 230U-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 CO2 degassing and CaCO3 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 230Th-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 230Th-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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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 230Th-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 230Th-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 CO2 degassing and the Mg/Ca ratios of the spring water.

(3) The isotope 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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samples, dated by the 230Th-U method. Figure S1: Biota in the seepage zone of a modern spring at
the Chibit deposit.
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