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Abstract—The isotopic composition of calcite from travertine deposits of the Tokhana-Verkhnii hot spring
in the Elbrus area shows broad variations in 8'3C and 8'%0 (from +3.8 to +16.3%o and from +24.6 to +28.1%o,
respectively). The 8'3C and 8'30 values increase toward the sole of the travertine dome. The isotopically heavi-
est carbonates (8'3C of up to +16.3%c) were found near the bottom of the dome and composed ancient travertine,
which are now not washed by mineral water. The scatter of the 8'3C values of the fresh sample is slightly nar-
rower: from +3.8 to +10%.. Calculations indicate that all carbonates of the Tokhana dome were not in equilib-
rium with spontaneous carbon dioxide released by the spring (8'3C, = —8%). To explain the generation of
isotopically heavy travertine, a physicochemical model was developed for precipitation of Ca carbonates during
the gradual degassing of the mineral water. The character of variations in the calculated §'*C values (from +5.5
to +13%o) is in good agreement with the tendency in the variations of the 8'3C in the carbonate samples. The
calculated and measured pH values are also consistent. Our results demonstrate that the isotopic composition
of large travertine masses can be heterogeneous, and this should be taken into account during paleoclimatic and

paleohydrogeological reconstruction.
DOI: 10.1134/S0016702907030032

INTRODUCTION

Travertine or calcareous sinter is a carbonate precip-
itated where groundwaters discharge. Travertine shows
a diverse morphology, which is controlled by the char-
acter of water discharge, its temperature, composition,
and many other factors [1]. Large travertine edifices
often look like domes (travertine domes), whose vol-
ume can be as great as a few hundred or even a few
thousand cubic meters.

Travertine is often formed by CO, mineralized or
fresh waters that filtered through karstified carbonate
rocks. Travertine is always produced in relation to the dis-
charge of CO, waters in mobile belts. The isotopic compo-
sition of these carbonates is characterized by a broad range
of 8"3C values, from —12.6 to +12.0%0 (PDB) and 8'°0O
from +5.2 to +28.0%0 (SMOW) [2-5]. The variations in
8"3C and 8'80 depend on the isotopic composition of
the original CO, and H,O, the deposition temperature
of the carbonates, and the chemical composition of the
mineral water. Carbonates with isotopically lighter C
and O composition are more typical of high-tempera-
ture springs, such as in Kamchatka, Yellow Stone, Italy,
etc.

In spite of the diversity of factors, it is generally rea-
sonable to expect that the carbonate material precipitat-
ing from the mineral water of springs inherits the car-
bon and oxygen isotopic signatures of the parental
aqueous solutions and spontaneous carbon dioxide.
Because of this, travertine can be utilized for the recon-
struction of the fluid regime of mountainous folded sys-
tems [2, 3].

However, the variability of the thermodynamic
parameters under which carbonates are precipitated
(temperature and chemical composition of the water),
the isotopic characteristics of carbonates can also nota-
bly vary along the strike of a travertine dome. In addi-
tion to thermodynamic conditions, the isotopic compo-
sition of travertine can also possibly be controlled by
other factors: photosynthesis, the destruction of organic
matter, evaporation of the mineral water, etc.

Because of this, preparatorily to the use of the isoto-
pic composition of carbonate travertines for various pale-
oreconstructions, it is necessary to assay the possible
extent of the natural variations in the 8'"°C and 6'80 of
calcite in modern dome structures. If these variations are
significant, it is interesting to estimate the volumes of
precipitating carbonates of certain isotopic composition.
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Fig. 1. Schematic geological map of the setting of the Tokhana-Verkhnii spring. (1) Glaciers; (2) loose Quaternary deposits (sand
and gravel); (3) Late Pleistocene and Holocene andesite and andesite—dacite lavas; (4) Late Paleozoic granites; (5) Early Paleozoic
quartz—chlorite, quartz—sericite, and quartz—chlorite—sericite schists; (6) Early and Middle Devonian diabases, quartz porphyries,
siliceous shales, and variegated phyllites; (7) Early Carboniferous sandstones, clay shales, conglomerates and volcanic rocks;
(8) Tokhana CO, spring; (9) Mount Elbrus fumarole field (according to [6]).

Our research was aimed at developing an isotopic—
chemical model for the origin of travertine deposits and
to compare the observed and simulated compositions of
the water and calcite. To solve these problems, we
examined the travertine dome of the Tokhana-Verkhnii
CO, spring in the headwaters of Tokhana Brook in the
area of Mount Elbrus, Northern Caucasus (Fig. 1).

MATERIALS AND METHODS

Almost all travertine deposits in the Greater Cauca-
sus are related to the discharge areas of CO, waters. The
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northern slope of the Greater Caucasus is known to host
about 30 travertine domes. Most of them are small, and
their area usually does not exceed a few dozen or a few
hundred square meters. The largest travertine domes
are known in the vicinity of Pyatigorsk (on the slopes
of Mount Mashuk), in the Elbrus area (Tokhana-Verkh-
nii and Verkhne-Baksan springs), in the area of Kazbek
volcano (Verkhnii-Karmadon springs), and at the
Kislye (Pkhiya) springs in the headwaters of the
Bol’shaya Laba River. Almost all travertine-precipitat-
ing sources are cold. The exceptions are the springs of
Verkhnii Karmadon, North Ossetiya, and the Proval
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spring in the town of Pyatigorsk, which precipitate car-
bonates from waters with a temperature of 55-60°C.
All springs depositing travertine discharge at mountain
slopes a few dozen meter above the thalwegs.

The travertine dome of the Tokhana-Verkhnii spring
in the Northern Caucasus seems to be the largest of the
modern edifices. Because of this, it is selected for our
research. The Tokhana-Verkhnii spring is located
13—15 km north of Elbrus volcano (43° 28 7.1” N,
42°26’34.2”E, h=2710 m; Fig. 1). The reader can find
its description in the catalogue of carbon dioxide
springs in the Northern Caucasus (spring no. 43) [6].

The spring is hosted by the Pshekish—Tyrnyauz
suture zone of sublatitudinal trend. The zone is of tec-
tonic nature and separates Early Paleozoic crystalline
massifs of granites and gneisses (which underlie the
volcanic edifice of Mount Elbrus) and complicatedly
tectonized Devonian, Carboniferous, and Permian vol-
canic and sedimentary complexes (Fig. 1). The
Tokhana-Verkhnii spring is spatially restricted to the
volcanic—sedimentary deposits of Early Carboniferous
age (tuff—sandstones and tuff—siltstone).

The spring was thoroughly examined in July of
2001. Preparatorily to this, reconnaissance sampling of
travertine, water, and gases was conducted in July of
1998. The pH was measured in the water flow at various
distances from the source accurate to no worse than
0.1 pH unit. Simultaneously we measured the tempera-
ture of the water by an electronic thermometer accurate
to 0.1°C. The air temperature during the sampling var-
ied from 18 to 20°C.

Water samples for chemical analysis were stored in
plastic bottles. The samples were taken at the discharge
site and downstream from it. The chemical composition
of water was analyzed by conventional techniques.

Samples of spontaneous gases released at the dis-
charge site of the spring at the surface were collected in
glass bottles using the displacement technique. The
gases were analyzed in the laboratory on a KRISTALL
2000 M gas chromatographer by the method of abso-
lute calibration, with Ar as the carrier gas.

Travertine samples were collected from the dome
surface at various distances from the water discharge
site. For our isotopic study, we tried to collect carbonate
samples from the uppermost (fresh) crusts, although
sometimes analyses were conducted on massive old
travertine. The samples were decomposed by the con-
ventional technique in H;PO, [7]. The measurements of
isotopic composition were conducted on a MI-1201V
mass spectrometer. The precision of replicate 8'*C and
8'80 measurements was no worse than 0.25%.. The
S13C values are listed in %o relative to the PDB standard,
and the 680 values are presented relative to SMOW.
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Structure of the Travertine Dome
of the Tokhana-Verkhnii Spring

The Tokhana-Verkhnii spring (which will be
referred to below as Tokhana) empties into the right-
hand bank of the Tokhana Brook valley (in the headwa-
ters of the Khudes River), some 150 m above the valley
thalweg. The slope with the spring faces west. The min-
eral water flow rate is 2.0-2.5 I/s. The spring periodically
releases gases. The main gryphon is accompanied by a
few minor mineral springs (at a distances of 5-10 m
from the main one), whose flow rates are negligibly
low. All mineral water merges into a single creek,
which flows down the valley slope for 400—450 m to the
site where it empties into the Tokhana River. No other
mineral water springs were found anywhere down the
slope.

Travertine covers a stripe on the slope ~350 m long
and no less than100 m wide. The maximum thickness
of the travertine deposits is likely no less than 5-10 m.
Old travertine deposits occur within 100-200 m north
of the modern spring.

The chemistry, morphology, and mineralogy of the
mineral matter precepitating from the water, i.e., along
the strike of the travertine edifice, can be subdivided
into four zones.

(1) Zone of limonitization in the vicinity of the
spring and trends for no more than 20 m. No travertine
is formed in this zone, and the only mineralization pre-
cipitating here is iron hydroxides, which color boulders
and filaments of green algae into a brown color. Cal-
cium carbonates are formed in this zone only sporadi-
cally on the surface of boulders above the water level.
The carbonates are formed as thin calc—alga crusts a
few millimeters thick.

(2) Zone of limonitization and the initial accumula-
tion of carbonates. Carbonates start to precipitate on the
spring bottom only at a distance of more than 20 m from
the well. The first carbonate precipitates are loose (are
easily crumbled by hands). They are strongly limonitized
(are brown) and poorly crystalline. The thickness of
these precipitates is no more than 5-10 cm. This is the
zone of initial travertine formation and covers the spring
bed segment at 2040 m from the well.

(3) Zone of active CaCO; precipitation, which
begins at a distance of 40-50 m from the spring and
extends for 150-200 m. The thickness of the carbonate
deposits reaches a maximum. The sinter carbonate tex-
tures are clearly zoned, and the travertine itself is very
firm. The content of iron oxides decreases, and the trav-
ertine acquires yellowish and pinkish tints. The mineral
water flows through this zone as a broad current on the
slopes of the dome, which has a wavy surface resem-
bling ripples.

(4) Zone where carbonate precipitation terminates.
Near the lower boundary of the dome at ~300-350 m
from the spring, the water current again composes a
creek, which partly erodes the travertine. The bottom of
the brook hosts alga colonies, whose surface is colored
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Table 1. Chemical composition of water of the Tokhana-Verkhnii spring

Sam- |Distance Eh Mineral- 5
Sample | pling |fromthe|7,°C| pH | ;| ization, Na* | K* | Ca** | Mg?* |HCO;| CI” | SO; |H,Si0,4|CO,, g/l
year |spring, m g/l
14/98 1998 0 6.716.13| 25| 1.81 6.6 | 0.7 | 414 | 33.1 | 915 | 7.1 | 436 | 28 0.43
14/01 2001 0 6.6/627| 40| 1.79 57 ] 05 | 408 | 36.5 | 933 [10.6 | 398 | 25.6 1.19
14-5/01 | 2001 75 8.9|8.03| - 1.29 6.0 | 0.6 | 279 | 353 | 555 | 7.1 | 407 | 19.2 -
14-10/01 | 2001 150 [159|8.04| - 1.11 6.0 | 04 | 237 | 36,5 | 408 | 5.3 | 415 | 28.8 -
14-15/01| 2001 | ~300 |18.2(8.02| - 1.07 6.1 | 04 | 233 | 328 | 390 | 53| 407 | 17.6 -

in green. Practically no carbonate precipitates occur at
the brook bottom. The base of the dome is covered with
flaky carbonate fragments and small travertine plate-
lets. Large blocks of very firm carbonate of dark gray
color (old travertine) locally protrude from the talus.

The travertine edifice exhibits complicated relations
between its chemogenic and biogenic constituents. The
chemogenic rocks of cold springs are mostly various
carbonates and iron oxides, and their biogenic compo-
nent consists of diatomic shells and colonies of green—
blue algae. The travertine deposits contain biogenic
remnants practically everywhere.

Mineralogically, the carbonate of the travertine edi-
fice is dominated by calcite of variable crystallinity.
Away from the well, the sizes of calcite crystals
increase and reach a maximum in the lower part of the
dome.

The rock samples sometimes contain aragonite,
which can be readily identified by X-ray diffraction
techniques. This mineral is found only in the upper part
of the zone of carbonate precipitation (at ~20—40 m
from the spring, in zone 2). Aragonite forms aggregates
of small acicular, sometimes radiating crystals, which
fill pores in the loose carbonate-limonite deposits. Its
concentration is low, no higher than 1-2% of the overall
CaCO; mass. No aragonite was found in the central part
of the travertine edifice (zones 3 and 4).

CHEMICAL COMPOSITION OF WATER
AND SPONTANEOUS GASES

The water of the Tokhana spring has a mineraliza-
tion of 1.8 g/I, which is dominated by the Ca’* and
HCOj; ions (Table 1). The concentrations of Na*, K*,

and Mg?* are low, and those of SOAZ[ are high (~400 g/1),
which is more than two to three times higher than the
sulfate concentrations of other springs in the Elbrus
area. The waters of this spring are likely contributed by
waters from the oxidation zone of some sulfide depos-
its, which are situated not far from the area, in the
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slopes of the Frontal Range. The comparison of the
chemical composition of the waters in 1960 [6], 1998,
and 2001 (Table 1, nos. 14/98 and 14/01) indicates that
this composition practically does not vary with time.

When discharged at the surface, the mineral water
has a temperature of 6.7°C and pH 6.27 and is gradually
heated to 18°C (ambient air temperature) on the surface
of the travertine dome. The pH of the water simulta-
neously also increases and is stabilized at ~8.0 (Fig. 2)
at a distance of approximately 40-50 m from the well.
This spatially coincides with the onset of the active
precipitation of Ca carbonates (boundary between
zones 2 and 3).

The processes of Ca carbonate precipitation affect
the chemical composition of the water, and the Ca* and
HCOj; concentrations in the spring decrease by almost
a factor of two at ~300 m from the well (Table 1,
sample 14-15/01).

The spring spontaneously outgases. The CO, frac-
tion in the released spontaneous gas is 32—49 vol %
(Table 2), with the rest accounted for mostly by N,. The
&13C of the CO, is —8.0%o.

ISOTOPIC COMPOSITION OF CARBONATE
TRAVERTINE

The carbon and oxygen isotopic composition of the
carbonates at various distances from the discharge site
are reported in Table 3. The 8'*C and 8'80 values vary
from +3.8 to +16.3 and from +24.6 to +28.1%e, respec-
tively. The 8'*C values systematically increase down-
stream (Fig. 3), with this tendency violated only by the
first sample (14-2/01), which has a high 8'3C value of
+9.2%o. This sample represents not the travertine (as the
rest of the samples) but alga—carbonate sinter that
grows on the surface of boulders near the discharge site
of the mineral water (zone 1, a zone where iron hydrox-
ides precipitate).

The isotopically heaviest carbonates (6'3C as high
as +16%o) are formed in the lower part of the dome
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(zone 4). In our samples, all of them represent “old”
travertine (Table 3, samples 14-1/01 and 14a/98),
which are now not washed by the mineral water stream
(these are single rock blocks projecting over the car-
bonate rock talus at the bottom of the dome). The scat-
ter of the 8'3C values of the fresh samples is somewhat
narrower: from +3.8 to +10%o (Fig. 3), but the value of
+10%o still seems to not correspond to the final forma-
tion stages of the modern travertine, because the min-
eral water stream extends further down the slope.
Because of this, the maximum values of 8*C from
+12.7 to +16.3%0 obtained for the old travertine can
likely be correlated with the closing stages of carbonate
deposition.

Hence, the scatter of the §'3C (CaCOs;) values for a
single dome edifice is as significant as 12%o, with iso-
topically heavy carbonates (8'°C of up to +16%¢) pre-
cipitating near the bottom of the dome.

Calculations indicate that none of the carbonates of
the Tokhana dome are in equilibrium with the sponta-
neously released 8'°C = —8.0%o, because the equilib-
rium value for carbonate at a temperature of 20°C
should be close to 0%eo.

The values of 8'%0 of the carbonates precipitating
now from the mineral water is 24.6-25.9%.. The oxygen
isotopic composition of the old travertine is slightly dif-
ferent: 8'30 = 27.3-28.1%0 (Fig. 4).

The analysis of relations between the 8'%0 and 8'*C
values of the carbonates indicates that they are posi-
tively correlated and define a trend resembling a mixing
line (Fig. 5). However, this situation does not imply any
mixing because the only CO, source in the system is the
CO, of the mineral water.

Correspondingly, this trend and the precipitation of
isotopically heavy carbonates can be controlled by
other factors:

(1) fractionation of isotopes during water degassing
at the surface;

(2) activity of microorganisms; and

(3) variations in the 8'3C of the spontaneous CO,
with time.

The mechanisms responsible for variations in the
isotopic composition of carbonates under the effect of
these factors are different. For example, the fraction-
ation of isotopes is pronounced the most conspicuously
during the partial degassing of CO, waters at the sur-
face. Mineral waters do not degas instantaneously, but
during a certain time. The dissolved CO, is thereby
enriched in the heavy carbon isotopes. This process is
partly compensated by the precipitation of CaCOs;,
which preferably accommodates the heavy carbon iso-
tope. However, the tendency in the variations of the
S13C of the calcite precipitating during the degassing of
CO, waters is controlled, first of all, by the proportions
of the masses of the CO, released to the atmosphere and
deposited CaCO;. According to [8], a correlation
between the 8'3C and 8'%0 of the travertine (Fig. 3) and
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Fig. 2. Systematic variations in pH in the mineral water
stream of the Tokhana spring.
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Fig. 3. Systematic variations in the 813C of carbonates
along the strike of the Tokhana travertine dome.

the variability of its isotopic signatures could result
from the isotopic fractionation in the gas—water—calcite
system.

Theoretically, the isotopic composition of carbon-
ates precipitating from water is also affected by the
activity of blue—green algae, which are widespread on
the surface of the travertine. The photosynthesis pro-
cess results in the preferable consumption of CO, with
the light carbon isotope by plants. The CO, remaining

Table 2. Chemical composition (vol %) of spontaneous gases
of the Tokhana-Verkhnii spring

Sample | Sampling year| CH, | CO, | O, | N, | Total

14/98 1998 0.22 |32.14| 1.04 |63.77| 97.19

14/01 2001 0.13 |48.82| 0.78 |49.10| 98.83
2007
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Table 3. Isotopic composition of carbonate travertine of the Tokhana-Verkhnii spring, Mount Elbrus area, Northern Cau-

casus
: 18
Sample* Sample description Dlsfgfiigorﬁl the 8'3C%o, PDB 2MC())(7€7€7’
14-2/01 Fresh thin carbonate—alga crusts (sinter) on boul- 3-5 +9.2 +25.9
ders
14-3/01 Fresh travertine, whole-rock sample 25 +3.8 +25.0
14-4/01 Upper layer of fresh travertine 50 +5.0 +24.6
14-5/01 Upper layer of fresh travertine 75 +7.4 +25.2
14-6/01 Upper layer of fresh travertine 250 +10.0 +25.8
14-1/01 Old travertine from the bottom of the dome ~300 +12.7 +28.1
14/98 Massive fresh travertine, whole-rock sample ~100 +8.1 +25.5
+26.0
14a/98 Block of old massive travertine from the bottom ~400 +16.3 +28.1
of the dome
14a/98 Block of old massive travertine from the bottom ~400 +16.2 +27.3
of the dome (duplicate sample)

Note: * The numerals 98 and 01 in sample numbers correspond to the sampling years 1998 and 2001, respectively).

in the water should thereby be enriched in the heavy
carbon isotope.

The idea that the isotopic composition of spontane-
ous CO, varies with time seems to be hardly plausible,
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Fig. 4. Systematic variations in the 8180 of carbonates
along the strike of the Tokhana travertine dome.
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because the 8"*C of CO, in other springs in the Mount
Elbrus area varies within a relatively narrow range
(from —6 to —10%0) [9]. These variations cannot be
responsible for the observed variations in the carbon
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Fig. 5. Correlation between the 8'30 and §'3C of the traver-
tine of the Tokhana spring.
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isotopic composition of the calcite. At a temperature of
20°C, these gases can be in equilibrium with carbonates
having '3C values from -2 to +2%e.

It is possible to quantify the effect of isotopic frac-
tionation during the precipitation of Ca carbonates
under the assumption that all of the observed variations
in the carbon isotopic composition of travertine within
the dome were caused by physicochemical processes in
the system atmosphere-mineral water—solid precipi-
tate. If this hypothesis is valid, the 8'*C variations of the
calcite should be consistent in scale and direction with
the thermodynamic model, otherwise the isotopic com-
position of the travertine is controlled by other pro-
cesses, for example, the activity of microorganisms.
The role of the blue—green algae can then be deter-
mined by other methods.

PHYSICOCHEMICAL MODEL
FOR THE GENESIS OF TRAVERTINE

The calculations of the carbonate equilibrium and
calcite solubility are now a routine operation in any
course of the thermodynamics of natural processes.
The diversity of models proposed for the precipitation
of calcite still do not include a model of the partial
degassing of solutions during their interaction with
atmospheric air. At the same time, heterogenization
models for hydrothermal systems indicate that sys-
tematic degassing and the subsequent release of the
gas phase can result in isotopic depletion and signifi-
cant effects [10, 11].

The simulations were conducted for the H-C—O—-N-
Na-K—-Ca—-Mg—CI-S ten-component system with a gas
phase, which is characterized by the ideal mixing of the
molecular species (H,O, CO,, and N,). The aqueous
solution was assumed to be potentially able to contain
36 aqueous species and one solid phase (calcite). The
equilibria were calculated by the HCh program com-
plex [12], the thermodynamic characteristics of all
components were borrowed from the UNITHERM
thermodynamic database integrated in this program
complex. Previously we conducted the verification of
these data for carbonate systems. Independent numeri-
cal simulations indicate that these data make it possible
to predict calcite solubility accurate to 20% at temper-
atures below 100°C [13].

In the literature, a method was proposed for the ther-
modynamic simulations of physicochemical systems
by the HCh computer program [14—17]. The indepen-
dent components of the system selected in this case are
not elements but isotopes, and thermodynamic proper-
ties are calculated for each chemical compound with a
given isotope. The HCh program complex does not
involve a database of thermodynamic characteristics of
isotopic—chemical systems, which causes certain diffi-
culties in the calculations, particularly, at various tem-
peratures. We decided to attack our problem using the
simpler method of Omoto [18]. According to this tech-
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nique, the calculations are conducted in two stages:
first, the chemical equilibrium and the concentrations
of compounds participating in isotopic exchange are
simulated, and, second, the known concentrations are
used to calculate the equilibrium distribution of iso-
topes between the compounds based on balance and
isotopic-exchange equations. This approach can be uti-
lized because the influence of the isotopic distribution
on the chemical equilibrium is relatively insignificant.
The temperature function of the isotopic distribution
coefficients was calculated by the equation

10001nca = A(10°T ) + B. (1)
The coefficients A and B for the H,CO;—CO,,

HCO;-CO,, and HCO;-CaCO; were compiled
from [19]. The values of these coefficients for various
temperatures are listed in Table 4.

The degassing of mineral waters can be visualized
as interaction with air in successive states of the system,
with the gas phase renewed at each step. This approach
is generally equivalent to the method of flow-through
stepwise reactors, which was developed for simulating
water—rock interactions [17]. In the first reactor R, the
equilibrium of the original mineral water and spontane-
ous gas (50% CO,, 50% N,) is calculated (Table 1) at a
spring temperature of 7°C and a pressure of 1 atm.
No saturation with respect to calcite is reached,
because no carbonate minerals occur in the gryphon.
The composition of reactor R, is calculated for 1 liter of
water from reactor R and 1 liter of atmospheric air. The
composition of the air is specified in the model by N,
with a low CO, concentration (0.01 mol %). Inasmuch
as we did not simulate redox reactions, the model did
not take oxygen into account. The equilibrium compo-
sition of the liquid was then transferred into reactor R,,
and equilibrium with the newly supplied air portion was
simulated. A scheme of the simulations is presented
in Fig. 6. The model included 14 reactors. As was dem-
onstrated by preliminary simulations, this is enough for
the practically complete degassing of the solution and
precipitation of calcite, so that the complex of the solu-
tion varies after this only insignificantly.

The main dynamic parameter of this model is the
interaction coefficient of air and mineral solution vol-
umes (A/S). This coefficient depends on numerous fac-
tors (depth of the flow, flow velocity, stirring of the cur-
rent, wind velocity, etc.). Because it seems to be impos-
sible to evaluate this parameter, we assumed it to be
equal to one for each reactor, which allowed us to sub-
divide the degassing process into a reasonable number
of individual simulations. The integral value of the
2 A/S ratio is equal to 14, i.e., 1 1 of the solution even-
tually interacts with 14 1 of air (14 1-1 portions). The
integral X A/S ratio should vary for individual flows and
be prone to generally increase with time and with
increasing distance from the spring.

The model considers the following three variants of
the temperature regimes of water degassing:
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Table 4. Isotopic fractionation coefficients of carbon used in
the simulations [19]

1000 In(o)
LS Hzcc?s(sol)— HCOs0n~ | HCOj301) -
2A(gas) COx(gas) CaCO;
0 -0.82 10.24 2.17
5 —0.82 9.72 2.13
10 -0.82 9.22 2.08
15 —0.82 8.75 2.04
20 -0.83 8.30 2.01

(1) a temperature decrease from 7 to 0°C (the tem-
perature in each subsequent reactor is decreased by
0.5°C), which corresponds to the winter period of time;

(2) a temperature increase from 7 to 20°C (the tem-
perature in each subsequent reactor is increased by
0.1°C), which corresponds to the summer thermal
regime; and

(3) a constant temperature (7°C in each reactor),
which corresponds to the autumn period of time.

SIMULATION RESULTS

The simulation results demonstrate that the mineral
water of the spring in equilibrium with spontaneous gas
is not saturated with respect to calcite. The predominant
aqueous carbon-bearing species is carbonic acid, and
the pH of the solution is equal to 5.7. The most impor-

BYCHKOYV et al.

tant results of the simulations can be considered using
the example of the model for the summer temperature
regime (Fig. 7). During exchange with air and an
increase in the integral A/S ratio, the concentration of
dissolved carbonic acid rapidly decreases. At the fourth
step of the simulations (A/S = 4), the concentrations of
H,CO; and HCOj; in the solution become equal, and

then the predominant species is HCO5 ; the pH simul-
taneously increases. At the sixth step (A/S = 6), the
solution reaches saturation with respect to calcite, and
travertine starts precipitating according to the reaction:

Ca™ +2HCO; = CaCOs(calcite)!

)
+H,0+CO,T.

The maximum amounts of carbonate precipitate in
reactors 7-11 (A/S = 7-11) (Fig. 7b). By reactor 14,
degassing becomes weak, and calcite precipitates
mostly because of water evaporation. The pH of the
solution is thereby stabilized at 7.4-7.5.

The simulation results can be tested by their com-
parison with measured pH values (Figs. 7a and 2,
respectively). The calculated pH values are slight
underestimates compared to the measured values,
which can be caused by the fact that the measured solu-
tions were already partly degassed. In general, the cal-
culated and measured data are in good agreement and
make it possible to assay the integral £ A/S ratio as a
function of distance from the spring. For the spring in
question, £ A/S = 14 is reached at a distance of approx-
imately 200 m. Hence, our model is generally able to
adequately describe the degassing dynamics of the min-
eral water flow.

Ry 4 R, ? R, T R, T R, f
CO, ! air air air air
H,C0Y% H,C0Y% H,C0Y H,C0% H,COY
HCO; ——>| HCO; 4—{ HCOj- HCO3 ——> . —p HCO3.
¢ ¢ ¢
CaCO3 Ca 03 Cal 03

Fig. 6. Physicochemical model for the development of a travertine dome. (/) Host rocks; (2) travertine precipitates; (3) water flow.
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The assumed initial value was the composition of
spontaneous CO, of the spring with 83C = —8.0%c. In
simulating equilibria of the solution and spontaneous
gas in the spring, the isotopic composition of all aque-
ous carbon species was determined relative to free CO,
according to the isotopic fractionation coefficients at
7°C. The carbon isotopic composition of solution was
calculated based on our model for the concentrations of
carbon-bearing species by the equation

13 ~Ri-)
§°Cy

13 ~R, 13 ~R,
=8 CHcongcog"'8 CH2C03XH2C03 3)

13 ~R, 13 ~R,
+9 Ccaco,Xcaco, + d Cco,Xco,

13 R, . . . ..
where 8 "Cy""' is the carbon isotopic composition of

the liquid phase in the previous reactor; R, _, 813Cf",
and y; are the carbon isotopic composition and the mole
fraction of a given carbon species among all carbon
species.

The value of 813C§”’l was then calculated as

13 ~R, s 13 ~R, ' 13 ~R, '
8°Cy" =98 CHco;XHco;+6 Ci,coXm,co,»  (4)

where y:— is the mole fraction of the carbon species in
the aqueous solution. The calculations were then
repeated for the next reactor by Eq. (3).

The carbon isotopic composition calculated for its
predominant species for the summer temperature
regime is shown in Fig. 7. During the early degassing
stages, 8'3C of dissolved CO, slightly decreases due to
the losses of isotopically heavy CO, to the gas phase.
The contribution of this effect is generally insignificant,
but successive fractionation results in a decrease in the
d13C of CO, to -9%o. When the excess CO, is mostly
degassed, the predominant aqueous carbon species at
A/S =5 becomes the hydrocarbonate ion. The fraction-
ation coefficient of carbon isotopes between the hydro-
carbonate ion and gaseous carbon dioxide is significant,
and the gas phase is richer in the light isotope. The 8'*C
of hydrocarbonate starts to increase in the liquid
because of the degassing of the solution. Calcite begins
precipitating starting at step 6, and its 8'*C systemati-
cally increases with degassing. Calcite precipitation
depletes the solution in the heavy carbon isotope, but
this cannot counterbalance the release of the light iso-
tope with gaseous CO,. As the water degasses and car-
bonates precipitate, their '°C gradually increase from
+5.5 in reactor 1 to +13%o in the last reactor. The vari-
ation character of the calculated 8'3C values is in good
agreement with the tendency toward an increase in the
measured 8'3C values in carbonate samples taken near
the bottom of the dome.

The variations in the 8'°C at various temperatures,
which imitate seasonal variations in the air temperature
(summer, winter, and autumn), are insignificant com-
pared to the observed dynamic effects (Fig. 8). In gen-
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pH
8.0 (a)
751
7.0
6.5
6.0 -
55F
sot—r~t 11
H,CO;,, HCO3, mmol/kg Calcite, mmol/kg
30 10.40
251 (b) 10.35

10.30

20 0.25

0.20
0.15
0.10
0.05
0

15

10

Reactor no.

Fig. 7. Simulation results of mineral water degassing in the
summer temperature regime: (a) pH of the solution; (b) con-
centrations of predominant aqueous carbon species and the
amount of precipitating calcite; (c) isotopic composition of
predominant aqueous carbon species (/—H,CO3; 2—

HCOj ; 3—calcite; 4—COy).

eral, a temperature decrease leads to an increase in the
O"3C of the carbonates. The isotopic compositions of
carbonates precipitating “in summer” and “in winter”
differ in the initial reactors by approximately 1%o and
gradually converge during later stages of the process
(Fig. 8). This is explained by the fact that the tempera-
ture dependence of the fractionation is expressed
mostly in the solubility of carbon dioxide in water. As
the process evolves, the dynamic parameter (A/S)
becomes predominant in all cases. Thus, the discharge
of CO, mineral water can be associated with the precip-
itation of carbonates with broadly varying 6'3C values,
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Fig. 8. Carbon isotopic composition of calcite calculated in
models with different temperature regimes: (/) winter,
(2) autumn, (3) summer.

which are controlled, first of all, by the distance from
the discharge site of the water.

The comparison of the variations in the 8'3C values
with the volumes of precipitating calcite (Figs. 7b, c¢)
demonstrates that the fractions of carbonates with dif-
ferent 8'*C vary within the travertine dome. Calcite
with 8"3C from 7 to 11%o accounts for 85% of the over-
all volume of the carbonate material. Carbonates with
the minimum and maximum 8'3C values are produced
in much lower amounts (2 and 23%, respectively). They
are formed at the periphery of the travertine dome (near
its upper and lower boundaries). Because of this, the
probability that carbonates with intermediate 8'3C val-
ues (i.e., with a narrower variation range of 8'3C) are
preserved during the weathering of the travertine rocks
is higher.

The oxygen isotopic composition of calcite calcu-
lated in the equilibrium model depends only on the tem-
perature. The effect of degassing cannot modify the
oxygen isotopic composition of the water, because only
a very low amount of oxygen (<0.02%) leaves the solu-
tion together with carbon dioxide and water vapor. The
calculation of the oxygen isotopic composition of calcite
at various temperature regimes is displayed in Fig. 9.
The temperature dependence of the isotopic exchange
coefficient was borrowed from [20]. High-temperature
(summer) regimes can produce isotopically light calcite
(880 22.5-23.8%¢), whereas calcite precipitating in
winter is isotopically heavy (8'80 26.2-27.4%o). At the
same time, the correlation between the carbon and oxy-
gen isotopic compositions of the carbonates can also be
explained by the absence of isotopic equilibrium
between the water, calcite, and dissolved carbonate spe-
cies. In this situation, degassing similarly shifts the car-
bon and oxygen isotopic compositions. However, quan-
titative estimates of the effect of this mechanism can be
made only with regard for the reaction rates (which are
still poorly known).
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Fig. 9. Oxygen isotopic composition of calcite calculated in
models with different temperature regimes: (/) winter, (2)
autumn, (3) summer.

DISCUSSION

The results of our thermodynamic simulations indi-
cate that the degassing of CO, waters in air lead to a sys-
tematic enrichment of the precipitating calcite in the
heavy isotopes with increasing distance from the spring.

The range of the 8'°C values yielded by the model
(from +5.5 to +13%o) agree in scale and general tenden-
cies with the data of isotopic measurements in traver-
tine samples: from +3.8 to +10%o (or to +16%o. in old
travertine) (Table 3, Figs. 4 and 7c).

In the model, the values of 8'3C (+5.5%o0) in the first
CaCO; portions are slightly higher than in natural cal-
cite samples (+3.8%o). It is possible that this was caused
by the water degassing parameters assumed in the
model and the subdivision into elementary systems
(reactors) for the simulations. It should also be noted
that aragonite formation, which was noted to take place
near the upper margin of the travertine dome, was not
taken into account in our model. Aragonite is formed as
a metastable phase due to certain kinetic preferences.
Obviously, it is impossible to simulate the replacement
of aragonite by calcite within the scope of an equilib-
rium model. Inasmuch as aragonite occurs in travertine
deposits in subordinate amounts, we neglected its crys-
tallization.

Our thermodynamic model is able to accurately
enough describe the genesis of travertine. Our esti-
mates can also be tested via the calculated pH values,
which coincide with those measured in the naturally
occurring waters (Figs. 2 and 7a).

In general, our model implies that the longer the
segment where carbonates precipitate, the higher the
8'3C values of the CaCOj precipitating near the bottom
of the travertine edifice. Judging from our simulation
data and the 8'3C of travertine from the Tokhana dome,
the linear rate of the increase in the 8'*C values can be
as high as 3-4%o per 100 m. Comparison with other
springs corroborates with these evaluations.

Indeed, smaller travertine edifice (no longer than
100 m, such as Pkhiya, Verkhnii Baksan, Irik, and
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Verkhnii Karmadon) show much narrower 8'*C varia-
tions, usually no more than 2—2.5%eo.

Thus, the natural variations in the 8'3C values in
travertine from large domes can reach at least 7—8%o
and, judging from measurements in natural samples,
even 12%o. Because of this, it seems to be impossible to
reproduce the original isotopic composition of the
spontaneous CO, of ancient CO, springs on the basis of
miscellaneous travertine fragments or unsystematically
sampled fragments of large dome structures. The best
results can be obtained by studying small (no larger
than 100 m) travertine edifices. However, in this situa-
tion, it is also expedient to sample various portions of
the edifice.

The oxygen isotopic composition is controlled by
other mechanisms. Within the framework of our model,
calcite with high 8'0 values can be formed only during
water cooling in winter. In contrast to the carbon sys-
tem, degassing almost does not affect the oxygen isoto-
pic composition of the water (and, correspondingly, the
carbonates precipitating from it). The increase in the
8'80 (CaCO5) toward the bottom of the travertine dome
(Fig. 5) can also be explained by other factors.

The observed 6'30 isotopic effects can, theoreti-
cally, result from the activity of blue—green algae on the
travertine surface (these algae preferably utilize the
light oxygen isotope). Another factor that can yield
analogous results could be water evaporation at the sur-
face of the flow. Water evaporation could play a deter-
mining role in the middle part of the dome, where the
active precipitation of CaCQO; takes place. Mineral
water broadly spreads there over the travertine surface.
The width of the wet portion of the dome is there no
less than 10-15 m, and the depth of the water current
does not exceed 1-2 cm. Evidently, evaporation pro-
cesses may play the leading role controlling the isoto-
pic composition of the carbonate material under favor-
able weather conditions.

CONCLUSIONS

1. Isotopic measurements indicate that travertines
from the Northern Caucasus may contain isotopically
heavy calcite (8"3C up to + 16%o). The 6'3C and 8'%0
values increase away from the spring. The variations in
the 8'3C (CaCOs;) values within the modern dome reach
~12%o, with an average 8'°C (CaCO;) increase of
~3—4%o per 100 m.

2. The thermodynamic model for travertine forma-
tion imitates the processes of carbon isotopic fraction-
ation during the degassing of CO, waters at the surface.
The variations in the calculated 8"C (CaCO;) values
along the strike of the dome structure have a scale and
trend analogous to those observed in nature. Thus, the
reasons for the origin of isotopically heavy carbonate
travertine do not necessarily include other factors, such
as the activities of blue—green alga colonies.
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3. Compared to the dynamic effects, seasonal tem-
perature variations play a subordinate role in control-
ling the isotopic composition of carbonates in large
dome structures. The significance of the seasonal fac-
tors increases, however, for small travertine structures,
at which the contributions of dynamic and temperature
effects of isotopic fractionation become comparable.

4. Our results demonstrate that the composition of
travertine can significantly vary along the strikes of the
structures. This should be taken into account in paleo-
climatic and paleohydrogeological reconstructions.
Our data also imply that it is generally unadvisable to
conduct these reconstructions using unsystematically
sampled fragments of ancient travertine, which can be
sometimes found in talus and alluvial deposits. Even if
the samples were collected at the central, well-pre-
served portions of dome structures, the natural varia-
tions in the isotopic composition of the carbonates
caused by dynamic effects may be as great as 2.0-2.5%o
for carbon and 1.0-1.5%o for oxygen.
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