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Abstract: This article presents the new data on the chemical and gas composition, the content of
stable isotopes of oxygen, hydrogen, carbon, and sulfur in natural mineral waters of the Essentuki
field. A detailed study of the geological and hydrogeological features of the water circulation area,
its major chemical composition, the content of organic matter in water, temperature conditions and
51808MOW/ 5DSMOW/ 513Cch, 5180ch, 634SVCDT1 613CC02, 513CCH4/ 515N values made it pOSSible
to specify the genesis of water, gas, and solute components of the Essentuki CO,-rich mineral water
field. The stable isotopes values (6'80gpiow and §Dgyviow) in the water phase ranges from —13.75 to
—9.69%o and from —101.08 to —74.34%., respectively. They correspond to GMWL, which indicates
their predominantly infiltration genesis. The values of §'3Cpjc in mineral waters of the Essentuki
field vary widely from —14.43 to +8.59%. and indicate their mixed genesis. §'°N gas values in mineral
waters of the Essentuki field vary quite widely from —2.31 to 2.50%o indicating a different source of
this gas. Obtained data prove that all mineral waters in the Essentuki field are infiltration waters,
and the heterogeneous component composition of waters circulating in different aquifers reflects
the lithological composition of water-bearing strata, the rate of openness/closure of faults and the

intensity of reactions in the «water-rock-gas-organic matter» system.

Keywords: CO;-rich mineral water; stable isotopes; genesis; Caucasian Mineral Waters region;
Essentuki mineral water field

1. Introduction

The Caucasian Mineral Waters (CMW) area is widely known in Russia and very
popular as a health resort. Many people from all regions of the Russian Federation come
here annually to improve their health by balneotherapy. Mineral waters circulating within
CMW have different salinity, temperature, chemical and gas composition. Such variety of
groundwater is caused by a combination of the relief and geological and hydrogeological
conditions of CMW. The most popular in the Russian Federation are bicarbonate-chloride
sodium or «hydrochloric alkaline» waters known under the trademarks «Essentuki-4»
and «Essentuki-17». The consumers of these waters are Essentuki health resorts, clinics
and hospitals, as well as local bottling plants. CO,-rich mineral waters are mainly used
for drinking and treatment of gastrointestinal diseases, inhalation and irrigation, while
H)5-CO;, bearing mineral waters are used for baths. At present, there are four resorts of
federal importance (Kislovodsk, Essentuki, Pyatigorsk and Zheleznovodsk) and one resort
of local importance (Kumagorsk resort) in the CMW area.

The object of this article is mineral water of the Essentuki field, which is the basis
of the Essentuki resort. The field occupies an area of roughly 200 km? and currently has
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49 active wells, 22 of which are water-intake wells, including two test ones (Figure 1). The
wells draw water from four aquifers [1].
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Figure 1. Study area: (a) sampling points; (b) geological cross-section of A-A’ in the region.

Despite the fact that the mineral waters within CMW region have been studied for
a long time, questions about the genesis of the aqueous phase, dissolved and associated
gases, sources of solute matter, transformation of the chemical composition initial water via
circulation way (in the depth and lateral of the field), remain debatable and relevant today.
Presently there is no generally recognized concept of their formation. To date, there are
two groups of hypotheses proposing fundamentally different schemes for the formation of
mineral «hydrochloric alkaline» waters at the Essentuki field [2].

The first group includes all hypotheses stating that mineral waters are formed directly
in the field from meteogenic waters during their interaction with water-bearing material
under active participation of the deep carbonic acid fluid. Complex reactions of mixing
and dissolution of water-bearing carbonate strata and ion-exchange reactions lead to the
formation of «hydrochloric alkaline» HCO3-Cl-Na (Essentuki) type of water [3—-6].

The second group includes hypotheses suggesting that the «hydrochloric alkaline»
waters of «Essentuki-4» and «Essentuki-17» type are formed much further north, in the
Nagut area. They enter the Essentuki field in almost «ready-made» form, along the way
getting saturated with solutes of marine genesis during the interaction with the terrigenous-
carbonate layer [7,8].

Recently, another hypothesis suggested that the studied waters could be of «relict»
(sedimentagenous) origin and assumed their initial circulation in all aquifers of the area.
Later on, the original brines were diluted or almost completely displaced by the infiltration
water flow coming from the Greater Caucasus mountain structure. At present, this type of
water is preserved only within the Cenomanian-Maastrichtian (Kj) aquifer [9].

The main purpose of this work is to study the genesis and evolution of the isotopic
and geochemical composition of the various aquifers of the natural mineral waters of the
Essentuki field on the basis of the long period hydrogeochemical survey.
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In this study we present the original data on the isotopic and chemical data of aqueous
and gaseous phases of CO,-bearing waters in the Essentuki field obtained during long
survey. The comprehensive and detail analysis allowed to specify the main sources, way
and processes of formation of CO,-rich mineral waters.

2. Study Area

The Caucasian Mineral Waters (CMW) is a group of resorts located in the south of
European Russia, within the junction of the Mineralovodskaya sloping plain and northern
slopes of the Greater Caucasus. The Essentuki mineral water field is located in the central
part of the CMW occupying the area of 200 km?.

A distinctive feature of the flat part of the region’s relief is the presence of separate
volcanic structures—laccolite mountains (approximately 17 of them) represented by gran-
ite and syenite porphyries breaking through the Mesozoic-Cenozoic sedimentary rocks
(Figure 2). The Essentuki mineral water field is confined to a monoclinal structure that dips
in the northern direction and rests on the Byk Mountain intrusive.
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Figure 2. Geological map of the study area.

The aquifer complexes are presumably isolated from each other hydrogeologically [10].
They are hydrodynamically interconnected through fault zones and contact zones of laccolites.

Hydrogeological section of the Essentuki field is an alternation of monoclinal relatively
waterproof and water-permeable rocks of the Mesozoic-Cenozoic sedimentary cover and
Proterozoic-Paleozoic basement (Figure 1). A feature of the geological structure of the
CMW area is the shallow occurrence of crystalline basement rocks.
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Four aquifer complexes are distinguished in the geological structure of the sedimen-
tary cover [1]: Paleogene (Elburg) (P;d—sl) complex represented by marl, sandstone, and
limestone; Upper Cretaceous (Cenomanian-Maastrichtian) (K;), carbonate complex formed
by limestone and marl; Lower Cretaceous (Aptian-Lower Albian) (Kja-al;) complex com-
posed of terrigenous sandy-clayey sediments; Titon-Valanginian (J3tt-K;v) complex. In
the Essentuki field area it lies directly on the basement rocks and consists of plastered clay,
granite grus, limestone, and dolomitic limestone.

The Proterozoic-Paleozoic basement has a block structure and consists of sedimentary-
metamorphic and igneous rocks (granite, granodiorite, shale, gneiss, amphibolite, tuff,
sandstone, and conglomerates). The rocks are dislocated, folded, and fractured. The
fractures are filled with clayey material, veined quartz, and rarely with calcite.

The southern part of the region appears to be an infiltration groundwater supply
area, while the northeast and north are transit areas, probably due to the presence of
north-east-trending tectonic faults. Internal groundwater cross flow occurs along fracture
zones and numerous faults. The waters are characterized by lateral and vertical zoning,
and hydrogeological conditions change in the northeastern direction, which is associated
with the distance from the feeding area and increasing depth of aquifer occurrence.

The diversity of mineral waters of the Essentuki field is explained by complex hydro-
geological settings, including several aquifer complexes with different hydrodynamic and
hydrochemical conditions [10].

3. Materials and Methods

The article is based on the hydrogeochemical analysis of samples taken in 20192020
(Table 1). Samples for chemical and isotopic composition were taken from 20 wells within
the Essentuki field and from surface sources (a stream, a pond, and Podkumok River) and
snow (Figure 1). For the period 2019-2020, 240 water samples and 116 gas samples were
taken from 20 production wells of the Essentuki field. Samples were taken from July 2019
to September 2020 twice a month. Here we present the most representative samples.

Table 1. Characteristics of the studied water samples.

Ne Sample ID Aquifer Lithologies Well Depth (m)
1 57-re-bis P,d-sl Marl, sandstone, limestone 92
2 24-bis-1 P, d-sl Marl, sandstone, limestone 96
3 41-bis P, d-sl Marl, sandstone, limestone 115
4 34-bis P,d-sl Marl, sandstone, limestone 125
5 17-bis P, d-sl Marl, sandstone 125
6 418-bis P, d-sl Marl, sandstone 157
- 56 P,d-sl Marl, silt§tone, sandstone, 191

limestone
8 33-bis Pid-sl Marl, sandstone, limestone 212
9 39-bis P,d-sl Marl, sandstone, limestone 266

10 36-bis P, d-sl Marl, sandstone, limestone 301
11 70 Ky Limestone, sandstone 212
12 2-e Ky Limestone 435
13 1-e Ky Limestone, sandstone, mudstone 462
14 46 K, Dolomitized limestone with 686

interlayers of marls
Dolomitized limestone with
15 49-e K2 interlayers of marls 865

Limestone, with thin layers of

16 71 K2 marls and mudstone 999
17 9 Kja—-aly Sandstone, siltstone 600
18 55 Kja—aly Sandstone, mudstone 1222
19 75-bis J5tt-Kqv Quartz sandstone 974

20 1-kmv-bis J3tt=-Kqv Limestone, granodiorite 1468
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Unstable parameters (pH, temperature) were determined directly at the sampling
site using liquid analyzers Expert-001 (Russia) and Mettler Toledo (Switzerland). Water
samples intended for laboratory chemical analyses were filtered through a cellulose filter
(0.45 pm) at the sampling site.

Main cations and anions were determined by liquid ion chromatography (HPLC-
10AVp, SHIMADZU) in the analytical center of Far East Geological Institute, Far East Branch
of Russian Academy of Sciences (FEGI FEB RAS, Vladivostok, Russia). Isotope studies of
stable oxygen and deuterium isotopes in groundwater were performed in the laboratory
of stable isotopes of the analytical center of FEGI FEB RAS. Water samples were prepared
for isotope analysis according to the standard technique of high-temperature pyrolysis of
water on carbon. A TC/EA high-temperature pyrolyzer (ThermoQuest, Bremen, Germany)
connected to a MAT 253 isotope mass spectrometer (ThermoQuest, Bremen, Germany) via
a ConFlo-1V interface (ThermoQuest, Bremen, Germany) was used for the analyses. The
results of the analyses are presented according to the international standard VSMOW.

The isotopic composition of §*4S sulfate ion was performed on a MAT-253 mass
spectrometer (Thermo Scientific, Bremen, Germany) in continuous helium flow mode in
the laboratory of stable isotopes of FEGI FEB RAS. The results of §**S measurements are
reported according to the international standard VCDT.

The chemical composition of free gas was determined by gas chromatography on
a Crystal-2000M gas chromatograph in the laboratory of Geological Institute, Russian
Academy of Sciences (GIN RAS).

The isotopic composition of §'3C in CO, and CH, was analyzed at Lomonosov
Moscow State University, Department of Geology and Geochemistry of Combustibles.
Stable §'3C isotopes of dissolved carbonates were determined in carbonates precipitated
from water (about 0.1 g mass). The samples were treated with polyphosphoric acid on
a Gas Bench II sample preparation line connected directly to a Delta V Advantage mass
spectrometer (Thermo Fisher Scientific). The VPDB standard (Vienna Pee Dee Belemnite)
was used to calibrate the analytical system during the analyses.

The isotopic composition of nitrogen §'°N in gaseous nitrogen was determined at the
Isotope Research Center of VSEGEI (St. Petersburg) on a DELTA Plus XL mass spectrometer
(ThermoFinnigan, Bremen, Germany). Atmospheric air with §!°N = 0%. was used as a
standard, and the measurement error was 0.3 %o.

4. Results and Discussion
4.1. Hydrogeochemical Characteristics

Surface water streams in the region have low salinity of about 0.6 g/L and a various
chemical composition; among anions, bicarbonate predominates followed by sulfate and
chloride (Table 2, Figure 3). Calcium is predominant in the Podkumok river waters,
although sodium prevails in a stream.
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Table 2. Chemical composition of natural mineral water of the Essentuki field.

TDS  COdis Na K Ca Mg HCO; SO, cl Si0,

Ne Sample ID Aquifer Water Type T (°C) pH
g/L mg/L
1 57-re-bis Pid-sl Na-HCO;-Cl 129 6.9 8.1 1.68 216158 1622 64.17 5108 461625 5.62 1376.75 16.54
2 24-bis-1 P d-sl Na-HCO;-Cl 14.2 7.1 9.5 1.20 2646.08 1361 29.14 2377 453016 7706 190677 14.66
3 41-bis P dsl Na-HCO;-Cl 12.8 6.8 9.1 1.78 235646 2215 74.05 4863 468428 0.52 1703.69 19.23
4 34-bis P d-sl Na-HCO;-Cl 14.0 6.8 8.6 1.93 226614 2277 76.76 4899  4551.89 0.67 164329 2029
5 17-bis P d-sl Na-HCO;-Cl 133 7.0 12.8 1.92 335423 24.88 60.30 5890 619872 1018 251546 1537
6 418-bis P d-sl Na-HCO;-Cl 13.6 6.9 8.5 191 222783 2391 6533 4794  4360.04 0.48 1657.00 2241
7 56 P d-sl Na-HCO;-Cl 15.0 6.5 8.8 1.74 227880  25.49 86.94 5170 447847 122 175640 2633
8 33-bis P d-sl Na-HCO;-Cl 143 6.8 8.8 1.86 230146  27.89 82.38 5350 435007 0.52 1766.00 2456
9 39-bis P d-sl Na-HCO;-Cl 12.7 6.9 9.0 1.83 237633 2146 64.48 4096 450850 0.60 1734.78 17.07
10 36-bis P d-sl Na-HCO;3-Cl 14.0 6.8 125 1.95 3323.08 3208 75.75 7343 6202.26 0.58 247131 2239
11 70 Ko Na-HCO; 14.4 8.5 0.6 0.05 155.29 2.38 5.09 115 369.76 4721 2201 15.15
12 2-e Kz Na-HCO;3-Cl 206 7.3 2.7 0.42 616.80 9.31 33.83 1072 149035 2311 309.40 2220
13 le Ko Na-HCO;-Cl 224 7.2 12 0.29 486.73 7.14 49.20 1210 111058  26.38 314.27 25.07
14 46 Kz Na-HCO;-Cl 269 6.7 9.8 0.80 260418 3634 28.29 4970 493432 0.24 1727.82 2547
15 19-¢ Ko Na-HCO;-Cl 359 6.6 8.2 0.64 230800 2423 2033 2311 404245 1.08 162343 3821
16 71 Ko Na-HCO;3-Cl 477 6.8 9.4 0.62 247871 3244 2250 2421 452430 0.10 1801.29 4297
17 9 Kia-aly Na-Ca-HCO3-50, 16.4 7.9 0.6 0.41 116.50 2.59 37.35 5.99 21570 15875 4270 17.43
18 55 Kia-al; Na-HCO;3-50, 34.1 7.1 0.7 0.14 184.00 2.12 2.40 0.14 27645 12517 59.43 27.46
19 75-bis Jst-Kiv  Na-Mg-Ca-HCO3-Cl-SOy 150 6.3 25 2.12 650.25 43.23 26300 17825 333821 83775 70475 43551
20 lkmvbis  Jatt-Kv Na-Mg-HCO3-C1-50, 342 6.7 6.5 0.79 752.67 63.57 211.67 19250 279018 82117  853.50 36.24
21 stream - Na-Mg-Ca-HCO3-50, 10.6 6.1 091 - 95.60 1.85 61.80 39.20 42100  220.00 60.70 5.45
2 poa - Ca-Mg-Na-HCO3-50, 7.0 5.7 0.92 - 4270 523 123.00 2830 40200 21100 87.80 8.25
odkumok

23 pond - Na-Ca-504-Cl 102 6.7 3.99 - 633.00 12.80 43500  129.00 9000 225400  418.00 2147
24 snow - Na-Ca-HCO3-C1-50, <0.0 5.0 0.02 - 2.24 0.85 1.95 0.25 7.00 2.73 2.77 0.12
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Figure 3. Stiff diagrams showing the chemical composition of natural mineral water of the
Essentuki field.

Pond waters are characterized by a significantly higher TDS (about 4.0 g/L) compared
to surface water courses. Among anions in these waters sulfate ion prevails (2.25 g/L)
followed by chlorine ion (0.4 g/L), and among cations sodium is predominant (0.63 g/L)
followed by calcium (0.44 g/L) and magnesium (0.13 g/L). Atmospheric precipitation
(snow) has a rather low salinity (not more than 0.02 g/L) and a mixed chemical composition
(Table 2).

All studied groundwater is weakly alkaline with pH varies from 6.3 to 8.5. While
surface waters in Podkumok River and in the stream are characterized by more acidic pH
values ranging from 5.7 to 6.1 (Table 2, Figure 4).
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Figure 4. Relationship between temperature (T, °C), TDS, pH, SiO; and dissolved carbon dioxide
(CO,, g/L) for the water samples in the study area.

TDS of groundwater in the Essentuki field varies in a wide range from 0.6 to 12.8 g/L
highly depending on the aquifers (Figure 4). The waters from the Paleogene aquifer
P;d-sl are characterized by fairly high TDS values within 8.1-12.8 g/L (an average of 9.6).
Groundwater in the Cenomanian-Maastrichtian aquifer (K;) has a wider range of TDS
values, from 0.6 to 9.8 g/L (an average of 5.3). Water sampled from wells in the Aptian-
Lower Albian aquifer (Kja—alj) is characterized by low TDS within a narrow range of
values 0.6-0.7 g/L, while mineral groundwater circulating deeper in the Titon-Valanginian
aquifer (J3tt-K;v) has a higher salinity ranging from 2.5 to 6.5 g/L (an average of 4.5). A
clear hydrogeochemical zoning is observed in the vertical section: groundwater circulating
in the intermediate Aptian-Albian aquifer has significantly lower TDS than groundwater
localized in rocks of the Paleogene (P1d-sl) and Upper Cretaceous (Kjy) aquifers located
structurally higher in the section, and also than groundwater from the Titon-Valanginian
horizon (J3tt-K;v) laying lower in the section (Figure 4). The lowest TDS (0.6 g/L) is
observed for groundwater from wells 70 (K; aquifer) and 9 (Kja-al; aquifer), located in the
south part of the study area which located near in the infiltration recharge zone.

Average values main components in the studied waters according to the results of the
2019-2020 sampling are presented in Table 2.

Bicarbonate ion is always predominant in the anion composition of mineral ground-
waters from productive aquifers of the Essentuki field (Table 2, Figure 5). The content of
sulfate ion and chlorine ion varies depending on the groundwater circulation zone, i.e.,
its occurrence in an aquifer (Figure 3). In the Elburg aquifer water (P;d-sl), the content of
HCOj ion among anions varies from 4360 to 6202 mg/L, Cl ion from 1376 to 2515 mg/L,
and SOy ion is present in trace amounts except for well 24-bis-1 where the concentration
of sulfate ion reaches 77.1 mg/L. The average content of dissolved carbon dioxide was
1.78 g/L. Despite the difference in TDS, all studied waters from this aquifer share the same
chemical water type and genesis (Table 2).
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Figure 5. Piper diagram of water samples.

In the Cenomanian-Maastrichtian aquifer waters (K3), the content of HCO3 ion among
anions varies from 370 to 4934 mg/L, Cl ion from 22 to 1801 mg/L, and SO, ion was found
in follow wells: 1-e and 2-e (H;S-bearing water) and 70 (fresh water) located close to the
recharge zone. The content of sulfate-ion was 26.38, 23.11 and 47.21 mg/L accordingly. The
concentration of dissolved CO; gas varies very significantly from well to well and strongly
depends on their location. The highest content of CO, was found in the wells 46 (0.8 g/L)
and the lowest in well 70 (0.05 mg/L).

In waters of the Aptian-Lower Albian aquifer (Kja-al;), the content of HCO3 ion (216
to 276 mg/L) is followed by SOy ion (125 to 159 mg/L), and then by Cl ion (43 to 59 mg/L).
The content of dissolved CO; is low ranging from 0.14 to 0.41 g/L.

In the Titon-Valanginian aquifer waters (Jstt-K;v), the average concentration of
HCO;~ reaches 3064 mg/L, CI~—56 mg/L, and SO,2~—829 mg/L. The average con-
tent of dissolved carbon dioxide is high (1.46 g/L), close to that in waters of the Elburg
aquifer. A very high gas factor of 17.5-31.5 m3/m? is observed in groundwater from this
aquifer.

An increased concentration of sulfate ion in water produced by the wells from the
Aptian-Lower Albian (Kja-al;) and Titon-Valanginian (J3tt-K;v) aquifers compared to
water from other productive horizons of the Essentuki field reflects the lithological compo-
sition of water-bearing rocks. It is discussed further in determining the isotopic composition
of sulfate sulfur in groundwater.

The maximum concentration of HCO;™ is typical for waters of the Cenomanian-
Maastrichtian aquifer (K3), and the minimum concentration for the Aptian-Lower Albian
aquifer (Kja—aly). The direct dependence of the studied waters’ TDS on HCO3; ™~ content
(Figure 6) indicates that TDS of CO;-rich waters is controlled mainly by the amount of
bicarbonate ion, which is formed by the dissolution in water of CO; gas migrating from
subsurface through open faults and tectonic deformation zones.
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Figure 6. Relationship between TDS and the content of main ions in the studied water, and their

correlation coefficients (R2).

Chloride ion content also significantly affects the value of TDS, which is confirmed by
their direct correlation (Figure 6). The elevated Cl~ concentration in mineral waters of the
Essentuki field is associated with the salt complex of sedimentation pore waters of marine
genesis, which is partially preserved in weakly permeable blocks of terrigenous-carbonate
rocks of the Cenomanian- Maastrichtian aquifer (Kj) [9,10].
Na* is predominant among the cations in all studied samples, while other cations
have sharply inferior concentrations (Figure 5). Figure 6 shows a direct dependence of
water salinity on sodium ion content at R? = 0.96.
The Gibbs diagram in the Figure 7 shows that all samples of the studied natural mineral
waters of different aquifers are located in the zone of rock dominance. This indicates the
process of interaction between water and rocks, which is one of the main mechanisms
controlling the chemical composition of studied groundwaters.

100.000 - e’ 100.000 Pid
- -
. .
- L
Pid R
- - e » -
- I: " ~“ Evaporation
< Evaporation . - dominance
] ) - 2
10.000 Q@” 4 dominance - L4 10,000 . -
rd .- - )
-
,:- o .- - - :: (]} o’
’,’6‘ =~ g JPte - -~ ® L0
e Se~a_ L’ e Sel L7
- () >< L S0
1000 + o PR RN 1 000 & O - ~o
- 3 s s o p g ® ~ .(.
é“ O . \‘ E - - N
g -~ = A
* Rock ¢ ) £ Rock <. )
a nance ~
B dominance ~ . e B dominance N . -
100 | A APt 100 4~ - ST
~ - ~ ~
~o PPN e RN
S - ~ e - RES
ST - had™ N ST - S.
s C OPd—sl < ~
S A Precipitation hES Ss A _— N
Sa : oK, S Precipitation
10 + ~. dominance oKja—al; 101 <. dominance
.. @ J3tK v .. \omm‘mu
RS N © River Water ~
S A Snow s
Sso [)Lake Water Sso
N .
1 T r " 1 T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.0 0.2 0.4 0.6 0.8 1.0
(a) CI/(CI+HCOy"), meg/L (b) (Na*+K*)/(Na*+K*+Ca*"), meq/I

Figure 7. Gibbs diagram of natural mineral waters samples: (a) anion ratio (C1~/(C1~+HCO;™);
(b) cation ratio (Na*+K*)/(Na*+K*+Ca?*).
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Calculations of the saturation index (SI) have shown that almost all the studied
waters from different aquifers are oversaturated with quartz, hematite, goethite, dolomite,
chalcedony, calcite, aragonite and albite (Figure 8).

i
i

i

i

i

i @ Anhydrite
i

1 ©Gypsum

| A A A -

' ©Halite

: 0Albite

@ Aragonite

>
>

A Bante

>

@ Calcite

»>

H
1
|
A i
A A A
A : A Chalcedony
i
]
]

A Dolomite

A A
-4_-a.----§- @Fluorite

4 ‘]

e 8

Fmmmmmm———————

5] [a) i A
_____ O ---- B -JI-_Q..--.g..-..-___._a.____'..__

8 ]

A Goethite

A Hematite

o@e 00 I>
@0 o €3>

o@ e® @

Quartz

e © @m»
e oor® @>

1
g

@ Siderite
®Talc

e © o moeect

i @ Willemite
@ Withente

)
75-bis  1-kmv-big

i
i
i
i
i
i
] 55
i

17-bis  418-bis 56 33-bis  39-bis  36-bis 4 70 2 1-e 46 49-2 71
'

water sample from aquifer P,d-sl K, K,a-al, l Jitt-K,v ‘
Sample ID f

Figure 8. Saturation indices (SI) values of groundwater samples, with respect to minerals in the
study area.

4.2. Groundwater Temperature

Groundwater temperature in the studied wells varies in a wide range from 13 to 48 °C
(Table 2). The maximum temperature measured at the discharge (about 48 °C) is fixed in
the well 71 (Upper Cretaceous aquifer) located in the northeast of the territory near the
laccolite mountain Byk. The minimum temperature (13 °C) was recorded in water of the
well 70 located near the supposed groundwater recharge zone-the Elbrus mountain system.
In general, groundwater temperature tends to increase with the depth of aquifers and in
the northern direction. For groundwater sampled from the Upper Cretaceous aquifer, there
is a very good correlation R? = 0.94 with the sampling depth (Figure 4).

Surface water temperature in the stream, in the pond, and in Podkumok river at
the time of sampling (summer period) had approximately the same values, about 10 °C
(Table 2).

4.3. Total Carbon Content

Total carbon (TC) content in the studied samples of mineral and surface waters in-
dicates a significant predominance of inorganic carbon (>95%), which is formed during
the dissolution of water-bearing carbonate rocks (Table 3, Figure 9). The small amount
of organic carbon (OC) in carbonate groundwater is caused by a very minor quantity of
organic fraction of the water-bearing strata. The highest concentration of OC (2.2%) is
typical of clay mineral phases of the Lower Cretaceous and limestones containing the
remains of organic matter of the Upper Cretaceous [11]. OC was not found in CO,-free
(fresh) waters, apparently due to poor interaction between water and water-bearing rocks.



Water 2023, 15, 901 12 of 23

Table 3. Content of various forms of carbon in water samples of the study area.

TC IC TOC
Ne Sample ID Aquifer
mg/L
1 57-re-bis Pyd-sl 887 866 21
2 24-bis-1 P;d-sl 879 843 37
3 41-bis P, d-sl 927 894 34
4 34-bis Pyd-sl 935 881 54
5 17-bis Pyd-sl 1198 1126 71
6 418-bis Pid-sl 837 806 31
7 56 Pyd-sl 888 860 28
8 33-bis P;d-sl 873 834 39
9 39-bis Pid-sl 912 884 28
10 36-bis Pyd-sl 1207 1139 68
11 70 Ky 71 69 2
12 2-e Ky 281 268 13
13 l-e Ky 199 190 9
14 46 K 856 790 66
15 49-e K 788 755 33
16 71 Ky 792 719 74
17 9 Kja-al; 45 43 1
18 55 Kja-aly 57 51 6
19 75-bis Jatt=K;v 448 408 40
20 1-kmv-bis Jatt=Kq v 273 252 21
21 stream - 59 55 4
22 river Podkumok - 50 49 1
23 pond - 64 58 6
24 SNow - 7 6 1
1400 ~
1200 A = f HIC ®TOC
o 1000 1 o .
= AA A AN Al =
S 800 1 1 Z =
S 600 1
g ’ 7 AV
5] . Al
g 2001 ‘3 D ﬂ
= .
S o MMMV D) ..—~. YO L SOV O
2 7 8 2 .2 2 % 2 9 2o 9 9 0 O i nly o glg M4 g 3
B B - - B - S e Blg g 8 S
E2 g3 e 248 N e oz g~
i a N | O F %
: ' L
| water sample from aquifer P,d-sl ‘F“ K, 1K a-al, by 3tt—K1}j _g
\/ \/ L
I [

Figure 9. Distribution of various forms of carbon in water samples of the Essentuki field.

4.4. Isotopic Composition of Groundwater

The content of stable oxygen and hydrogen isotopes (8"80gp10w and 8Dgpiow) varies
greatly in studied mineral waters: from —13.75 to —9.69 %o, and from —101.08 to —74.34%o,
respectively. Isotopic composition of surface waters ranges smaller: from —10.00 to —7.10 %o
for 580gpow, and from —72.30 to —61.00%. for SDgpow (Figure 10, Table 4). Isotopic
composition of the snow has very light values for both oxygen —29.00%. and hydrogen
—225.30%0, which indicates that it was formed at a high altitude.
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Figure 10. Binary distribution diagram of 5180yspow and 8Dygpow in natural mineral water of the

Essentuki field.

Table 4. Isotopic characteristics of natural mineral water of the Essentuki field.

. 880ysmow SDvsmow 8B Cpyc 880pyc
Ne Sample ID Aquifer %
1 57-re-bis P,d-sl —10.68 —80.52 —0.61 —11.48
2 24-bis-1 P, d-sl —10.19 —77.83 —1.05 —10.15
3 41-bis P, d-sl —10.31 —83.35 —0.03 —12.62
4 34-bis P,d-sl —9.93 —76.29 —-10.93 —12.90
5 17-bis P,d-sl —10.55 —88.34 0.23 —10.61
6 418-bis P, d-sl —9.96 —86.51 —0.32 —12.07
7 56 P,d-sl —10.11 —74.39 —5.61 —12.96
8 33-bis P, d-sl —9.88 —74.36 —13.73 —11.58
9 39-bis P, d-sl —10.22 —79.39 —0.40 —11.87
10 36-bis P,d-sl —9.97 —85.06 —9.34 —11.21
11 70 K, —10.89 —78.34 —5.02 —-11.97
12 2-e Ky —10.81 —74.34 —0.76 —10.13
13 1-e K, —9.69 —78.33 —1.40 —10.07
14 46 K, —10.32 —76.58 2.11 —7.68
15 49-¢ Ky —10.73 —79.79 2.10 —6.58
16 71 K, —10.54 —77.27 1.68 —7.60
17 9 Kja—aly —13.75 —101.08 —14.43 —14.34
18 55 Kja-aly —~12.91 —93.49 ~10.95 —12.71
19 75-bis J3tt-Kyv —11.06 —78.98 8.59 —6.90
20 1-kmv-bis Jatt=Kyv —11.52 —83.25 2.97 —14.52
21 stream - —8.80 —61.00 - -
22 river Podkumok - —10.00 —72.30 - -
23 pond - —7.10 —61.20 - -
24 snow - —29.00 —225.30 - -

The mineral waters of the Elburg (P;d-sl) and Cenomanian-Maastrichtian (K;) aquifers
are close to each other, as well as to atmospheric precipitation and surface waters of the
region by their 5180gpow and §Dgpow data (Table 4). The binary diagram (Figure 10)
shows that the majority of figurative points of mineral waters in these productive aquifers
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are located along the global meteoric water line (GMWL) indicating their infiltration
genesis. Also, the recharge area of the Elburg and Cenomanian-Maastrichtian aquifers
is very compact, forming a cloud, suggesting a similar genesis for groundwater of both
aquifers. The absence of a significant «right shift §'80syow» that could indicate rock-
water oxygen isotope exchange (Alsowater_mck) under increased temperatures points to an
active groundwater hydrodynamic regime in the aforementioned horizons and a weak
interaction between groundwater and host-rocks. A slight deviation of some figurative
points of groundwater in the Elburg aquifer and the pond water sample from the GMWL
apparently reflects the initial evaporative concentration processes in the surface water
(Figure 10). Well-known that heavy isotope of hydrogen and oxygen accumulate in water
during evaporation.

Mineral waters of the Aptian-Lower Albian (K;a-al;) and Titon-Valanginian (J3tt-K;v)
aquifers differ from waters in the overlying horizons by much lighter values of 3180gpmow
and 0Dgpow, while still being located on the GMWL, which indicates their infiltration
genesis. The most light values of 5180gnmow (from —13.75 to —12.91%0) and 8Dspviow (from
—101.08 to —93.49%o) registered for the Aptian-Lower Albian aquifer waters are probably
caused either by a greater share of winter precipitation in the aquifer groundwater recharge,
or by the location of their recharge area on structurally higher relief levels.

In summary, the water phase of mineral waters of the Essentuki field, undoubtedly, has
meteoric genesis, and the ion-salt composition of the Essentuki type mineral water forms
through its interaction with the layer of water-bearing carbonate-terrigenous rocks. Similar
chemical composition and most importantly, identical distribution of the major components
in mineral waters of Paleogene and Upper Cretaceous horizons indicate a common genesis
of waters (Figure 3). Therefore, all studied mineral waters are originally meteoric, and
the current chemical composition is the result of a combination of hydrogeochemical and
hydrobiochemical processes in the system groundwater-rock-gas-living matter. During
the circulation originally meteoric water interacts with water-bearing rocks and the meta-
morphization of water occurs, in which the content of salts of marine genesis starts to
increase and sodium predominates in the chemical composition of water. The recharge
area of mineral waters of the field is located in the spurs of the Caucasus Mountains
at 615-2100 m altitude, and the recharge area of waters circulating in the Aptian-Albian
horizon is structurally higher than the recharge area of waters from the Titon-Valanginian
horizon.

The obtained data are in agreement with the earlier studies of genesis and the cir-
culation ways of the Essentuki field mineral waters [1,9,12-15]. Debatable idea about
the genesis aqueous and gaseous phases from CO;-rich mineral waters located within
the Caucasus region are considered in the works [9,12,13]. Works [1,15] are devoted to
the geological structure and hydrogeological conditions of Caucasus region. Paper [14]
represents the results of the estimation of mineral water supply within the Essentuki field.

In addition, the analysis of the data obtained confirms the views that the Essentuki
type CO,-rich waters penetrate to the field from the northern part of the region in an
already practically formed state, while the long-term circulation of waters in the Elburg
marls does not change their chemical type [7,16]. The exact type of water (Essentuki-4 or
Essentuki-17) depends on the mixing ratio of fresh groundwater coming from the southern
recharge areas with high TDS mineral water moving from the north from the Nagut flexure.

H;S-bearing mineral waters of the Essentuki field produced by wells 1-e and 2-e from
the Cenomanian-Maastrichtian aquifer are similar to CO,-rich waters by their 5180gpmow
and §Dgpow data, which confirms their identical genesis (Table 4, Figure 10). Lower TDS
values (1.0-3.0 g/L) are caused by a significant dilution of the «initial» Essentuki CO,-rich
mineral waters with high TDS by fresh groundwater from the local recharge area (e.g., well
70). The genesis of dissolved H;S (up to 22 mg/L) in these waters is debatable. Most likely,
the presence of dissolved H,S in water is caused by anaerobic sulfate reduction reactions
that occur during the interaction of local groundwater containing sulfate ion in significant
concentrations with water-bearing rocks (limestone and marl) [17].
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4.5. Isotopic Composition of Carbon Bicarbonate lon

Isotopic composition of carbon bicarbonate ion (813Cpyc) clarifies the source of water
dissolved carbon in the studied mineral waters. The values of 5!3Cp;c in the Essentuki
mineral waters vary in a wide range from —14.43 to +8.59%., revealing a polygenetic
carbonate source (Figure 11, Table 4). The heaviest values of 513Cpjc were observed
in water sample from the Titon-Valanginian aquifer (well 75-bis), which indicates that
bicarbonate ion enters the water in the well mainly due to the dissolution of carbonate
rocks. Waters of the same horizon sampled from well 1-kmv-bis are also characterized
by positive values +2.97 %o which are typical for carbonate water-bearing strata. Lighter
§!13Cpyc values indicate a significant admixture of magmatic carbonic acid coming through
deep faults and tectonic disturbance zones from the Proterozoic-Paleozoic basement.
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Figure 11. Relationship between the content of 313Cpjc and the concentration of bicarbonate in
natural mineral water of the Essentuki field.

The lightest isotopic composition of §'3Cpjc (—14.43%. and —10.95%o) is typical for
samples taken from the Aptian-Lower Albian aquifer (wells 9 and 55). These low values of
§13Cpjc indicate a mixed carbonate genesis in these waters: the greater part is a biogenic
(soil) component and the minor part comes from the dissolution of carbonate material of
water-bearing strata. Since the amount of soil carbonic acid is insignificant and the deep
carbonic acid fluid does not enter this horizon, the interaction reactions in the water-water-
bearing strata system (terrigenous rocks of the horizon) are very weak at temperatures up
to 45 °C and the water is formed fresh.

The values of 5!3Cpjc in waters drawn by wells 71, 46, and 49 from the Cenomanian-
Maastrichtian aquifers (K;) aquifer are positive and quite close to 1.68, 2.11 and 2.10 %o,
respectively. Such similar values indicate a single source of carbonates in these waters, the
carbonate material of water-bearing strata. H,S-bearing and fresh waters of this horizon
are characterized by a lighter carbon isotopic composition (Table 4), which is caused by the
presence of significant amounts of soil carbonic acid in them. The intermediate 813Cpic
value in waters of wells 1-e and 2-e confirms their formation as a result of mixing of local
fresh waters and CO,-rich mineral waters moving from the north.

The Elburg horizon waters (P;d-sl), except for waters in wells 34-bis, 33-bis, 36-bis,
and 56, are characterized by about zero or weakly negative 5!3Cpjc values (Table 4). This
lightening of the isotopic value of dissolved carbon is the result of 313Cpyc fractionation
during mixing of deeper CO,-rich mineral waters with fresh waters from local recharge
zones. Strongly negative §'3Cpyc values in wells 34-bis, 33-bis, and 36-bis (—10.93; —13.73
and —9.34%, respectively) are caused by changes in §'*Cpjc values when using gaslift
during well operation, which ensures water saturation with carbonic acid. The depleted
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§13Cpjc values in well 56 are apparently caused by biogenic carbonic acid entering the
water (from soil or formed during the oxidation of dispersed organic matter of the Elburg
marl), since bicarbonate ion inherits the isotopic composition of the initial carbon dioxide.

In general, it is evident that highly saline groundwater, except for forced gaslift waters,
contains more isotope-heavy carbonic acid than waters with low TDS (Figure 11). The
obtained 5'80pyc values are negative ranging from —14.52 to —6.58 %0 (Table 4).

Mineral waters of the Essentuki field are characterized by high gas saturation
(0.5-3.5 dm3/dm?) varying from well to well. In the deepest Titon-Valanginian aquifer,
which lies directly on crystalline rocks of the basement, abnormally high content of carbon
dioxide was observed, while the intermediate Aptian-Lower Albian aquifer in this field is
characterized by the lowest gas content (it is often almost completely absent).

Uneven gas saturation of groundwater in the Essentuki field, which is typical for the
Titon-Valanginian horizon, is limited by the openness (or closure) of tectonic faults in the
Proterozoic-Paleozoic basement. A zone of increased fracture permeability confined to the
deep latitudinal North-Buguntinsky fault was reported in the area of well 75-bis [14].

4.6. Gas Composition of Groundwater

Generally, CO; is predominant in the free gas phase of the Essentuki field waters
(its content often reaches 98 volume%), followed by N, (up to 66 vol.%), and NHy4 (up to
29 vol.%). Oxygen (13 vol.%), argon (1.86 vol.%), and helium (0.98 vol.%) are present in
insignificant amounts (Table 5, Figure 12).

Table 5. Chemical composition of free gases of natural mineral water of the Essentuki field.

COZ CH4 Nz 02 Ar He

Ne Sample ID Aquifer
vol.%

1 57-re-bis P;d-sl 79.36 13.30 6.96 0.18 0.09 0.11
2 24-bis-1 P;d-sl 53.05 28.59 17.91 0.01 0.17 0.28
3 41-bis P, d-sl 86.87 6.67 5.47 0.91 0.06 0.03
4 34-bis P;d-sl 91.21 2.09 6.29 0.36 0.03 0.02
5 17-bis P;d-sl 91.47 6.21 2.06 0.21 0.03 0.03
6 418-bis P, d-sl 81.20 7.88 10.11 0.65 0.09 0.07
7 56 Pd-sl 81.48 12.37 5.94 0.03 0.07 0.11
8 33-bis P d-sl 98.13 1.08 0.68 0.07 0.03 0.01
9 39-bis P, d-sl 78.96 11.45 8.94 0.50 0.05 0.09
10 36-bis P;d-sl 94.44 1.47 3.27 0.77 0.04 0.01
11 70 K, 0.35* 0.015* 98.00 * 0.04* 1.30* 0.003 *
12 2-e K, 15.46 5.28 65.63 12.63 0.62 0.39
13 1-e K> 22.27 11.56 59.08 6.16 0.55 0.38
14 46 K, 91.52 4.61 2.43 0.23 1.14 0.07
15 49-e K, 71.57 21.31 5.13 0.52 1.22 0.25
16 71 K; 88.83 5.33 2.58 0.42 1.86 0.98
17 9 Kja-aly 0.55 0.02 78.94 19.72 0.77 -
18 55 Kja—-aly 0.18 0.44 94.13 3.57 1.33 0.35
19 75-bis Jatt-Kyv 82.27 0.01 13.41 4.10 0.21 0.003
20 1-kmv-bis Jatt-Kyv 80.93 0.01 10.98 6.75 1.21 0.12

Note: * The data is borrowed from [18].

Ny /Ar ratio values vary from 1 to 190. Its lowest values (1-15) are common for
samples taken from wells draining water from the Titon-Valanginian horizon (J3tt-K;v). In
the gases samples (wells 9 and 55) taken from the Aptian-Lower Albian (Kja-al;) aquifer,
Ny /Ar values range from 60 to 100, which is higher than the values of this ratio in the air.
In free gas samples taken from CO;-rich mineral waters of the Cenomanian-Maastrichtian
aquifer, N /Ar ratio values range 1-40, while in H,S-bearing waters from this aquifer
this ratio reaches higher values of 72-96. Fresh water from well 70 is characterized by
a very high Ny /Ar value (280), much higher than Ny /Ar in the air, probably indicating
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a non-atmospheric nitrogen admixture. In gas samples from the Elburg horizon, N, /Ar
values vary from well to well within the 60270 range.
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Figure 12. Gas composition of natural mineral water of the Essentuki field.

To identify the genesis of nitrogen we studied §!°N in the Nj free gas from several
wells, and additional data on §1°N were taken from the manuscript [18]. 515NgaS values
in mineral waters of the Essentuki field vary quite widely from —2.31 to 2.50%. (Table 6)
indicating a different source of this gas. Typically atmogenic Ny (5!°N close to 0 & 0.5%)
is characteristic of most mineral waters from wells draining water from the Paleogene
(wells 57-re-bis, 41-bis, 418-bis, 56, and 39-bis), and Cenomanian-Maastrichtian aquifers
(except for well 71). Gas phase of samples taken from wells 34-bis, 17-bis, and 36-bis shows
weakly negative !N values from —1.54 to —2.31%.. N, from the deepest well 1-kmv-bis
(J3tt-K; v aquifer), is also characterized by isotope-light 51N values of —2.0%o. These values
indicate a possible admixture of mantle nitrogen (5" Niantle & —5%o0) in Npgy of mineral
waters according to [19]. Isotopic heavy nitrogen §'°N (from +1.2 to +2.5) was observed
in the associated gas from wells 55, 71, and 24-bis-1 (Table 6). These values indicate an
admixture of crustal nitrogen (8" Nrust & +6%o) according to [19]. Therefore, the isotopic
characteristics of nitrogen in the gas phase of the Essentuki field indicate its polygenetic
genesis. N, is predominantly of atmospheric origin, but in some local environments an
additional source of gas is possible either from deep parts of the Earth’s crust (Nyante) OF
as a result of the degradation of water-bearing strata (Ncrust).
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Table 6. Isotopic composition of free gases of natural mineral water of the Essentuki field.
813C, CHy 813C, CO, §1°N
Ne Sample ID Aquifer "
1 57-re-bis P;d-sl —60.75 —7.61 —0.24
2 24-bis-1 Pid-sl —66.41 —9.59 2.50
3 41-bis Pyd-sl —61.71 —7.65 —0.20
4 34-bis P, d-sl —62.07 —23.34 —1.58
5 17-bis Pid-sl —62.38 —7.23 —1.54
6 418-bis Pyd-sl —60.93 —6.87 —0.19
7 56 P, d-sl —61.12 —7.83 0.64
8 33-bis Pid-sl —61.54 —22.94 -
9 39-bis Pyd-sl —62.54 -7.29 0.22
10 36-bis P;d-sl —61.55 —21.14 —2.31
11 70 K - - 0.40
12 2-e K —59.24 —8.50 0.05
13 l-e K; —59.20 —9.52 0.41
14 46 K —60.00 —6.04 0.30*
15 49-e Ky —61.21 —6.03 0.10*
16 71 K; —61.11 —7.43 1.30 *
17 9 Kja—aly - —16.37 -
18 55 Kja-aly —23.66 —17.35 1.20*
19 75-bis Jatt-K;v - —1.96 -
20 1-kmv-bis J5tt-Kyv - —2.46 —2.00*

Note: * The data is borrowed from [18].

4.7. Isotopic Composition of Carbon in the Gas Phase

313Ccop and §3Ccpys revealed the genesis of carbon-bearing gases in the mineral
waters of the Essentuki field (Figure 13, Table 6). §!3Ccop values vary in a wide range from
—23.34 to —6.03%0, and the maximum 5'3Ccop (—1.96 + —2.46%0) are typical for gases
from the deepest Titon-Valanginian aquifer. Methane is practically absent in free gases
from this horizon. These figures are very close to 813Ccon (83Ceopearh- Varies from —2
to +2%o) which was formed during the thermal decomposition of carbonate complexes.
Two sources of CO, are most probable here: a significant part is supplied during the
metamorphogenic transformation of the carbonate bed, and a minor admixture of mantle
gas from the basement through open fractures cannot also be ruled out.

Figure 13 clearly shows a group of wells (36-bis, 33-bis, and 34-bis) delivering mineral
water from the Elburg horizon strongly depleted with §'3Ccp,, which are typical for
biogenic gases [20]. As discussed earlier, these wells are operating in a forced gaslift mode
and the values obtained show §'Ccqy fractionation during this process. Other wells
draining water from the P;d-sl stratum on the contrary enriched with 513Ccop —9.59 to
—6.87%o (Table 6). Very similar 6'3Ccop (—9.52 + —6.03%0) are typical for mineral waters
from the Cenomanian-Maastrichtian (K;) aquifer. These similar 513Ccop data confirm
the hypothesis of a single source of CO; gas in mineral waters in both aquifers, which
is probably the mantle CO, with the values of —8 + —3%. [21]. The low 813Cc0p data
recorded in a number of wells (24-bis-1, 1-e, and 2-e) possibly indicate the input of the
biogenic CO,.

The content of §!3Ccoy in waters from the Aptian-Lower Albian (Kja-al;) aquifer are
quite low (—=17.35 <+ —16.37%0) and close to the upper threshold of biogenic (soil) CO,
formed by the oxidation of organic matter. 813Cconsoil Varies from —30 to —18%o [22]
suggesting the soil genesis of this gas.

Therefore, it is possible to argue that CO, gas in mineral waters of the Essentuki
field does not have a single source, but it is a mixture of gases of mantle, biogenic, and
metamorphogenic origin.

§13Ccpy values are very similar in all studied samples (except for well 55). They vary
insignificantly from —66.41 to —59.20%. indicating this methane is of biogenic genesis
(Figure 13). The only exception is the sample taken from well 55 (K;a-al; aquifer) char-
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acterized by heavier 5§'*Ccpy values (—23.66%0), which are typical for abiotic methane
(Figure 13).
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Figure 13. Distribution of §'3Cppp in free gases of mineral water of the Essentuki field.

4.8. Isotopic Determinations of Sulphate Forms of Sulfur

In order to identify the sulfate-ion genesis we carried out the 534Sy cpr determination
in several groundwaters. In general, the groundwaters within the Essentuki field are
characterized by insignificant concentrations of sulfate ion, which increase further down
the section (Table 2). The highest concentrations of SO,4%~ were determined in waters from
the Titon-Valanginian (J3tt-K;v) aquifer (up to 831.1 mg/L), whereas samples from of the
Elburg (Pd-sl) and Cenomanian-Maastrichtian (K;) aquifers content the negligible amount
of the sulfate ion (less than 10 mg/L), excluding waters from four wells: 24-bis-1, 70, 1-e
and 2-e (Table 2). Waters taken from Kja-al; aquifer contain 142.1 mg/L of sulfate ion on
average.

534Sy cpr data demonstrated that mineral waters of the Elburg horizon (well 24-bis-1)
are enriched with §**Sycpr +17.2%. (Table 7, Figure 14), which corresponds to the isotopic
composition of sulfates from marls of the Elburg horizon where 534Sycpr ~+12.4%o0, ac-
cording to [23]. A comparable isotopic value of 534Sy cpr is observed in waters of the Titon-
Valanginian (Jstt-K;v) horizon, where 534Sy cpr also has positive values +17.3 < 17.8%o.
Similar values (+12.2 + 20.4%o) were reported in gypsum and anhydrite forming this
complex [24].
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Table 7. Isotopic composition of sulfur in natural mineral water and water-bearing rocks of the

Essentuki field.
8%4Sycpr in the Rocks * 634 Sycpr in the Water Phase
Aquifer Sample ID
Yoo
P,d-sl 24-bis-1 marl sulfates, 12.2 +~ 12.5 174 =177
Ky l-e - 32+50
Ky 2-e - 1.3+39
Ky 70 - 4.01 + 545
Kja-aly 9 pyrite, —11.0 —233 + —23.8
Kja—-aly 55 pyrite, —11.0 —16.7 - —16.8
Jstt=Kqv 75-bis sulfates, 12.2 + 20.4 17.7 +-17.8
J5tt-Kqv 1-kmv-bis sulfates, 12.2 + 20.4 172 +17.3
Note: * The data is borrowed from [23,24].
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Figure 14. Isotopic composition of sulfur 534Sy cpr in mineral water of the Essentuki field. Data on
the isotopic composition of sulfur in the rocks are borrowed from [23].

Mineral waters from the Cenomanian-Maastrichtian (Ky) aquifer are also characterized
by positive but lower values of 534Syept = +2.6 + 4.7%0 (Table 7, Figure 14) compared to
waters of overlying and underlying aquifers. §3*Sycpr values of carbon-free waters (well
70) and H,S-bearing waters (wells 1-e and 2-e) are close, which indicates a single source of
sulfur in these waters.

Negative values 534Sy cpr are typical both for waters of the Aptian-Lower Albian
aquifer (from —16.8 to —23.6%.) and for pyrite from the Lower Cretaceous sandstone
(8%4Sycpr = —11.0%0) [23]. Tt is likely that sulfate in waters of this aquifer complex is
formed by the dissolution of sulfides in sandstone and mudstone.
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This means that SO42~ appears in mineral waters of different aquifers of the Essentuki
field during the dissolution of water-bearing strata and there is no evidence of possible
groundwater exchange between the aquifers. In general, the dissolution of gypsum and
anhydrite of water-bearing sediments causes the appearance of SO,2~ in waters of the
Elburg and Titon-Valanginian aquifers. Sulfate ion come to the Aptian-Lower Albian hori-
zon waters during the oxidation of pyrite spreading within host-rocks. Besides, additional
sulfate come to CO; rich mineral water K; aquifer from the aquifer recharge area.

The main sources of HySy;s. in waters from wells 1-e and 2-e are the products of sulfate-
reducing bacteria which produce H,S by consuming organic matter from sedimentary rocks
in the area. According to previous studies [23], almost all groundwater in main productive
aquifers of the studied region contains sulfate-reducing bacteria which actively grow on
various nutrient media (water-dissolved organic matter, hydrogen, methane, etc.). As a
result of bacterial anaerobic sulfate reduction of source waters with significant sulfate ion
content, sulfate concentration is notably reduced and dissolved hydrogen sulfide is formed.
The data we obtained are in good agreement with the available literature on the formation
of sulfurous carbonated waters in the Essentuki field [23-25].

5. Conclusions

Thus, new data on the chemical, gas and isotopic composition of natural mineral
waters of the Essentuki field allow us to determine the general processes and way of their
formation:

1. as a whole, mineral waters of the Essentuki field are characterized by lateral and
vertical zoning, hydrogeological and hydrogeochemical settings gradually change in
the northeast direction;

2. stable isotopes (5'®Ogpow and 8Dspow) values of the water phase indicate the pre-
dominantly infiltration genesis of the studied waters. Most likely, these waters were
originally meteoric and their salt composition was formed during the interaction
of atmospheric precipitation of the region with water-bearing rocks under active
participation of the gas phase. At the same time, mineral waters of different aquifers
are characterized by identical isotopic composition, but different values;

3. analysis of 813Ccop and 63Ccpy, as well as 513Cpyc revealed a mixed genesis of
CO, phases into the mineral waters of Essentuki field. These are the processes of
dissolution of carbonate strata, biogenic source, as well as a mixture of different
genetic types of the CO, fluid (mantle and metamorphogenic);

4. Nj-gas isotopic data demonstrate a polygenetic genesis: some amount of gas move to
water from the atmosphere, but another part comes from subsurface sources (mantle
or crust);

5. 8%Sycpr indicate that the sulfate-ion come to mineral waters during the dissolu-
tion of water-bearing strata. The main source of H,S dissolved in mineral waters
is the original sulfate ion reduced to H,S through the activity of sulfate-reducing
microorganisms.

Knowledge about the conditions and sources of formation of valuable CO;-rich min-
eral waters is of particular interest and is important for economically rational, mining,
exploitation and change of its quality.
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