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Abstract

The largest CO,-rich mineral water resource in the Sikhote-Alin ridge of Eastern Russia at Gornovodnoe village was studied.
The high-pCO, groundwaters are cold (5.8—10 °C) with pH 5.9-6.5, TDS varied from 1.2 to 2.7 g/l and belong to Ca-Mg
(Ca—Na)-HCO; type. New data on geology, mineralogy, hydrogeology and hydrogeochemistry, in conjunction with isotope
data of water and gas phases, have provided a much better understanding of the origin of this distinctive groundwater. It was
found that this water is of meteoric origin, but its unusual chemical composition is controlled by interactions of CO,-rich
groundwater and the aquifer materials. The dissolved CO, gas makes the water slightly acidic (at about pH 6.2) which
increased the leaching of many trace elements from host volcanic rocks typically considered immobile at these pH values.
3He/*He ratios and 8'°C indicate that mantle degassing is important as a source of deep exogenic fluids. The cold CO,-rich
groundwater of the Eastern Sikhote-Alin ridge is the result of interactions between fresh groundwater of meteoric origin,
mantle gases and the host volcanic rocks. It thus highlights connectivity between deep and shallow fluids along with deep
fractures related to ancient terrane boundaries.
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Introduction

Medical specialists have devoted much attention to CO,-rich
mineral waters, which are considered a unique therapeutic
natural resource. Within the former USSR major areas of
these waters were identified: Carpathian, Caucasian, Pamir,
Tien Shan, Sayan, Transbaikalia, as well as Far East territo-
ries: Primorye, Sakhalin, Kamchatka and Chukotka (Krainov
et al. 2004; Dubinina et al. 2005; Mityusheva and Simakova
2007; Tchepkaia et al. 2006; Kharitonova et al. 2007, 2017,
2019; Kopylova et al. 2009, 2011; Zamana 2015; Shvart-
sev et al. 2017; Chelnokov et al. 2018 and others). As the
preference within the Russian Far East, sparkling CO,-rich

The paper is devoted to Professor W.M. Edmunds (Oxford
University, UK) who made significant contributions to the study
of the geochemistry of ground waters of the Far East of Russia.

This article is a part of the Topical Collection in Environmental
Earth Sciences on “Mineral and Thermal Waters” guest edited by
Drs. Adam Porowski, Nina Rman and Istvan Forizs, with James
LaMoreaux as the Editor-in-Chief.

P4 1. V. Bragin
bragin_ivan@mail.ru

Laboratory of Hypergene Processes Geochemistry, Far

East Geological Institute, Far East Branch of Russian
Academy of Sciences, Prospect 100-letya Vladivostoka 159,
Vladivostok, Primorsky Kray, Russia 690022

Geological Department, Lomonosov Moscow State
University, GSP-1, 1 Leninskiye Gory, Moscow,
Russia 119991

Geological Institute Russian Academy of Sciences, Russian
Academy of Sciences, Pyzhevsky Lane 7, Moscow,
Russia 119017

School of Environmental Sciences, Flinders University,
Adelaide, SA 5042, Australia

mineral waters are on the second place after thermal springs.
Based on numerous occurrences resorts, sanatoriums, hos-
pitals, and bottling plants for bottling of mineral water have
been established.

Gornovodnoe spa is one of the mineral water sources, and
it is located on the largest aquifer on the eastern slopes of
the Sikhote-Alin ridge, in the Primorye region (Maritime),
60 km south-westward of the town of Olga (Fig. 1). The
aquifer forms part of the Eastern Sikhote-Alin volcanic belt
in the valley of the small River Solontsovaya. The aquifer
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Fig. 1 Location and simplified geological scheme of the Gornovod-
noe high-pCO, Spa area

is divided into four interlinked areas: Central, Northern,
Southern and Yurganovsky. The chemical composition of
the mineral waters in those regions is variable in calcium,
magnesium and sodium. A key feature of the waters is a high
concentration of dissolved carbon dioxide and a rather high
content of iron and silicon.

Geological and hydrogeological studies of the aquifer
have been undertaken for more than 60 years, including
large-scale drilling works, hydrogeochemical and balneo-
logical studies. These have provided a much better under-
standing of the geology and hydrogeology, as well as spatial
distribution of the aquifer (Shand et al. 1995; Chudaeva et al.
1999; Chelnokov and Chelnokov 2003; Chudaev 2003).
However, the groundwater flow system is somewhat com-
plicated in a tectonically active region, such as the Sikhote-
Alin area, because several blocks split the area via faults
which promote the mixing between shallow and deep-seated
groundwaters.

The full-scale hydrogeochemical works on understand-
ing the sources of the solutes in this area have not been
conducted yet. In this paper, we present new data on the
geology, hydrogeology, and mineralogical composition of
bedrock as well as hydrochemistry and isotopic composition
for aquatic (8'%0, 8D) and gas (8'°C, *He/*He, “He/*"Ne,
20Ne/22Ne, AT/ 0Ar, 34K, 132Xe) phases of high-pCO,
groundwater circulated within volcanic aquifer system of
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Eastern Sikhote-Alin ridge. These data contribute to identi-
fying the genesis of the CO,-rich groundwater and estimate
the rate of transformation of the chemical composition of
these groundwaters during the water—bedrock—gas interac-
tion. Moreover, we try to estimate the groundwater residence
time.

Sampling and analytical methods

In this study of the chemical and isotopic composition of
CO,-rich water within Gornovodnoe spa, we used our ana-
lytical data of samples taken from 2004 to 2018 yrs. Sam-
pling was carried out once a year, in the summer season;
moreover, we compared our results with published data
(Chudaev 2003). In general, more than 100 chemical analy-
ses of water for 18 wells were taken into account.

Unstable chemical parameters (pH, Eh, T°C, DO, HCO;™,
CO,) were measured directly in the field during the sampling
procedure. To remove the particles from the “real” solute
ions, we carried out filtration through membranes with a
nominal pore size of 0.45 pm. Cations were analyzed from
samples which were filtered and acidified with nitric acid
(pH 2). The samples after filtration without acidification
were collected in plastic bottles for further anion analyses.
Major cations and anions were analyzed by ion chromatog-
raphy (Shimadzu LC-20); trace element and REE concentra-
tions were determined by ICP-MS analysis (Agilent 7500c)
at the Far East Geological Institute.

Samples collected for analysis of stable isotopes
(62H(H20), 6180(H20)) were processed without filtration and
stored in glass bottles. The collected water samples were
stored in a dark and cold container before analysis. In the
laboratory, the water samples were measured by mass spec-
trometry, with a Finnigan MAT253, working in continuous
He-flow mode, after on-line pyrolysis with a Thermo Finni-
gan TC/EA. The high-temperature converter provides quan-
titative transformation of oxygen and hydrogen of water into
CO and H, in reducing conditions at 1450 °C and following
chromatographic gas separation. Water sample injection
(0.5—-1 mcL) into the reactor of thermoconverter was made
automatically using autosampler Combi PAL. The analytical
precision was + 0.8%o for 8°H y5¢ and +0.2%o for %0 4.
The stable isotope values were measured relative to internal
standards that were calibrated using international stand-
ards: VSMOW (Vienna Standard Mean Ocean Water)—
8'%0 1120y = (0.0)%0; 8°H 120 = (0.0)%0;SLAP (Standard
Light Antarctic Precipitation)—38'%0 120, = (= 55.50)%o;
82H(H20 =(—427.5)%o; GISP (Greenland Ice Sheet Precipi-
tation)—38'%0 150, = (— 24.76) %o 8°H pyp0 = (— 89.5)%o.
Results are reported in standard delta notation relative to
SMOW.
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Tritium has been measured at the Pacific Ocean Insti-
tute FEB RAS by counting -decay in a liquid scintillation
counter (QUANTULUS-1220). The preliminary enrichment
in two stages was carried out before the measurement. This
allowed decreasing the detection limit to 0.03 TU.

Samples of gas were collected in glass tubes by the
replacement method. The gas composition was determined
by gas chromatography using thermal conductivity detec-
tors and molecular sieve columns with He and Ar as carrier
gases for the determination of He, H,, N,, and O,. Carbon
(8"°C con) and 8"°C ) and noble gas isotopes (*He/*He,
20Ne/*’Ne, *¥Ar/0Ar, 84Kr, 132Xe) were carried out by
mass spectrometry. The analytical results of (613C(C02)
and 613C(DIC)) were given in %o relative to the PDB Inter-
national Standard. The accuracy of the analysis was better
than 0.25%o.

The samples of host rocks obtained during drilling of
wells in the Northern, Central and Southern sections were
studied in detail at interval from 1 to 5 m. In total, 29 sam-
ples of rocks from different depths were investigated. A
detailed petrographical, mineralogical and chemical study
of the samples was carried out. Optical microscopy, classical
chemical analysis, X-ray diffractometry (Dron III), electron
microprobe chemical analysis (Jeol, JXA-8100) with EDS
INCAXx-sight (Oxford, Instruments) and inductively coupled
plasma-mass spectrometry (Agilent 7500c) analysis were
used to analyze the rock samples and mineral phase. The
detection limit of trace elements is 0.01 um and the error of
measurement was better than 5% RSD.

Simulation of the reaction in the water-rock system, as
well as the calculation of saturation indices of minerals in
the waters, was performed using the program Aquachem 5.1
(User Guide 2005).

To assess the aqua mobility of the chemical elements
during groundwater—volcanic rock processes we used the
coefficient of aqua migration K, (Perel’man 1982), which
is expressed as follows:

Ky = (m,x100)/(M X n,),

am

where m, is the concentration of the element in ground-
water (g/1), M total dissolved solid (g/l) of groundwater
and n, is the concentration of the element in bedrock (g/t),
respectively.

Geological and hydrogeological setting

The CO,-rich mineral waters of the Gornovodnoe area were
discovered in 1902, but a hydrogeological study begun only
in the 1960. Significant contributions to this study were
done by E.Yushakin (1963-1964) and the Federal State
Unitary Enterprise “Primorsky hydrogeological expedition”

(1989-1992) (Chelnokov and Kharitonova 2008). Since
1989, 44 wells have been drilled with depth from 30 to
302 m in Gornovodnoe area, and hydrogeochemical studies
were carried out. The first comprehensive study comprising
a wide range of chemical elements was completed within the
framework of project INTAS No. A2-075 led by Dr. W.M.
Edmunds and the British Geological Survey (Edmunds et al.
1996; Shand et al. 1995). Total storage of CO,-rich mineral
water within Gornovodnoe volcanic rock area is 144 m?/day
(Chelnokov and Chelnokov 2003). The maximum depth of
high pCO, groundwater circulation is 300 m. Currently, the
CO,-rich groundwater is actively utilized by private compa-
nies for bottling and spa procedures.

The studied area is located within the Eastern Sikhote-
Alin volcanic belt and is confined to a system of faults of
northwestern direction, the Solontsov volcano-magmatic
structure. Submeridional and northeastern faults control
the valley of the River Solontsovaya (Fig. 2). These faults
probably experienced postmagmatic reactivation, which led
to the formation of a decompaction zone observed along the
river valley (Chudaev 2003). In hydrogeological terms, the
area is located in the volcanogenic province of the Sikhote-
Alin hydrogeological massif (Markov 1988).

Fresh groundwaters, widely distributed within the area
are in hydraulic continuity with mineral waters (Fig. 2). The
aquifer of alluvial Upper Quaternary sediments is present
along the river valley. Water-bearing rocks have a thickness
of 7-10 m and are represented by sands, gravels, pebbles,
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Fig.2 Hydrogeological map of the Gornovodnoe area
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and boulders. Upper Cretaceous volcanic rock aquifers are
common in this area. Water bearing rocks have 350 m thick-
ness and comprise ignimbrites and tuffs of acid composition
penetrated by intrusions of granites and dykes of andesite,
andesite—basalt, rhyolite, and rhyodacite (Chudaeva et al.
1999).

The Solontsovaya volcano-magmatic structure refers to
tectonic disturbances of the northwestern strike and is mani-
fested on the surface by a central-type dome with two major
ring faults. The inner ring of faults has a diameter of 3.5 km,
and the outer ring about 10 km. The most fragmented and
significant is the peripheral fault system. Submeridional and
northeastern faults with lengths of about 15 km control the
location of the valley of the River Solontsovaya.

The maximum width of the fracturing zone is about
300 m and is noted in the central part of the valley near
the deposit of CO,-rich water. To the north and south, the
fracturing zone decreases to a few meters (Chudaev 2003).
A major tectonic fault crossing the Solontsovaya volcano-
tectonic structure serves as a channel for the entry of carbon
dioxide into the weakened stretching zones. The active geo-
logical processes in this area were presumably completed
with the extinction of volcanic activity (Upper Cretaceous),
which produces a 2—4 km of eruptive sediments and magma
intrusions (Fig. 2).

The upper fissured zone of water-bearing rocks (in the
river valley) contains the leached and decomposed products
of volcanic glass and feldspars. As a result, the permeability
of rocks in this part of the section is reduced, which leads to
the formation of upward pressure of groundwater.

The maximum productivity (5.0-6.2 L/s) comes from
wells with a depth of more than 50 m, which revealed frac-
turing zones associated with faults. The interval of depths
from 15 to 30 m is generally represented by a relatively
impermeable layer of rocks, with an absence of discharge of
mineral waters into alluvial deposits across most of the area.
Hydrodynamic features of the territory where the high-pCO,
groundwater is widely spread are associated with extended
fracturing zones. Wells in the faults have an abnormally high
production rate with high permeability.

Results and discussion
Chemical composition of fresh and mineral waters

The surface waters of the studied area are represented by
the River Solontsovaya, with mountain stream character-
istics: it dries up in the summer, freezes in the winter, and
strongly depends on the amount of precipitation in the region
(Table 1). Fresh groundwater is widespread in Quaternary
alluvial deposits and eruptive rocks of the Primorsky series
of Upper Cretaceous. We analyzed fresh groundwater from
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three wells, as well as published data (Chudaev 2003). The
studies showed that fresh groundwater is cold (the tem-
perature in the estuary is 7.5 °C), circum neutral (from
6.50 to 7.30), and contains a mixed cation composition of
water—calcium and sodium preferably; TDS does not exceed
129 mg/L (Table 1, Fig. 1). Mg and K are a relatively minor
species in all studied samples. The comparison of our data
on fresh groundwaters with those already published shows
good agreement; however, the physico-chemical parameters
of water in one of the wells were slightly different (high TDS
up to 2302 mg/L, high HCO; content up to 1546 mg/L, up
to 421 mg/L calcium, and up to 87 mg/L sodium. The high
concentrations of cations and bicarbonate ion are most likely
caused by the fact that mineral water is discharged into the
well and mixed with fresh water. Minor enrichment of fresh
groundwater with silica (up to 23 mg/L as H,Si0O;), as well
as strontium and barium, in comparison with surface waters,
was observed.

Investigation of the chemical composition of the min-
eral waters showed that they are cold (the water temperature
is+7.0 to 7.5 °C), slightly acidic (pH 6.0-6.6), with TDS up
to 2700 mg/L and are characterized by significant heteroge-
neity in their chemical-physical features. Within the aquifer,
four sections of the CO,-rich mineral waters were outlined
(Fig. 2), based on differences in the chemical composition
of the waters (Table 1, Fig. 3). The cation composition of
bicarbonate water is calcium, magnesium—calcium and
sodium—calcium with high iron content (Fe? * concentration
reaches 40 mg/L) and silica (the content of H,SiO; reaches
130 mg/L). The degree of saturation with carbon dioxide of
the mineral waters is heterogeneous and varies in individual
sections and wells (Table 2); the highest value of CO, was
recorded in the wells of the Yurganov area (the well #8 in
Table 1). The TDS of waters also varies greatly in areas: the
maximum TDS up to 2700 mg/L is in the water of the well
#66 (the Southern section), and the minimum is less than
1400 mg/L in the wells #1 and #37b (the Northern section).

The chemical composition of mineral waters is constant
and does not vary seasonally or on the amount of atmos-
pheric precipitation. It is, therefore, likely that the mineral
waters have a reasonably long residence time. Analysis of
the data shows that the increase in the proportion of bicar-
bonate, sodium and calcium (and also TDS) occurs in the
direction from surface water to fresh groundwater to mineral
water, reaching the highest concentrations in the mineral
waters of the Central and Southern sections (Fig. 4). All
investigated mineral waters (Table 1) are characterized by
elevated lithium concentrations (up to 1.75 mg/L), stron-
tium (up to 3.16 mg/L) and manganese (up to 9.2 mg/L). In
the Southern section, elevated concentrations of iron (up to
130 mg/L) and manganese (up to 5.13 mg/L) were noted.

As indicated in Table 1, there are clear contrasts in the
chemical composition of groundwater from the well #8
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Table 1 Average chemical composition of surface

Water type Groundwaters Surface
Fresh CO,-rich Solontsovaya
Well numbers  2a  3a 20 Spring* 1¥*  37b 10082 2% 66  Well* 8 g River
Depth well (m) 30 42 48 - 50 50 300 34 300 30 300 - -
Debit (L/s) 0.2 0.5 0.6 0.3 0.7 5.5 6.2 6.1 5.0 0.7 0.3 - -
T (°C) 7.5 7 72 7.3 7.5 7.2 7 8 7.5 7.5 7.3 12 12
pH 6.8 6.5 6.4 7.7 6.1 6.5 6.6 6.0 6.5 5.9 6.4 - 6.9
TDS (mg/L) 100 105 129 221 1400 1500 2400 2461 2700 2302 2500 - 118
HCO; (mg/L) 47 28 34 105 1158 1050 1700 1754 2020 1546 1920 752 43
Cl (mg/L) 2 1.4 1.2 1.4 35 2.8 35 35 6 32 32 6.9 6.7
SO, (mg/L) 9.8 10 9.6 28.2 272 266 266 @ 27.1 32 27 32.1 32.0 4.8
F (mg/L) 1.1 1.2 1.3 1.5 1.1 1.7 1.7 1.1 1.5 1 1.3 2.1 0.05
Ca (mg/L) 1403 8 8.04 329 303 379 440 417 470 421 452 118 6.05
Mg (mg/L) 122 12 244  0.63 179 22 22 259 52 268 56 5.21 52
Na (mg/L) 6.08 52 6.1 10.0 480 402 892 803 980 815 104.5 154.0 52
K (mg/L) 1.01 1.3 .12 5.01 13.01 128 403 528 958 6.04 748 1.88 12
Fe?* (mg/L) 3.1 0.9 1.1 0.1 12.1 160 272 258 221 16.6 170  88.1 0.3
H,SiO; (mg/L) 24 18 30 23 62 72 72 82 92 77 95 30 15
CO, (mg/L) 166 176 176 16.8 1680 1700 2460 2445 2430 2380 2570 2480 26.4
Al (pg/L) 2.1 3.1 1 42 52.2 11.7 102 79.1 82.1 49 612  28.1 412
Li, pg/l 40 37 42 68 260 253 350 391 421 392 493 1750 6.1
Mn (pg/L) 100 99 97 98 4142 4552 2751 3481 3641 3321 5132 1812 10
As (pg/L) 2.0 3.1 2.0 42 3.0 4.1 3.0 32 0.1 42 0.1 32 1.1
Ni (pg/L) 1.1 2.0 1.1 2.1 141 42 3.1 104 0.8 146 27 4.4 1.2
Sr (pg/L) 901 840 870 916 1913 1620 1182 2632 1274 2641 2053 3160 41
Zn (pg/L) 2.1 0.9 1.2 1.2 2.4 422 1003 147 5.6 159 272 501 32
Ba (pg/L) 32 2.5 29 3.1 128.0 12 100 135 15 136 45 225 15
La (pg/L) 0.044 0.048 0.09 - - 0236 0217 - 0.149 - - - 0.368
Ce (pg/L) 0.021 0.018 0.086 - - 0.485 0461 - 0351 - - - 0.512
Pr (pg/L) 0.015 0.021 0032 - - 0.083 0.081 - 0.056 - - - 0.104
Nd (pg/L) 0.122 0.043 017 - - 0.495 0486 - 0346 - - - 0.46
Sm (pg/L) 0.029 0.021 0.045 - - 0305 0297 - 019 - - - 0.0925
Eu (pg/L) 0.012 0.016 001 - - 0.145 0.133 - 0.087 - - - 0.018
Gd (pg/L) 0.019 0.018 0.044 - - 0.881 0892 - 0.564 - - - 0.114
Tb (pg/L) 0.004 0.003 0.006 - - 0241 0223 - 0.147 - - - 0.0133
Dy (pg/L) 0.026 0.024 0.033 - - 2051 1914 - 1363 - - - 0.0752
Ho (pg/L) 0.004 0.002 0.006 - - 0.538 0547 - 0.351 - - - 0.0149
Er (pg/L) 0.01 0011 0019 - - 1.844 1751 - 1.228 - - - 0.0375
Tm (pg/L) 0.002 0.001 0.002 - - 0291 0297 - 0.185 - - - 0.0058
Yb (pg/L) 0.007 0.002 0.014 - - 1.996 2.033 - 1362 - - - 0.0328
Lu (pg/L) 0.002 0.002 0.002 - - 0326 0332 - 0205 - - - 0.0047
3180 (%) -11.1 -112 -123 -125 -11.7 -115 -119 -123 -122 -122 -11.8 -11.8 —-10.1
8D (%o) -975 -76 -746 -T77 -8 -8 -791 -824 -803 -8 -79.1 -79.1 —-69.5
Tritium (TU) 2.3 2.7 2.8 - - 0.8 0.4 - 0.7 - 0.3 - 10.1

Fresh and high-pCO, groundwater located within the Gornovodnoe spa area

*Data from Chudaev (2003); dash—no data

obtained in the previous study (Chudaev 2003) and our
data. This may reflect a difference in the sampling procedure

or the well production period. Perhaps, well #8 was out of
pumping during the 2003 year, and the presence of some
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Fig.3 Piper plot of sampled groundwater circulated within the Gornovodnoe area (a fresh groundwater, b CO,-bearing mineral groundwater)

and surface waters from River Solontsovaya

Table 2 The carbon dioxide content in CO,-rich groundwaters and other characteristics of the Gornovodnoe aquifers (Chelnokov and Khari-

tonova 2008)

Name of sections Square sections Thickness of colmata- ~ Water’s conductivity HCO; max CO, max (mg/L) TDS (mg/L)
(m?) tion zone (m) (mz/day) (mg/l)

North 210 000 30 26 1110 2956 1566

Central 48 000 8 39 1531 3118 2461

South 350 000 30 24 2544 3004 2700

amount of stagnant water in the well gave the different chem-
ical composition.

In volcanic aquifer such as Gornovodoe area, the sources
of solute components in groundwaters are problematic to
interpret because the mineralogical and chemical proper-
ties of the bedrock are highly heterogeneous. Moreover, heat
flux, stress regime, infiltration depth, along with residence
time in the reservoir, are likely to be different and specific
to each well (spring).

To establish correlations between the chemical elements
in mineral waters, a statistical analysis was carried out both
on the whole area and on individual sections. Analysis of
the results showed that there are no significant correlations
between the components, if we calculate them in the whole
area. Correlation dependence is observed only between the
contents of the bicarbonate ion and calcium, bicarbonate and
silica, as well as iron and magnesium. However, the separa-
tion of mineral waters along the sampling sites shown in
Fig. 4 revealed another picture; in the mineral waters of the
Northern section, there is a distinct direct dependence of the
contents of calcium and sodium on the content of bicarbo-
nate ion and magnesium on dissolved CO,. In the Southern

@ Springer

section, the only correlation between TDS and HCO; con-
tent was traced; no other dependencies have been identified.

At the Gornovodnoe deposit, the total REE concentra-
tion is quite high—6.58-9.85 pg/L—similar to that found by
Shand et al. (2004). The water of the deposit is enriched with
heavy REE (HREE) in comparison with light (LREE); the
sum of heavy REE is approximately 82%. Distribution pro-
files smoothed out with stable enrichment towards HREE;
the ratio La*/Yb*, which indicates enrichment LREE in
comparison to HREE, is stable for the entire observation
period and is 0.01 (Fig. 5). There is a slight fluctuation in the
concentrations of REE, depending on the year of sampling,
but the distribution profile of REE does not change (Khari-
tonova et al. 2016). A comparison of the REE content in
filtered and unfiltered water samples showed enrichment of
unfiltered REE samples. This allowed us to conclude that a
sufficient amount of REE is carried in the suspension on par-
ticles larger than 0.45 microns. Our previous study indicated
that total REY ,, in high-pCO, groundwater is less than 10%
although in the other geochemical types of groundwater
REY,, form is prevalent (Chelnokov et al. 2014; Chudaev

sus

et al. 2015; Kharitonova et al. 2017).
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Modeling of the REE solution complexity was carried
out for the actual composition of groundwater under atmos-
pheric pressure and the measured temperature. The main
parameters on which the model was based were the pH and
Eh, as well as the chemical composition of water. If the

physico-chemical parameters of the model solutions did not
coincide with the actual measurements, the model was cali-
brated to the correspondence of the calculated and measured
values of pH and Eh. Accordingly, the forms of finding REE
with variable valence (2, 4) were regulated in the system by
their oxidation-reduction parameters.

The results of calculations show that the main form of
REE migration in all types of water in the region is a com-
plex with the carbonate ion REE [CO;]™, but their quantity
(%) varies from place to place. The complex enrichment
with carbonate ion is clearly expressed moving from LREE
towards HREE. The second most common form is REE**
(up to 10%). The amount of this form decreases in the direc-
tion towards HREE. The third most common complex is
the sulfate complex (REE-[SO,]*) in the case of lanthanum
and gadolinium, and the fluorine complex (REE-[F]*") in
the case of ytterbium. The remaining complexes are in a
subordinate amount, and their total values do not exceed 1%.

Isotope composition of waters

To solve the problem of the origin of high-pCO, mineral and
fresh groundwaters, stable isotopes of oxygen and hydrogen
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Fig.6 The relationship between deuterium and oxygen-18 in the
natural water samples collected along Sikhote-Alin mountain sys-
tems. 1—meteoric water (Chudaev et al. 2005); 2—surface water of
Primorye region (Chelnokov et al. 2013), 3-9 CO,-bearing ground-
waters: 3—Gornovodnoe; 4—Lastochka (Kharitonova et al. 2007);
5—Shmakovka; 6—Nizhnie Luzhki; 7—Mukhen (HCO;-Ca-Mg);
8—Nerobinskiy; 9—Fadeevskoe (data for 5-6 taken from Chelnokov
et al. 2013; Kharitonova et al. 2019)

were used. The results of the measurement are given in
Table 1 and Fig. 6.

The hydrogen and oxygen stable isotopes of all ana-
lyzed water samples are parallel with the global meteoric
water line, indicating that the recharge source of the fresh
groundwater and CO,-rich mineral water of the Gornovo-
dnoe aquifer is mainly meteoric precipitation. Obtained
data are very similar to the value of §!%0 and 8D in the
other springs of Sikhote-Alin region (Chelnokov et al.
2013; Bragin et al. 2016; Chelnokov et al. 2015; Khari-
tonova et al. 2019). Furthermore, the range of hydrogen
and oxygen isotope of the fresh (8D ranges from —74.5%o
to —77.0%o, and 8'%0 ranges from —11.1%o to — 12.5%0)
and high-pCO, (8D ranges from —79.1%o to —84.0%o, and
880 ranges from —11.5%o to —12.3%0) groundwaters are
covered by the range of surface water samples (Fig. 6),
suggesting that CO,-bearing groundwater is recharged by
local precipitation. Our calculation indicates that for this
area, each increase of 100 m in elevation will reflect 2%o
and 0.2%o reduction in the value of 8D and 8'%0, respec-
tively. According to the topography of Gornovodnoe area,
the main recharge area should be at the mountain peak
(elevation of 1574 m a.s.l.) located about 70 km away from
studied wells.

In addition, we assume that the winter precipitation pre-
vails in the groundwater recharge within the Gornovodnoe
area so 8'30 and 8D in the meteoric water attain maximum
values in summer (8D ranges from —24.5%o to —44.0%o, and
830 ranges from —3.3%o to — 6.5%o).

The absence of a CO, oxygen shift in CO,-rich groundwa-
ters is probably due to the insignificant amount of CO, gas
in these waters and the short period of interaction between
gas and water. It should also be noted that the similarity of
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the isotope composition of two types of waters confirms the
hydrogeological data.

To determine the residence time of groundwater, we used
the tritium method, which is widely used to describe the
water cycle. The data indicate that the surface waters of
the deposit contain tritium within the regional background
which does not exceed 10 TU (Chelnokov et al. 2013), while
the groundwater and CO,-rich groundwaters have very low
isotope concentrations (0.4-0.8 TU), i.e., the waters have
residence times greater than 60 years. No correlation was
found linking *H concentration with either the altitude of the
sampling sites or with the TDS of groundwater.

Gas phase

The mineral waters of the aquifer contain high concentra-
tions of dissolved carbon dioxide (from 1 to 2.1 g/L), and the
gas factor sometimes exceeds 1. The calculated partial pres-
sure of carbon dioxide varies from 0.3 to 1.8 bar in different
sections. The chemical analysis of the spontaneously evolved
gas showed that its main component is carbon dioxide, and
its content varies from site to site ranging from 94.75 to
99.51% (Table 3). The remaining gases have low concen-
trations: nitrogen up to 5.25%, oxygen and methane—Iess
than 0.05%. The content of noble gases in associated free
gases in CO,-bearing groundwaters located within Sikhote-
Alin ridge is presented in Table 3. Our data indicate that He
concentrations in free gas samples and in corresponding dis-
solved gas samples are principally in good agreement. The
ratio of isotopes BArPOAT, POArPOAr, 2Ne/”2Ne, 2'Ne/?*Ne
is very close to the air values that indicate a predominantly
atmospheric genesis of the components. The minor (acces-
sory) gases, such as N, and O,, have an atmospheric charac-
ter, and their concentrations vary due to technogenic factors
(e.g., spa exploitation). The chemical composition of the
associated free gas phase from the CO,-rich groundwater of
Gornovodnoe area is very close to that of gases from other
CO,-bearing spas (Table 3).

Unfortunately, there is no quantitative data on the vol-
umes of carbon dioxide supplied to underground waters, and
they can be judged only qualitatively. An indirect indicator
of the volume of carbon dioxide can be estimated from the
area distribution of mineral waters (see Table 2). The maxi-
mum area of groundwater saturated with carbon dioxide was
recorded in the Southern section of the field.

To constrain the sources of the CO, free phase into
groundwaters, analyses of the helium and carbon isotopes
were conducted. Also we used prior studies of other min-
eral springs located within Sikote-Alin ridge (Table 3). The
obtained values of carbon isotopes (—5.19%o) indicate the
closeness of the values of 8'°C between — 8%o and —4%o
mantle carbon (Deines 1970) and glasses of oceanic basalts
(= 9%o to —4%0) (Marty and Jambon 1987). Geological
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Table 3 Chemical and isotopic composition of associated gases in the high pCO, groundwaters circulated within Gornovodnoe spa and in the similar water of Sikhote-Alin ridge

Ne/Ne BAr°Ar PAr/°Ar  §3Cep,

CH, O, ‘He  Ne 3°Ar Kr  132Xe
Ppm

N,

o,
vol%

PCO,
Bar

Sampling place

Location area

%o, PBD

-5.19
-5,67
-5,67
-5,58
-4,19
-8,19
-5.67
—4.44
=35

298.36
297.1

0.188
0.188
0.188
0.188
0.188
0.188
0.188
n.d.

n.d.

0.198 0.012 9.8
0.01

n.d.

0.0074
0.0072

<0.001 <0.05 0.0950 0.005

0.01

9475 5.25
99.51

1.5
0.8

Gornovodnoe area, well #2

Easten Sikhote-Alin

9.8

0.0930 0.004

0.01
0.

0.48

Gornovodnoe area, well #66

Luzhki well*
Western Sikhote-Alin  Shmakovka, Medvejiy spring*

303.94
295.15

9.8
9.8

0.006
9.8

0.106
0.116

0.615

0.0014 0.0018 0.0035
0.0055 0.0049 0.0051
0.0710 0.0232 0.0263

01

99.97 0.003 n.d.

99.16 0.74

1.3
1.7

Shmakovka, Avdeevskiy spring 0.9

0.006

0.1

n.d.
n.d.
n.d.
0.01
n.d.
n.d.

297.17

0.033

0.05
0.05
0.1

0.09
0.03

97.92 2.08
98.2

302.01

297
n.d.
n.d.

9.8

0.0032 0.0012 0.00003 0.0132 0.001

0.0507 0.0187 0.0203
0.1150 0.0284 0.0205
0.0218 0.0325 0.0312

1.6
0.3

1.8

0.75
0.24
0.47

Bolshoy kluch spring*

Central Sikhote-Alin

9.8
9.8

0.023

0.467

99.2

Sodoviy well*

Northen Sikhote-Alin Mukhen spa, well #3**

<0.001
<0.001

0.106
0.122

0.04
0.03

99.5

9.8

99.6

Mukhen spa, well #30%*

Characters * and ** refer to the isotopic data sources—Chudaev et al. (2001) and Kharitonova et al. (2019), respectively

studies of the territory testify in favor of mantle source of
carbon dioxide because numerous faults of the northwest-
ern strike have been found, on which carbon dioxide emis-
sions are often recorded. Using only isotope data on car-
bon, it is impossible to accurately establish the nature of
carbon dioxide, because of CO, mixture formed during the
metamorphism of carbonate rocks and strata rich in organic
matter, which can provide 8'3C similar to §'3C values of
mid-oceanic basalts. However, there are no carbonate rocks
within the Gornovodnoe area.

Helium isotopes are often used as tracers to determine
the sources of free and dissolved gas into high-pCO, springs
(Lavrushin 2012) because it is inert for chemical reaction.
In the mantle gas, the *He/*He ratios are commonly higher
(up to 1072), although the crust gas has low value (at about
107%). All of the CO,-rich groundwaters from Sikhote-Alin
ridge show high *He/*He ratios (up to 7.2 x 10~%), which are
above the atmospheric ratio (Table 4). These values are an
intermediate position between two types of geological set-
tings: stable platform and a tectonically active volcanic arc.

Ratios of R/Ra for cold high pCO, spring of the Sikhote-
Alin ridge range from 2.3 to 5.1 and can generally be con-
sidered as a mixture of mantle-derived He and radiogenic
He. Using the equation proposed by Pinneker et al. 1995, we
roughly estimated the mantle source of He :

(*He/*He),, = 12.5 - (*He/*He),/(’He/*He) .

where A, M, and S, respectively, represent 3He/*He ratio of
the air, mantle and samples.

Our calculation indicates that more than 46% of the
CO,-rich spring helium comes from mantle sources, which
suggests that CO,-rich fluids infiltrating the Gornovodnoe
system may also be partially derived from the mantle.

Moreover, we calculated the proportions of helium
sources (atmosphere, mantle and crust) based on the equa-
tions proposed by Sano and Wakita (1985):

(*He/*He)s = (*He/*He), - A + (*He/*He),,-

M + (*He/*He), - C,

1/(*He/*Ne) = A/(*He/*Ne), + M/(*He/*Ne),,

+C/(*He/*Ne)....

A+M+C=1,
where A, M, and C represent atmospherics, mantle and crust
He, respectively. The (3He/4He)S and (4He,/20Ne)S are the
isotope ratios of samples.

Taking values (*He/*He),=1.4x 1079,
(*He/*He)y = 1.1 x 107°, (*He/*He)c=1.5x107%/
(“He/*°Ne), = 0.318, (*He/*°Ne)y = 1000, and

(“He/zONe)C = 1000, respectively, we can estimate the
amount of helium sources in the sample.
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Table 4 *He/*He and *He/*°Ne ratios of samples within Sikhote-Alin ridge and the calculated proportions of helium sources

Location area Sampling place PCO, “He/*'Ne (He\*He),,, Helium source
Atmospheric Crustal Mantle
Bar #1076 %
Easten Sikhote-Alin Gornovodnoe area, well 2 1.5 19.2 6.50 1.6 39.5 58.8
Gornovodnoe area, well 66 0.8 19.1 6.10 1.6 43.2 55.2
Luzki well 1.3 7.82 4.61 4 54.7 41.2
Western Sikhote-Alin Shmakovka, Medvejiy spring 1.7 1.12 4.10 28.4 38.0 33.6
Shmakovka, Avdeevskiy spring 0.9 3.06 6.31 10.4 33.7 55.9
Central Sikhote-Alin Bolshoy kluch spring 1.8 26.2 6.12 1.2 43.6 55.2
Northern Sikhote-Alin Mukhen spa, well 3 0.24 4.025 7.21 7.9 252 67
Mukhen spa, well 30 0.47 0.671 4.99 474 133 39.3

Our results presented in Table 4 indicate that more than
50% of the CO,-rich groundwater helium in Gornovodnoe
area comes from mantle sources, about 40% helium is crus-
tal and less than 2% helium has an atmospheric origin.

Some scientists (Sano and Marty 1995; Umeda et al.
2006) proposed using the ratio of '*C/!2C and CO,/*He to
determine the genesis of CO,. According to previous data
(Marty and Jambon 1987; Tolstikhin et al. 1996; Karaka
et al. 1999), a C/’He value in the mantle ranges from
107 to 10'°. Our data show the variations in the CO,/*He
ratios in the various CO,-bearing groundwaters located
within the Sikhote-Alin region. These values that ranged
from 4.7 (x 107) to 13 (x 107) prove the preferable mantle
source of CO,-free gas.

The diagram in Fig. 7 illustrates the ratio of isotopes
8!3C and CO2/3He at some CO2-bearing groundwaters of
Sikhote-Alin mountain system. The associated free gas
of all the studied cold CO,-bearing groundwaters of the
Far East Russia falls into the same area as mid-oceanic
basalts. The dissolved gas has a small difference in the
ratio of CO,/*He and falls into the gray area where CO,
from the hot springs of Japan are located. Thus, it can be
clearly stated that the CO, of the Gornovodnoe ground-
water, as well as of the other Sikhote-Alin groundwaters
have mantle origin (Chudaev et al. 2001).

The evidence for mantle helium in CO,-rich ground-
waters from Gornovodnoe area suggests that the fault
system of Sikhote-Alin ridge is, in some manner, linked
to the mantle. It is possible that fluid derived from the
mantle wedge (particularly CO,) penetrated the ground-
waters, such that the original volatiles become contami-
nated with atmospheric and crustal components during
the migration process. The geological setting of the area
suggests that numerous regional faults can act as channels
for the upward movement of deep-seated gas, while the
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local faults present across the region provide the possible
pathways for CO, movement to the surface.

Chemical and mineral composition of the host rocks

The mineral and chemical composition of the water-bearing
rocks of the Gornovodnoe area was studied in three sec-
tions: the Northern, Central and Southern. In the Northern
section, rock samples were obtained from the well #10, in
the Central section from the well # 1 and in the Southern
section from the well # 8. All these wells were in the aquifer
with CO,-rich mineral waters. Rock samples from wells with
fresh ground water were investigated outside of the Northern
Section (the well #20). The upper fissured zone in the river
valley is comprised of leached and decomposed products of
volcanic glass and feldspar. The composition of aquifer rocks
in the area does not display significant differences. Minor
changes in the rocks composition do not distort the general
geochemical background in the area. In general, the rocks
are represented by lithocrystalloclastic tuffs of rhyolite with
crystals of sulfide minerals detected as pyrite (5-7%). The
main mass of tuff is ash recrystallized into an illite—quartz
aggregate. Tuffs have the following mineralogical composi-
tion including fragments of rocks: 45%, plagioclase; 20%:;
quartz 10%; potassium feldspar 8%; rhyolite 8%.
Accessory minerals are mainly represented by zircon,
xenotime, apatite, monazite, leucoxene and rutile, and pyrite
grains are also encountered (Fig. 8). Secondary minerals
include: sericite 10-15%; quartz 20-25%; illite 8%; and iron
hydroxides 3%. The dimensions of fragments vary from 0.2
to 2.8 mm, with an average of 0.5-1.0 mm. In some places,
the aquifer rocks are carbonated; the carbonate forms round,
irregular grains (0.1-0.8 mm) along the binding mass. X-ray
microprobe analysis of aquifer rocks showed that they are
mainly composed of potassium feldspar (orthoclase), while
sodium-containing plagioclases are present in insignificant
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Fig.7 Correlation between CO,/°He and 813C in the gas phase of
the CO,-rich mineral waters of Sikhote-Alin. 1—Volcanic gases of
thermal springs of Japan (Sano and Wakita 1985; Umeda et al. 2006);
2—volcanic gases of mid-ocean basalts (Sano and Wakita 1985); 3,
4—gases of cold mineral springs at Russian Far East (Chudaev et al.
2001): 3—associated free gas; 4—dissolved gas

amounts. Samples of rocks of the upper fractured zone often
contain iron hydroxides and clay minerals.

In chemical composition, SiO, predominates
(58-64 wt%), with other major elements being: Al,O4
16-18 wt%; CaO, 4 wt%; Na,O 1.0-2.9 wt%, and MgO
1.1-2.3 wt% (Table 5). The rocks contain a significant
amount of iron, from 3 to 5% by weight. In general, the
aquifer rocks are enriched in Li, Mn, Fe, Zn and Pb, but the
concentration of trace elements with depth varies consider-
ably. Thus, the concentrations of Li, Ca, K, and Zn decrease
with depth, while Al Si, Na, Mg, and Fe increase.

The aquifer rocks characteristics were obtained by pump-
ing (Chelnokov and Chelnokov 2003). Effective filtration
parameters of a productive aquifer zone at different sites of
the area have similar values (Table 2), and the water con-
ductivity coefficient is in the range of 24—39 m?/day. The
obtained data indicate that the filtration permeability of
the water-bearing rocks of the Gornovodnoe area depends
mainly on the tectonic fragmentation of the rocks and the
degree of their weathering.

The contents of REE in sulfidized tuffs of rhyolites from
the Gornovodnoe aquifer are low and fluctuate in the range
of 115-134 ppm (Table 6). There is considerable enrich-
ment of LREE (89-92%) in comparison with HREEs. The
comparison of REE contents in fresh and altered aquifer
rocks shows that in the hypergenesis zone of the aquifer
units there is a substantial depletion of REE, while the ratio

between heavy and light REE remains practically unchanged
and remains constant in both fresh and altered water-bearing
rocks. These data show that during migration or accumula-
tion of REE in the waters of the hypergenesis zone, there
are no significant changes in the overall balance of ratios
between light and heavy REE. The high concentrations of
LREE in the water-bearing rocks of the deposit are caused,
most likely, by the presence of a large number of minerals
concentrating the LREE (feldspar, biotite, monazite and clay
minerals), and a much less number of HREE, which are typi-
cally enriched in the minerals zircon, pyroxene, amphibole).

Origin of CO,-rich groundwater in the Gornovodnoe
area

To understand how the chemical composition of the
CO,-rich mineral waters of the Gornovodnoe area is
formed, it is necessary to assess the equilibrium of waters
with minerals of water-bearing rocks. Based on a large
body of data on the chemical composition (more than 300
analyzes), modeling of their equilibrium with minerals at
the outlet temperature has been carried out. The results of
the simulation (Table 7) indicate that the CO,-rich waters
are in equilibrium with respect to calcite, or even slightly
supersaturated (the saturation index (SI) of the mineral lies
within —0.5 to 0.5), supersaturated with respect to quartz (SI
0.7-1.35), clay minerals kaolinite (SI 1.25-5.38), and mont-
morillonite (SI —0.60 to 4.10), but rather undersaturated
with respect to the main rock-forming minerals: plagioclase
(ST porthite (—7.5 to =7.1), ST jpie (—3.08 to —0.48)), and
potassium feldspar (Slgg, — 1.68 to —0.74).

The fresh water of the studied area is even more unsat-
isfied with the primary rock-forming silicate, as well as
clay minerals. Analysis of the obtained data shows that
the concentrations of the principal chemical elements in
the waters are insufficient to reach equilibrium with the
primary aluminosilicates. The formation of the chemical
composition of the waters in the areas occurs due to the
interaction of meteoric water with aluminosilicates of the
aquifer rocks. The source of both calcium and sodium is
mainly feldspar, as well as silica, which subsequently pre-
cipitates as quartz or chalcedony.

The flow of carbon dioxide through the fractures from
the depths changes the pH of fresh waters to a more acidic
level (pH 6.2) and, as a result, this increases the capabil-
ity of leaching elements from rocks. Since the amount of
carbon dioxide in mineral waters is on the verge of its
solubility the excess gas is released as a free gas phase.

The regime of water flow during pumping of the wells
of the Gornovodnoe area is determined not only by the fil-
tration characteristics of the water-supply system but also
by the degree of openness of the discharge system. This
factor controls the time of interaction of water with rock
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Fig.8 General view and chemical composition of water-bearing rocks of the Gornovodnoe area, well. No 8c, Southern section. The photographs

were taken on a microprobe Jeol, JXA-8100

and carbon dioxide, which is determined by the degree of
openness of the geological structure.

In general, the groundwater has a sufficiently long resi-
dence (more than 60 years) for significant interactions to
occur. The central part of the area is mostly open, and the
upper fractured zone is weaker than in other areas (see
Table 2). Besides, studies show that the CO,-rich mineral
waters of each section within Gornovodnoe area do not
have a hydrodynamic connection with each other and are
formed separately in local areas within local flow systems
when water-bearing rocks (tuffs) interact with meteoric
waters and fluid (preferably CO,).
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Thus, in the conditions of the Gornovodnoe area, the per-
meability of the aquifer units depends mainly on tectonic
influences and is also determined by the rate of weathering
in the upper part of the section. These data reflect the ability
of the water to pass through the host rocks and can indirectly
cause a change in TDS and chemical composition.

The calculation of water migrations coefficient made it
possible to evaluate the mobility of chemical elements rela-
tive to each other, and also to track how it varies with depth.
Calculations showed (Table 8) that up to a depth of 75 m
the mobility of most elements remains constant (exceptions
being sodium and lead). The most mobile element is Sr and
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Table 5 The chemical composition (ICP-AES) for major elements (wt %) of the water-bearing rocks of the Gornovodnoe aquifer (southern sec-

tion)
Sample name Sampling  SiO, TiO, AlLO; Fe,0; FeO MnO MgO CaO Na,0O K,0 P,0; H,0° H,0" CO, Sum

interval

(m)
GNI 28 60.47 059 1773 1.64 216 078 140 260 127 356 032 050 444 260 100.06
GN2 29 61.40 0.57 1770 090 261 060 194 227 1.12 439 020 030 386 207 9993
GN3 30 6139 050 17.82 1.62 215 062 155 234 104 356 032 030 420 210 9951
GN4 35 60.57 0.57 1748 130 194 065 1.10 413 143 415 028 050 3.00 2.83 9993
GNS5 41 62.02 057 1752 046 264 077 131 200 159 442 027 010 410 210 99.87
GN7 45 6135 057 1619 0.66 266 027 230 268 229 328 022 030 422 288 9994
GN8 48 58.13 0.60 17.28 2.08 254 032 202 380 290 348 027 000 401 225 99.68
GN9 49 6251 0.61 16.19 1.00 290 0.14 184 228 247 328 022 020 400 203 99.67
GN10 50 6332 059 1679 136 197 0.16 1.17 222 257 342 010 040 397 170 99.74
GN11 51 60.20 0.68 1720 0.00 3.77 023 198 294 266 333 028 060 417 152 99.56
GNI12 60 6320 0.60 16.81 156 1.18 0.16 1.89 224 168 373 021 050 430 160 99.66
GNI13 65 63.55 0.67 1644 0.65 212 037 206 219 168 371 020 040 400 171 99.75
GN14 70 63.72 0.64 17.01 222 126 0.15 186 1.65 184 378 020 040 363 142 99.78
GNI15 75 61.82 059 17.19 190 208 022 206 236 250 375 032 040 343 104 99.66

Table 6 Rare earth elements abundance in bedrock of the study area (in ppm)

Sample name La Ce Pr  Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y Yree  LREE (%)
GNI1 30.04 4848 4.08 2197 441 137 421 0.67 3.11 077 230 041 224 030 1144 122.06 90.40
GN2 28.45 4591 383 20.65 410 124 3.64 056 261 063 197 037 2.04 027 890 11428 O91.15
GN3 28.35 4583 384 2080 4.01 121 355 054 241 060 1.78 034 175 023 819 113.46 91.69
GN4 33.82 5457 450 2437 441 120 374 053 236 056 1.68 032 176 025 7.58 13238 92.81
GNS5 31.70 50.28 4.17 2256 426 134 3.79 057 247 0.61 180 032 173 023 842 124.01 92.17
GN10 33.13 5347 437 2373 440 135 4.01 058 249 060 1.77 031 171 023 8.68 13039 92.38

Table 7 Saturation indices of mineral phases in the surface (Solontsovaya River) and groundwater of the Gornovodnoe area

Place of sampling ~ Water type ~ Albite  Feldspar ~ Calcite  Goethite  Pyrite Quartz  Siderite  Kaolinite ~ Smectite
Well #1 pCO, -327 -1.68 -0.29 471 -7296 1.16 0.27 1.27 —-0.18
Well #378 pCO, -0.48 1.00 0.24 6.39 —-80.81 1.22 0.85 5.38 4.87
Well #10082 pCO, -126 —-0.04 0.52 6.66 -81.64 123 1.21 3.19 2.34
Well #2 pCO, —-0.62 0.74 0.43 6.40 -80.40 123 1.12 4.71 4.10
Well #66 pCO, -1.12 0.46 0.36 5.82 -7794 134 0.91 343 2.70
Well #8 pCO, -1.67 —0.11 0.34 5.73 -7798 135 0.80 2.23 1.32
Well #20 Fresh -584 -3.63 -2.76 5.22 -79.51 0.84 —1.46 -1.57 -4.02
Well #2a Fresh -39 -1.79 -1.99 6.91 -85.55 0.73 -043 1.74 -0.15
Well #3a Fresh -5.62 —3.40 -2.76 5.46 -81.02 0.63 —-1.49 -0.47 —-3.00
Spring Fresh —1.55 0.21 -043 7.08 -101.5  0.73 -1.72 3.96 2.79
Surface —-1.51 0.26 -2.17 8.40 —89.85 058 0.45 6.57 5.38

least mobile Al. In general, the mobility of the elements is
Al>Pb>Si>K>Cu>Zn>Cr>» Mg>Na>Ca>Ni>Be
>Li> Sr. Thus, groundwater dissolves primary non-equi-
librium mineral phases and keep the most mobile elements
in aquatic form before the solution reaches the saturation

with respect to secondary mineral phases (mainly Al-, Si-,
K-, Mg-bearing and others). After that, these elements move
away from the solution and form new phases.

Even though the mineral waters of the Gornovodnoe
area are oversaturated with calcite, careful study of the
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Table 8 Mobility of chemical elements in high pCO, sparkling groundwaters of the Gornovodnoe area

Depth (m)  Migration coefficient
Ca Na Mg Si Fe Li Sr Al K Cu Mn Zn Zr

28 079 037 0.13 0.0040 0.032 433 1634 0.00026  0.0053 0.0214  0.0258  0.0479  0.0302
29 0.86 1.01 0.15 0.0038 0.038 6.01 21.04 0.00028 0.0049 0.0409 0.0440 0.0423  0.0318
30 098 126 0.14 0.0037 0.040 7.80 26.66 0.00027 0.0053 0.0306  0.0431 0.0485  0.0313
35 094 091 013 0.0037 0.037 10.00 23.62 0.00027 0.0055 0.0290 0.0419 0.0432  0.0332
41 1.09 214 0.15 0.0037  0.039 9.19 1335 0.00028 0.0056 0.0414  0.0356  0.0333  0.0358
45 0.69 038 0.10 0.0039 0.033 6.89 7.09  0.00027  0.0073  0.0431 0.0980 0.0569  0.0374
48 .12 423 0.09 0.0039 0025 1066 17.96 0.00026 0.0060 0.0226  0.0777 0.0525 0.0384
49 1.00 042 0.10 0.0039 0030 1047 11.61 0.00027 0.0074  0.0412 0.1148 0.0771  0.0424
50 1.33 041 012 0.0037 0035 15.15 15.61 0.00027 0.0074  0.0212  0.1445 0.0918  0.0432
51 1.00 039 0.10 0.0038  0.026 8.31 896  0.00025 0.0076  0.0178  0.0984  0.0669  0.0393
60 .19 093 0.12 0.0037 0.034 1385 17.63 0.00027 0.0070  0.0195 0.1523  0.0785  0.0492
65 .19 095 0.11 0.0037 0033 11.08 17.77 0.00027 0.0073  0.0216  0.1479  0.0737  0.0442
70 125 043 011 0.0038 0.030 1240 13.10 0.00025 0.0075 0.0311 0.1169  0.0771  0.0446
75 132 046 0.11 0.0038 0.030 1331 13.83 0.00025 0.0078 0.0366  0.1178  0.0825  0.0432

water-bearing rocks has not revealed an abundance of cracks
filled with carbonate. Moreover, even in the places where
mineral waters discharge, travertines are not formed. A dis-
tinctive feature of the area where mineral waters discharge is
the formation of colloids of iron hydroxides, which is natu-
ral, since the waters are strongly supersaturated with respect
to iron hydroxides (the saturation index of goethite lies in
the range 5.5-5.0). Clay minerals (kaolinite and montmoril-
lonite) release potassium and magnesium from the water.
The consequence of the secondary mineral formation, which
controls water’s composition, is the following: Fe hydrox-
ides — illite — montmorillonite — calcite. The leaching ele-
ments from rocks increase their porosity (the lower part of
wells) and clayeness (the upper part of section).

Conclusions

The chemical composition of CO,-rich mineral waters in
studied area is the result of interaction processes in the
water-rock-carbon dioxide system. The initial waters are of
meteoric origin, and their chemical composition depends
on the composition of the water-bearing rocks. The transi-
tion of elements into water is caused by interphase inter-
actions in the water—gas—rock system. Helium, neon and
carbon isotope systematics prove the predominantly mantle
origin for associated free gas in CO,-bearing groundwaters.
Our results indicate that more than 50% of helium in the
CO,-rich groundwater of Gornovodnoe area comes from
mantle sources, at about 40% helium is crustal and less
than 2% helium has atmospheric origin. Geological setting
of the territory confirms the mantle source of carbon diox-
ide, because numerous faults of the northwestern strike are

@ Springer

present, on which CO, emissions are often observed. We can
conclude that dissolution of primary silicate and alumino-
silicate phases plays a key control on chemical composition
of high-pCO2 groundwaters. In the formation of the bicar-
bonate sodium—calcium type of water, HCO;~ component
is formed under the influence of an excess amount of CO,
of deep origin dissolved in rather shallow ground water; the
dominant calcium is due to leaching of Ca-containing pla-
gioclases (anorthite) with sodium derived from the leaching
of albite. One of the important distinctive features of this
water is high contents of silicon and iron. The total REE
concentration in the CO,-rich groundwater is rather high.
Distribution profiles smoothed out with stable enrichment
towards HREE. The results of calculations show that the
main form of REE migration in all types of water in the
region is a complex with the carbonate ion REE [CO5]*, but
the proportions of different complexes vary from place to
place. As whole, the most important factor determining the
difference in the composition of mineral waters of the Gor-
novodnoe CO,-rich water is residence time, i.e., the degree
of openness of the water—rock—gas system.

The cold CO,-rich groundwater of the Eastern Sikhote-
Alin ridge is the result of interactions between fresh ground-
water of meteoric origin, mantle gases and the host volcanic
rocks. It thus highlights connectivity between deep and shal-
low fluids along deep fractures related to ancient terrane
boundaries.
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