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Abstract—Implications of ion exchange processes for the formation of lithological and hydrogeochemical sys-
tems under various thermobaric conditions of the subsurface hydrosphere are discussed on the basis of on-loca
tion, experimental, and thermodynamic studies. It is shown for the case of the Volga—Ural sedimentary basin
that ion exchange interaction in the water—rock system bears a zonal character and is differentiated with depth.
Exchange and adsorption processes are most efficient in the upper 500-m-thick supergene zone composed of
terrigenous clayey rocks, where the HCO;—Na- and SO,—Na-waters with a mineralization reaching 20 g/dm?®
are formed. In cata- and metagenetic zones at a depth of more than 1000-1500 m, these processes do not
strongly affect the brine composition. Metasomatic dolomitization of limestones as an exchange adsorption
process plays the crucial role in the formation of Cl-Ca-brines at that depth.

PRINCIPLES AND KINETICS
OF MASS EXCHANGE

Epigenetic transformation of groundwater and sedi-
mentary rocks by ion exchange is among the problems
that equally pertain to hydrogeochemistry and lithol-
ogy. Various aspects of this problem were discussed by
A.N. Buneev, K.K. Gedroits, E.G. Degens, J. Driver,
A.B. Ronov, E.M. Sergeev, N.M. Strakhov, V.N. Kho-
lodov, V.M. Shvets, S.R. Krainov, and other Russian
and foreign researchers. Processes of ion exchange
include exchange adsorption and exchange absorption
interactions in lithological and hydrogeochemical sys-
tems of sedimentary basins that combine absorption
and reproduction of dissolved matter. Exchange
adsorption is mostly a surface phenomenon, whereas
the exchange absorption proceeds within the entire
solid phase body; i.e., it affects not only the surface of
mineral particles, but also the internal structure (lattice
of rock-forming minerals).

Kinetics and lithol ogical-hydrogeochemical impli-
cations of ion exchange between solid and liquid
phases in sedimentary basins are controlled by hydro-
geodynamic and thermobaric conditions varying with
depth. As a result, both ion exchange processes and
resultant geochemical types of groundwater bear a
zonal character.

The mechanism of exchange adsorption consists in
equivalent stoichiometric replacement of ions in the
double electric layer of clay mineralsby ionsof thefree
solution (as aresult, ions of clay minerals transfer into
the solution). The absorption energy (adsorption capac-
ity) of ions and their concentration in solution and

absorbed complex (AC) of rocks are the main factors
contralling the intensity and direction of exchange
adsorption processes. As was experimentally estab-
lished (Aborenko, 1985; Gedroits, 1975), the adsorp-
tion capacity of cations falls with decrease of their
valence and reduction of atomic radius for equally
charged ions. Hydrogen ion is the only exception,
because its adsorption activity is higher than the activ-
ity of not only one-vaent, but aso two- and three-
valent cations: H* > Al** > Fe** > Mg** > Ca** > Na* >

K*> NHj.

Highly dispersed rocks (grain size <0.001 mm) have
the highest adsorption capacity. Therefore, exchange
adsorption processes demonstrate the highest hydro-
geochemical effect in porous terrigenous (significantly
clayey) rocks with AC as the main repository of
exchange cations. The ability of clay minerals to
exchange ions with solutions is governed by two prin-
cipal compositional and structura factors, namely spe-
cific surface and crystal chemistry of basal surfaces
(Sergeev et al., 1971).

Aluminosilicates of chlorite, halloysite, and kaolin-
ite (including nacrite and daccite) groups have arigid
lattice of 1 : 1 type with a small interlayer space
(~0.7 nm) that prevents from emplacement of hydrated
cations into the interpacket space of their structure. As
aresult, they do not participate in ion exchange. Basal
surfaces are also subordinate in this process. The main
mass of exchange cationsislocalized on lateral sides of
the lattice serving as the main area for adsorption. The
phenomenon of isomorphic replacement, which creates
uncompensated electric charges, is atypical for miner-
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als of the kaolinite group. Their specific surface acces-
sible for interaction with solution is 8-20 m?%/g, and
their AC capacity is 3-15 mmol/100 g.

In contrast to kaolinite, the three-layer (2 : 1) clay
minerals of smectite group (montmorillonite, bento-
nite, beidellite, nontronite, sauconite, and saponite)
have amobile |attice with the interlayer space reaching
15-20 nm. Owing to this feature and the presence of
uncompensated charges in the structure of minerals of
the smectite group as a result of the heterovalent iso-
morphism (Si** — AIl** in tetrahedral sheets and
Al — Mg?*, Al** —~ Fe** in octahedral sheets), the
cation sorption from solutions proceeds not only on |at-
eral sides and basal surfaces, but also within the inter-
layer space containing the main mass of adsorbed ions
(up to 80%). The specific surface of smectite minerals
attains an enormous value of 600-800 m?/g, and their
AC capacity is 150200 mmol/100 g.

In terms of exchange adsorption properties, hydro-
micas occupy a transitional position between minerals
of the kaolinite and smectite groups. Their specific sur-
face and AC capacity are equal to 30-180 m*/g and 10—
40 mmol/100 g, respectively. Hydromicas have unex-
panding crystalline lattices of 2 : 1 type that inhibit the
penetration of water molecules. Heterovalent replace-
ments are widely developed in hydromicas. Therefore,
their lateral sides acquire a negative charge. Therefore,
the broken bonds at crystal margins and their outer
basal surfaces serve as active surfaces of hydromica
ceous minerals capable to the ion exchange interaction
with water.

The composition of ions absorbed by sedimentary
rocks is primarily determined by the cation composi-
tion of water in sedimentary basin. Two main (marine
and continental) AC types are recognized in this
respect. Sodium and potassium are predominant in the
first type (rNa+ rK >rCa), while calcium prevailsinthe
second type (rCa > rNa + rK). The variation of hydro-
chemical regime of sedimentation and the emplace-
ment of genetically aien infiltration (meteogenic)
water into sedimentary rocks saturated with sedimenta-
tion (thalassogenic) water generally giverise to the AC
saturation with cations having a high absorption energy
(Ca?, Mg**) and the gain of ions with a lower adsorp-
tion activity (Na*, K*) in solution.

Exchange adsorption is the most rapid hydro-
geochemical processin the water—terrigenousrock sys-
tem. In suspension, equilibrium between cations of AC
and solution is attained in a very short time span mea-
sured by minutes (Gedroits, 1975; Popov et al., 1992).
Therefore, the geological time factor can beignored in
the estimation of hydrogeochemical significance of ion
exchange between solid and liquid phases in various
hydrodynamic environments of the lithospheric sedi-
mentary layer.

Under natural conditions, kinetics of exchange
adsorption is significantly controlled by convective—
diffusive transfer of the dissolved material to the ion
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exchange surface and removal of reaction products
from the lithological-hydrogeochemical systems, i.e.,
by the hydrodynamic situation in the interaction zone
of solid and liquid components. Thus, disequilibrium
character of the system is maintained due to the cation
concentration gradients within the solution, as well as
between the solution and double €electric layer of clay
minerals. This implies that hydrodynamically mobile
supergene zones, which are open for material and
energy exchange with the environment, are most favor-
able for exchange adsorption in clay rocks and meta-
morphism of groundwater therein.

The AC capacity of clay minerals depends not only
ontheir crystal chemistry, but also on acid—alkaline and
PT conditions of subsurface hydrosphere. Asarule, the
AC capacity of sedimentary rocks steadily decreases
withincreasein T, P, and depth. Thisis accompanied by
decrease in pH of groundwater and compaction and
lithification of rocks.

The mass of cations, which may potentially be sup-
plied from AC into groundwater, is eventualy con-
trolled by the AC capacity and porosity of terrigenous
rocks. The influence of solid phase capacity on ground-
water composition is evident. The quantitative contri-
bution of porosity (n) to groundwater metamorphism is
not so obvious, because the increasing dispersibility of
sedimentary rocks simultaneously leads to the growth
of both AC capacity and n. Therefore, the AC capacity
in the sand-silt—clay series increases from 5 to
100 mmol/100 g, whereas n increases from 20 to 80%.

Let ustake two end members of this series and infer
that the complete cation exchange with the removal of
all adsorbed ions into solution occurs in a water-satu-
rated sand with AC capacity C, = 20 mmol/100 g and
porosity n, = 25% and in clay with AC capacity C, =
100 mmol/100 g and porosity n, = 70%. If the sand den-
sity is p; = 2.65 g/cm® and the clay density is p, =
2.75 g/cm?, the total volume of 100 g of rock (including
pores) is V, = 50.3 cm’ in the first case and V, =
121.2 cm? in the second case. The pore volume equals
V] =12.6cm? and V, =84.9 cm?’, respectively. Hence,
the maximum amount of adsorbed ions that may be
supplied to the pore solution from AC is C; =

20 mmol/12.6 cn’ for sand and C., = 100 mmol/84.9 cm?

for clay (or C; = 1587 mmol/dm® and C, =

1179 mmol/dm3 of solution). This amount of adsorbed
ionsin solution will be provided by the sand massm, =
7.9 kg and the clay massm, = 1.2 kg.

As can be seen, the metamorphising effect of
exchange adsorption in sand is higher than in clay,
although the AC capacity of clay is five times higher
than that of sand.

The role of ion exchange in metamorphism of the
cation composition of water in rocks with the sasme AC
capacity but different n values can beillustrated by the
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following example. Assume that C, and p, of sand are
the same asin the first case, but their n value varies by
25-50%. As was shown, the mass of adsorbed ionsin
solution at n, = 25% is 1587 mmol/dm’. If the sand
porosity increasesto n, = 50%, then the amount of cat-
ions removed from AC drops to 530 mmol/dm?®.

The results obtained indicate that the rock porosity
may be a more significant factor of metamorphism of
water composition than the AC capacity. In any case,
the increase in water-saturated pore volume at the con-
stant AC capacity inevitably should diminish the mass
of adsorbed ions supplied to the solution.

Under redlistic lithol ogical—hydrogeochemical con-
ditions of the crustal sedimentary cover (n = 5-70%,
AC capacity = 1-100 mmol/100 g, and water mineral-
ization M < 500 g/dm?), the mass of adsorbed ions in
groundwater may vary in awide range from afew tens
to thousands of mmol/dm?. The ion exchange capacity
of sedimentary rocks with various n values based on
empirical dataisshowninFig. 1.

Reactions of ion exchange adsorption are most often
used to interpret sodic, sodium sulfate, and calcium
chloride waters that cannot generally be formed by a
direct extraction of the respective salts because of their
extremely low abundance in sedimentary rocks:

Ca(HCO,), (water) + 2Na+ (AC)
= 2NaHCO, (water) + Ca* (AC),

CasO,(water) + 2Na* (AC)
+— Na,SO, (water + Ca2*(AC),

2NaCl (water) + Ca*(AC)
—= CaCl, (water) + 2Na" (AC).

The above processes are reversible. However, in
terms of power consumption, reactions from the left to
right are most efficient in the first and second cases, but
from the right to left in the third case (Lebedev, 1965).
Owing to the higher Ca?* absorption energy in compar-
ison with Na*, the resultant lithological and hydro-
geochemical systemsare most stable under natural con-
ditions.

In contrast to the exchange adsorption, the exchange
absorption proceeds under high PT conditions and con-
sistsin the metasomatic and isomorphic replacement of
large cations in rocks by cations from water (brine)
with smaller ionic radii. During the interaction of ter-
rigenous aluminosilicate and carbonate rocks with
Cl-Na-Mg-brines, Ca’* passes into solution with the
formation of Cl—-Ca-brines and drastic change in the
mineral composition of rocks themselves:

CaAl,Si,O4(anorthite) + 2NaCl(brine) + 4SO,
—= 2NaAIlSi;O(abite) + CaCl,(brine),

CaAl,Si,0,, - 4H,0(leucite) + 2NaCl(brine)
—= 2NaAlSi, Oy - H,O(analcime)
+ CaCl, (brine) + 2H,0,

2CaCO;(limestone) + MgCl,(bring) ==
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Fig. 1. Amount of adsorbed ions (C) in solution vs. AC
capacity and porosity (n) of rock.

CaCO; - MgCO;,(dolomite) + CaCl,(brine).

Since the ionic radius of Ca?* (0.104 nm) removed
from crystallinelattices of aluminosilicatesand carbon-
ates is higher than that of Na“ (0.098 nm), Mg**
(0.074 nm), and Si** (0.039 nm) in solution, the above
reactions proceeding from left to right are generally
efficient. It is noteworthy that the mineralization of
metamorphosed brines is variable due to the equivalent
character of the interphase reactions and different
masses of ions Na+ (22.99) and Mg** (12.16), on the
one hand, and Ca?* (20.04), on the other. The Mg**—
Ca’* exchange results in the increase of mineralization
from 450 to 640 g/dm’. The Cl—Ca brines with such a
high degree of mineralization were detected in Lower
Paleozoic rocks of the Siberian and North African plat-
forms.

Highly mineralized CI-Na-Mg- and Cl-Mg-brines,
which are products of the condensation of mother halo-
genic brinesin evaporite basins prior to the final halite,
carnallite, and bischofite stages of halogenesis, partici-
pate in reactions producing abite, analcime, and dolo-
mite. Based on experimental and field experiments, the
Mg?** concentration decreases from 120-80 to 5-
1 g/dm?, while the Ca?* concentration grows from 0.1—
2.4 to 60 g/dm? or more during the transformation of
Cl-Mg-brinesinto Cl-Ca-solutions.

The character of exchange absorption is primarily
controlled by facies conditions of sedimentation and
evolution of hydrogeological structures. The presence
of saliferous sequences and paragenetically associated
Cl-Na- and Cl-Mg-brinesin the sedimentary cover isa
necessary condition for the development of exchange
absorption. Metamorphism of Mg-brines by the reac-
tion of dolomitization is typical of basins filled with
carbonate and terrigenous—carbonate rocks.
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Basins of this kind are widespread in the ancient
(epi-Karelian) East European and Siberian platforms
(Pripyat and Cisura troughs, Caspian and Buzuluk
basins, Irkutsk Amphitheater, and others). Paleozoic
carbonate rocks and evaporites in these troughs and
basins vary in age from Early Cambrian to Late Per-
mian. The largest evaporite water reservoirs as sources
of Cl-Mg-brinesexisted in the Early Cambrian (eastern
Siberia), Middle-Late Devonian (Dnieper—Donets
Basin), and Early Permian (Volga—Ural region). Pene-
tration of highly mineralized (M = 320-510 g/dm?) and
heavy (p = 1.227-1.367 g/cm?®) brines into underlying
carbonate rocks was driven by the mechanism of den-
sity (concentration) convection (Popov, 2000).

Under natural conditions, processes of metasomatic
dolomitization of limestones are realized in the geolog-
ical time scale, because they proceed according to the
intradiffusion mechanism. Therefore, it is not acciden-
tal that the rCalrMg value in sedimentogenic brines has
commonly adirect correlation with the duration of their
interaction with carbonate rocks. Thisratio varies from
0.2 in the present-day brinesto 1.3 in Mesozoic brines
and 10 or more in Paleozoic brines (Panchenko, 1966).

It should be emphasized that the replacement of
Mg?* of brine by Ca* of solid phase, which leadsto the
gain of Ca* in Cl-brine, is also reproduced in experi-
ments (Vlasovaand Valyashko, 1969). The Cl-Na-Mg-
brines corresponding to different stages of halogenesis
were used as a liquid phase, while CaCO, was used as
asolid phase. The experimentswere carried out in auto-
clavesat T, = 150°C, T, = 200°C, and P < 60 MPawith
an exposition period of 7 days. All runs demonstrated
an enrichment of solution in Ca2* ions and depletion in
Mg?*. Under different combinations of hydrogeochem-
ica and thermobaric parameters, insignificantly the
amount of Na" ions in the final solutions decreased or
increased. Calcite (CaCO,;) and magnesite (MgCO;)
werethe prevalent solid phases at 150°C, whereas dolo-
mite (CaCO; - MgCO;) was predominant at 200°C. The
influence of pressure on dolomite formation was not
established. It entirely depends on M, Mg?* concentra-
tion in solution, rCa/lrMg value, and T.

It should also be noted that due to the equivalent
character of interphase reactions and different molar
volumes of calcite and dolomite, dolomitization mark-
edly increases porosity (by 10-12%) and, in particular,
permeability (by several orders of magnitude) of the
primary carbonate rocks.

In addition to the above-mentioned factors, the
intensity and lithological—hydrogeochemical conse-
guences of the exchange absorption in limestones sub-
stantially depend on the character of their pore space. In
porous and porous—cavernous carbonate sediments, the
influence of secondary dolomitization on the mineral
composition of sediments and theion—salt composition
of groundwaterswill be much greater than in rockswith
fissure-type porosity. This statement is supported by
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results of regional lithol ogical-hydrogeochemical stud-
ies. For example, inthe Cisural region characterized by
an areal penetration of Permian Cl-Mg-brines into
underlying Carboniferous carbonate rocks, the
rCalrMg ratio of Cl-Ca-brines is 5-20. In the Pripyat
Trough, the Devonian haogenic brine was locally
delivered from the Lebedyan Basin to underlying
Zadonsk—Yelets limestones along tectonic faults and
fractures (Poroshin, 1981). The rCa/rMg vaue in sub-
salt brinesis commonly < 5.

HYDROGEOCHEMICAL ZONING
OF SEDIMENTARY BASINS

The vertical (deep) hydrogeochemical zoning is a
principal attribute of groundwater in the Earth’'s inte-
rior. In sedimentary basins of the platform type, the
zoning is mainly governed by the composition of
sequences of the sedimentary cover and hydrodynamic
conditions. Regional hydrogeological studies showed
that the sedimentary section penetrated deep boreholes
(up to 5-7 km) is dominated by the direct hydro-
geochemica zoning, i.e., increase in the M value of
groundwaters with depth due to the involvement of
more and more soluble salts.

Thispaper presentsresults of theinvestigationin the
Volga—Ural sedimentary basin, one of the largest sedi-
mentary structures in the East European Platform. This
basin is characterized by an extreme diversity of hydro-
geochemical and lithofacies conditions. The sedimen-
tary cover consists of Upper Proterozoic and Phanero-
zoic rocks. However, Paleozoic (Devonian, Carbonifer-
ous, and Permian) largely marine carbonate rocks, up to
2-3 or more km thick, are most abundant. Evaporites
(dolomite, gypsum, sodium and potassium salts) as
indicators of ancient brine reservoirs occupy a consid-
erable (up to 500 m and more) portion of the Lower
Permian (Kungurian) section. The gypsum—dolomite
facies are known in Frasnian and Famennian stages
(Upper Devonian), Visean and Moscovian stages (Mid-
die Carboniferous), and Gzhelian Stage (Upper Car-
boniferous). Upper Permian polyfacies (coastal-
marine, lagoonal, and continental) sequences are sub-
stantialy terrigenous and clayey. Terrigenous, largely
continental sediments also sporadically occur at vari-
ous Carboniferous and Devonian stratigraphic levels.

The Kungurian saliferous sequence divides the sed-
imentary cover of the basin into two hydrogeochemical
stages. The upper stage is composed of five zones of
oxygen- and nitrogen-rich infiltration waters (from top
to bottom): (1) calcium hydrocarbonate (HCO,—Ca)
zonewith M = 0.3-1.0 g/dm?, (2) sodium hydrocarbon-
ate (HCO;—Na) zone with M = 0.5-1.2 g/dm?, (3) cal-
cium sulfate (SO,~Ca) zone with M = 1-3 g/dm?,
(4) sodium sulfate (SO,—Na) zone with M = 1.5-
20 g/dm?, and (5) calcium and sodium sulfate—chloride
(SO,—Cl—Ca—Na) zone with M = 5-40 g/dm?.
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The Kungurian sequence encloses methane- and
nitrogen-rich sodium—magnesium chloride (Cl-Na—
Mg) brines with M = 230470 g/dm® (zone 6). It is
locally developed within the Solikamsk, Buzuluk, and
Caspian basins.

In the lower, sub-Kungurian stage, the hydro-
geochemical section is supplemented by the following
zones: (7) sodium chloride (Cl-Na) zone with hydro-
gene sulfide, carbon dioxide, nitrogen, and methane
(M = 36-320 g/dm?) and (8) sodium and calcium chlo-
ride (Cl-Na—Ca) zone with hydrogen—methane or only
methane (M = 200-330 g/dm? or more).

The increase in mineralization and change of gas-
water composition with depth is accompanied by
increase in temperature (up to 50°C or more) and pres-
sure (up to 30 MPa or more) but decrease in the redox
and acid-akaline potential of water (Eh from +650 to
-450 mV, pH from 8.8 to 5.0).

The water-bearing rocks also undergo substantial
epinenetic aterations with depth. In terrigenous sedi-
ments, clay minerals of the smectite group, which are
typical of the upper supergene zone (<500 m), gradu-
ally give way to hydromica, kaolinite, and chlorite that
prevail in cata- and metagenetic zones at adepth greater
than 1.5-2.0 km. Metasomatic processes providing the
formation of epigenetic dolomites play a significant
lithological and hydrogeochemical role in carbonate
rocks.

Turning again to hydrogeochemical zoning, it
should be noted that processes of ion exchange are not
involved in the formation of HCO,;—Ca, SO,—Ca,
Cl-Na-, and SO,—Cl-Ca—Na-waters. Their formationis
controlled by the dissolution and extraction of carbon-
ates, gypsum, and halite with the participation of bio-
chemical processes, hydrolysis of auminosilicates, and
water mixing. The molecular diffusion of Na" and CI-
from saltsalso takes part in the formation of subsalt and
suprasalt Cl-Na-brines.

Intrasalt Cl-Na—Mg-brines make up dlightly altered
mother brines of the Kungur halogenic basin at the
halite-carnallite stage of halogenesis. These syngenetic
(relative to the host salt) relict brines were devel oped at
the regional scale during the origination and evolution
of the Early Permian halogenic basin (Popov, 2000).

Asconcernsthe HCO;—Na- and SO,—Na-watersand
economic Cl-Na—Ca-brines as valuable mineral depos-
its, their nature remains rather ambiguous and can be
interpreted in different ways. Analysis of existing con-
cepts on the genesis of these waters shows that neither
extraction of readily soluble salts, nor mixing processes
and biochemical sulfate reduction cannot lead to their
formation. Their originintheVolga—Ura Basin was not
discussed in terms of ion exchange, because the respec-
tive evidence was lacking. In order to provide insights
into this problem, more than 400 AC samples from
Upper Proterozoic, Paleozoic, and Cenozoic terrige-
nous rocks were analyzed in combination with petro-
graphic, thermal, and XRD studies, experimenta
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Fig. 2. Correlation between Na* and Ca2* concentrationsin
carbonated water.

works, and lithological and hydrogeochemical balance
calculations for the water—rock system.

HYDROGEOCHEMISTRY
OF EXCHANGE ADSORPTION

As was mentioned above, zones of HCO;—Na- and
SO,—Na-waters pertain to the upper stage of the Volga—
Ural Basin composed of Upper Permian terrigenous,
mainly quartz—feldspathic rocks. The feldspar content
in sandstones, which serve as the major aquifers,
amounts to 5-15%. The feldspars are mainly repre-
sented by plagioclase (andesine and oligoclase), i.e.,
Ca—-Na-aluminosilicates.

The HCO;—Nawaters (M = 0.5-1.2 g/dm?) are con-
fined to the boundary units of zones with free and diffi-
cult water exchange. These waters occur at a depth of
50-200 m within a 60- to 80-m-thick zone. The soda
(NaHCO; + Na,CO;) content in the salt composition
attains 1100 mg/dm?’ (92%). This is a purely akaline
solution with pH = 7.3-8.6 and Eh varying from 100 to
300 mV (T =4-6°C).

The hydrolytic and exchange adsorption concepts of
HCO,;—Na-water formation in terrigenous rocks may be
regarded as competitive hypotheses. According to
(Shvartsev, 1982), the gain of Na,CO, during alumino-
silicate hydrolysis (carbon dioxide weathering) starts
with CaCO, saturation. This conclusion is based on dif-
ferent solubilities of CaCO; and Na,CO,. However, it
turned out that with increase in mineralization from 0.3
to 1.2 g/dm?, the Na* concentration steadily grows up,
whereas the Ca?* concentration diminishes. In the most
mineralized sodic water, the Ca(HCO;), content varies
from <40 to 10 mg/dm?, whereas the CaCOj solubility
attains 500 mg/dm? even at a low CO, concentration
(<50 mg/dm?3). The inverse correlation between Na
and Ca&* contents in sodic water is shown in Fig. 2.
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The relationship presented above is obviously
inconsistent with the hydrolytic model of HCO;—Na
water formation. At the same time, it suggests that a
natural mechanism governing the Na* supply into solu-
tion and simultaneous C&’* removal existsin theVolga—
Ura Basin.

The SO,—Nawater (M = 1.5-20 g/dm?) occurs at a
depth down to 300-500 min the difficult water circula-
tion zone localized below the river drainage incision.
Nat and Ca’* dominate in the cation composition of
water with M < 6.5 g/dm?® (40-90% and up to 50%,
respectively). Only Na'(70-90%) is typical of water

with M > 65 g/dm®. The SO content is 3.8—

12.7 g/dm?, i.e., 3—7 times higher than in typical gyp-
sum (SO,—Ca) water. The total amount of NaSO,

reaches 10.3 g/dm?. The reaction of medium is alkaline
(pH = 7.4-8.8), En >0, and T=5-8°C.

Appearance of Na,SO, in natural waters may be
provided by different processes, including (1) extrac-
tion of sodium sulfate minerals (mirabilite, thenardite,
and others), (2) mixing of SO,—Ca and HCO;—Na-
waters or reaction of the latter with CaSO,, and (3) cat-
ion exchange between Na* of AC and Ca* of sulfate
water (Posokhov, 1972). The Na,SO, extraction is
extremely problematic, because sodium sulfate is lack-
ing in Upper Permian rocks. Reaction with the partici-
pation of NaHCO, and CaSO, under the existing con-
ditions does not yield the SO,—Na water with M >
1.5 g/dm?.

The Cl-Na—Ca-brines (M = 200-330 g/dm?) is the
principal geochemical type of water in deep-seated sub-
salt complexes. They make up a spatially persistent
hydrogeochemical zone reaching 5-7 km in thickness
within basement depressions. The brines are character-
ized by a high metamorphism (rNa/rCl = 0.1-0.7; 20—
80% CaCl,), low sulfate content (rSO, - 100rCl = 0.02—
0.70), enrichment in Br- and REE, acid reaction of
medium (pH = 5-7), negative Eh values ranging from
—200 to —300 mV, and nitrogen—methane gas composi-
tion with a high He content (3-10 cm®/dm?®). The Cl/Br
ratio falls to 16075 and rCa/rMg increases up to 20.

Researchers have proposed endogenic, infiltration,
and sedimentogenic (thalassogenic) hypotheses for
explanation of the genesis of Cl-Na—Ca-brines. They
arereviewed in (Posokhov, 1977).

Lithol ogical-hydrogeochemical investigations
reveal ed that the exchange adsorption properties of ter-
rigenous rocks and their role in the metamorphism of
groundwater are differentiated with the depth of sedi-
mentary basin. The most favorable environment for cat-
ion exchange is created at the upper stage composed of
Upper Permian clayey rocks having a great AC capac-
ity. The highest concentration of adsorbed cations (30—
85 mmol/100 g) is detected in the finely dispersed clay
and claystone. The exchange capacity of clayey sand-
stone and siltstone commonly is 2040 mmol/100 g.
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The high AC capacity is caused by the hydromica—
smectite composition of the clay. Under hydrodynami-
cally active conditions, the exchange adsorption bearsa
directed character and therefore exerts a strong meta-
morphic impact on groundwater composition. More
than 2000 mmol (40 g) of cations may passinto 1 dm?
of solution at the average AC capacity of 20—
30 mmol/100 g and n = 0.2. This value is much higher
than the actual concentration in the hydrated state (up
to 250 mmol/dm? or 5 g/dm?3).

The composition of adsorbed basesis variable (25—
95% Ca&*, 3-47% Mg?*, 1-60% Nat, and 0.4-2.5% K*).
The depth-dependent relative amounts of alkali and
alkali-earth elements are indicators of the genetic fea-
ture of AC.

The uppermost part of the section (0-50 m) corre-
sponding to the zone of HCO;—Ca-water is character-
ized by the predominance of Ca* (60-95% or 0.3
1.3 g/100 g) over Na+ (1-7% or 0.01-0.1 g/100 g). The
rCal(rNa + rK) ratio is 11-46, which is typical of con-
tinental AC. Taking into account hydrochemical fea-
tures of the Late Permian lithogenesis expressed in the
abundance of saline and low-brine (sodic) water reser-
Vvoirs, it can be concluded that the AC of rocks in this
zone was regenerated from the marine-type AC with
(rNa + rK) > rCa at the Mesozoic—Cenozoic subaerial
stage of the basin evolution.

At agreat depth within the zone of HCO;—Na-water,
the Na* concentration in AC increases to 0.4 g/100 g,
whereas the Ca’* concentration decreases to 0.3
0.1 ¢/100 g. The rCa/(rNa + rK) ratio is 0.9-1.3. The
full consistence of cation compositions of AC and
groundwater (Fig. 3) indicates that the water—rock cat-
ion exchange is the major process providing the forma-
tion of HCO;—Na-water.

As was shown by physicochemica modeling
(Popov et al., 1992), HCO;—Nawaters of the Borzhomi
and Yessentuki types with ahigher mineralization (M =
8-15 g/dm?3) may be formed by ion exchange in terrig-
enous (clayey) carbonatized rocks with the Na-type AC
asaresult of reaction with carbonated water (CO, = 1-
3 g/en?) in the absence of a great amount of sulfates
and chlorides as solid phases. These conditions are
inherent in young (Kimmerian—Alpine) orogens and
plates (Caucasus, Ciscaucasus region, western Siberia,
and others), where carbon dioxide is generated in the
course of thermal metamorphism and magmatic activ-
ity and then incorporated into marine sedimentary
rocks by ascending migration.

The gypsum-bearing terrigenous rocks in the zone
of SO,—Nawater (M < 20 g/dm’) contain still higher
concentrations of adsorbed Na* (0.22-0.56 g/100 g)
(Fig. 3). The rCal/(rNa + rK) ratio is commonly 0.83—
0.97. At the same time, typical SO,-Ca-solutions with
M = 2-3 g/dm? are formed in the terrigenous gypsum-
bearing sequences depleted in adsorbed Na“. These
data unequivocally testify to the exchange adsorption
nature of the SO,—Na-water. Therefore, we believe that
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the main point in the issue of the genesis of SO,—Na-
waters with M = 5-20 g/dm? consists in €lucidation of
amechanism that provides the Na,SO, gain in solution
rather than estimation of the role of cation exchange in
their formation (this is obvious). In other words, the
issueisasfollows: how the SO,—~Na-water with amuch
higher mineraization is formed from the SO,—Ca
water with M = 2-3 g/dm? during the stoichiometric
exchange adsorption reaction? According to the com-
monly accepted point of view (M.A. Al tovskii,
S.A. Durov, E.V. Posokhov, and others), the mineral-
ization formed as a result of cation exchange in water
should not substantially be distinct from the mineral-
ization of the primary solution subjected to metamor-
phism.

Methods and results of the experimental works
focused on the genesis of SO,—Nawaters have been
described in detail in the previous work (Popov et al.,
1992). It should only be stated here that like in the case
of highly mineralized sodic carbonated water, the gyp-
sum extraction and ion exchange of Ca?* of water by
adsorbed Na" are not one-stage processes in the hydro-
dynamically mobile environment. They bear a multi-
step progressive character providing the gain of a great
amount of Na,SO, in solution. Owing to these interre-
lated and complementary processes stimulating each
other (cation exchange that promotes the generation of
Na,SO, in solution and extraction of a new portion of
CaSO, by the newly formed SO,—Nawater), the highly
mineralized sodium sulfate water is produced. There-
fore, the notion on equal mineralization of the initial
and final solutions during ion exchangeisonly valid for
static conditions when this processis realized in asin-
gle water body.

However, even in this situation, despite large
resources of gypsum and adsorbed Na“ in rocks,
increasein the M value of solution and accumul ation of
Na,SO, therein occurs only to certain limits. In experi-
ments, these limits are 10-12 and 9.0-9.5 g/dm?,
respectively. Thisisrelated to decrease in the solubility
of CaSO, (from 1.46 to 0.44 g/dm? in experiments) and
the amount Na" removed from AC into solution (from
92 to 12 mg/100 g) and the consequent attenuation of
ion exchange. At M = 15-17 g/dm? (close to the M limit
for the SO,—Na-water in the region), the CaSO, disso-
lution ceases and the lithological—hydrogeochemical
system Na,SO, (solution)—-CaSO, (rock)-AC attains
equilibrium.

At deep levels of basins (>1000-1500 m), which
correspond to zones of very difficult water exchange
and guasi stagnant regime (with respect to hydrodynam-
ics) or the lower zone of supergenesis and zones of cat-
agenesis and metagenesis (with respect to lithology and
geochemistry), the influence of ion exchange on the
brine composition isinevitably weaker, becausethe AC
capacity of Paleozoic and Upper Proterozoic rocks
abruptly decreases to 5-1 mmol/100 g along with
increase in their mineralization up to 300-350 g/dm?.
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Fig. 3. Variation of Na" concentration in AC and groundwa-
ter (GW) of Upper Permian rocks with depth. (1) Sand-
stone, (2) siltstone, (3) claystone and clay, (4) gypsum.

This is caused by the lithification of rocks, smplifica-
tion of clay mineral structure in the smectite-hydrom-
ica—chlorite series, and physicochemical conditions of
deeply subsided basinal zones. These processes are
governed by PT parameters and geologic time that are
responsiblefor the aging of colloids and their transition
into unchangeable state.

Figure 4 shows the typica lithological—hydro-
geochemical situation of theVolga-Ural Basin, i.e., cat-
ion concentration in the groundwater increases with
depth from fractionsto 5 mol/dm?3. The porosity and AC
capacity decrease from 0.3 and 30 mmol/100 g, respec-
tively, at the surface to 0.1 and 1 mmol/g at a depth of
5 km. The intersection of curves describing the behav-
ior of hydrated and adsorbed cations is localized at a
depth of ~800 m. Taking into account acertain variation
of n and AC capacity, the intersection point is not rig-
idly fixed and may vary within arange of 700-1000 m.

2004



48 POPOV

K, mol/dm3
0 1 2
T

20001 /

4000

H, m

Fig. 4. Variation of hydrated cation concentration (curve 1)
and concentration of adsorbed cations removed from AC
into groundwater (curve 2) with depth.
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Fig. 5. Behavior of Ca2* in model solutions. Runs modeling
theinteraction of: (1) Cl-Na-brine with Middle Carbonifer-
ous claystone, (2) Cl-Na-brine with Lower Carboniferous
claystone, (3) Cl-Na-brine with Middle Devonian clay-
stone, (4) CI-Mg-brine with Middle Carboniferous clay-
stone, (5, 6) Cl-Ca—Na-brine with Lower and Middle Car-
boniferous claystones.

The AC capacity of overlying rocks is quite sufficient
for the complete metamorphism of water with
M < 50 g/dm?3. At a great depth, the mass of adsorbed
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cations, which may potentially be removed fromthe AC
into groundwater, cannot provide the formation of cat-
ion composition not only in brines, but also in saline
water.

The calculation results agree well with experimental
results on the metamorphism of Cl-Na-Mg- (M =
100 g/dm®), Cl-Na- (M = 200 g/dmq), and Cl-Ca—Na-
(M = 240 g/dm3) brines in Middle Devonian and
Lower—Middle Carboniferous terrigenous rocks. The
AC vaue is 4-12 mmol/100 g. The adsorbed ions
mainly consist of Ca, as suggested by rCa/(rNa+ rK) =
4-10. Thefivefold brine extracts from fresh charges of
rocks, which were crushed and washed to remove
readily soluble salts, were prepared and analyzed (the
liquid/solid phase ratio in the chargeswas 2 : 1).

The experimental results confirmed that the interac-
tion between the above phases does not give rise to an
appreciable Ca?* gain (Fig. 5). The Ca?* concentration
in Ca-depleted Mg- and Na—Mg-brines of final extracts
was only 0.3-1.8 g/dm? (0.4-6.4%). In experiments
with the most concentrated Ca—Na brine, the Ca2* con-
tent did not increase at all and remained at the initial
level (12.2 g/dmq). The AC composition in rocks partic-
ipating in reactions also did not change.

LITHOLOGICAL-HYDROGEOCHEMICAL
IMPLICATIONS OF METASOMATIC
DOLOMITIZATION

The exchange adsorption in carbonate and terrige-
nous rocks largely proceeds at the lower stage of sedi-
mentary basins. As was mentioned above, the abun-
dance of terrigenous sediments in the sub-Kungurian
Paleozoic of the study region is minor, relative to car-
bonate rocks. Therefore, like reactions of exchange
adsorption in aluminosilicates, albitization and analci-
mization cannot appreciably ater the composition of
deep-seated brines.

Under lithological—-mineralogical conditions of the
Volga—Ural Basin, theformation of CI-Na—Ca-brinesis
mainly governed by the metasomatic dolomitization of
Paleozoic and Upper Proterozoic limestonesrather than
the adsorption and absorption. The dolomitization is
driven by the density convection of heavy (p = 1.29-
1.37 g/cm?) mother Cl-Mg-brines, which are mainly
delivered from Permian evaporite reservoirs, into
lighter (p = 1.02-1.13 g/cmd) thalassogenic Cl-Na-
brines. The process takes place according to the princi-
ple of convection cell and is accompanied by a partial
mixing of waters with different compositions and
expulsion of formation fluids into the sedimentary
basin (Popov, 2000).

The ability of solutions to dolomitize limestones is
assessed by an equation derived from the law of mass

action: Qg /0cs = IM@IrCa - yyy/Yes = SPA/SP,
where a¢, and oy are activities of Ca* and Mg
ions, rCaand rMg are concentrations of Ca* and Mg?*
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ions (mol/dm), yg, and yp, areactivity coefficients of

Ca* and M@** ions, SPc and SPd are sol ubility products
of calcite and dolomite, respectively.

I the ratio of Mg@?* and Ca2* (£ = apgy/0gy) activi-

ties (§ = Qg /0cs) ismore than the ratio of solubility
products of dolomite and calcite (§ > SPd/SPc), thefor-
mation of dolomite owing to the replacement of C&* in
the crystalline lattice of calcite by Mg** of brineisthe
most probable process. In the opposite case, the solu-
tion is undersaturated with CaCO, - MgCO;, and disso-
[ution of solid phase (dolomite) or decreasein dolomiti-
zation rate is possible in carbonate rocks.

The thermodynamic analysis of the capacity of var-
ious geochemical types of brinesin the study region to
dolomitize limestones gave the following results. The
highest ¢ value (>100-400) is typical of the CI-Mg-
brine at the gypsum and halite precipitation stage (in
the normal seawater, & = 5.6). The & value has a direct
correlation with Mg?* concentration in solution and
rMg/rCa. The SPd/SPc ratio in brines of this type is
13.4-13.7, and € is more than one order of magnitude
higher than SPd/SPc. Hence, the CI-Mg-brines have a
high capacity to form metasomatic dolomites.

The sedimentary and epigenetic subsalt Cl-Na—Ca-
brines have avery low rMg/rCavaue (0.05-0.20). The
& value of alkali-earth components in these brines is
0.16-0.33, i.e., one to two orders of magnitude lower
than SPd/SPc. Thisindicatesthat dedolomitization, i.e.,
decrease of Mg?* in dolomitized limestone and dolo-
mite, is theoretically possible. However, this process
was apparently insignificant in the hydrodynamically
passive environment, and the carbonate rock—Cl-Na—
Ca-brine systemisclose to thermodynamic equilibrium
at the present geologic epoch.

Infiltrational CI-Na-brines of leaching with low &
values (0.56-0.83) also cannot form the metasomatic
dolomite.

Long-term metasomatic processes gave rise to the
drastic alteration of subsalt carbonate sequences in the
Volga—Ural Basin. We carried out the quantitative litho-
logical-hydrogeochemical estimation of dolomitiza-
tion for the southeastern part of the Volga—Ural Basin
with an area of 100000 km?. The secondary (dia- and
epigenetic) dolomites occur throughout the entire Pale-
ozoic-Upper Proterozoic section in this territory. They
are most widespread in the Lower Riphean, Upper
Devonian-Tournaisian, Visean, Moskovian, and Sak-
marian (Lower Permian) rocks. They bear obvious
signs of secondary ateration (metasomatic replace-
ment of calcite by dolomite, highly variable extent of
dolomitization, and its sel ective character depending on
structural and genetic features of limestones).

The thickness of dolomitized rocks (hdr) in particu-
lar Paleozoic dratigraphic units varies from a few
metersto 140 m and reaches several hundreds of meters
in the Riphean. Their total thickness (Zhdr) inthe Pale-
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Fig. 6. Variation of rCa/rMg ratio in brines with depth.

ozoic variesfrom 160 to 400 m, i.e., occupies 5-27% of
the entire Paleozoic section. Ronov (1956) estimated
the Mg**content in rocks as 1-10% (5%, on the aver-
age). Thisvalue equals 13.2% for the pure chemogenic
dolomite.

The mass of dolomitized rock block (mdr) with
>hdr = 300 m, area s = 100000 km?, and rock density
p=28t/m*is300mx 10" m?>x 2.8 t/m*=8.4 x 10° t
while the amount of Mg** therein is mMg = 8.4 x
108 tx0.05=4.2 x 10" t.

Since the metasomatic replacement of calcite by
dolomite proceeds in equivalent quantities and the Ca?*
atomic massis higher than that of Mg?*, the amount of
Ca’* passing into liquid phase will be dlightly greater
than the above estimate. Let us compare it with the
actual Ca?* mass in Paleozoic and Proterozoic Cl-Na—
Ca-brines.

In the Paleozoic sequence, the average thickness of
the zone with Cl-Na—Ca-brines hPZ = 2000 m. The
average Ca** concentration C-,PZ = 25 g/dm’. The
respective parameters of the Proterozoic sequence are
4000 m and 40 g/dmq.

The volume of Cl-Na-Ca-brines in Paleozoic rocks
with porosity n=0.05, hPt = 2000 m and s= 100000 km?
is estimated as VPZ = 2 km x 100000 km? x 0.05 =
10* km?3; the Ca mass therein is m,PZ = 103 m? x
25 kg/m? = 2.5 x 10! t. In Proterozoic rocks, VPR =
4 km x 100000 km x 0.05 =2 x 10* kn?*; mc,PR =2 x
103 m? x 40 kg/m3 =8 x 10! t. The total amount of Ca*
in brines of the sedimentary sequenceis Zmg, ~ 102 t.

Thus, the amount of Ca2* released from limestones
asaresult of dolomitizationis quite enough to form Cl—
Na—Ca-brines in the sedimentary cover.

It is noteworthy that the most metamorphosed Cl—
Na—Ca-brines in the present-day Volga—Ura Basin
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have a very high rCa/rMg value (4-20), indicating that
the replacement of Cain limestone by Mg of brines has
been completed long ago (Fig. 6).

CONCLUSIONS

The results obtained show that ion exchange interac-
tions in the heterogeneous water—ock system bear a
distinct zonal character and exert a great influence on
the lithological—hydrogeochemical state of sedimen-
tary basin. Processes of exchange adsorption in Upper
Permian terrigenous sediments with a marine signature
of adsorbed complex played the crucial role in the for-
mation of HCO;—Na- and SO,—Na-watersin the super-
gene zone (down to a depth of 300-500 m).

The formation of CI-Na—Ca-brines, which prevail
in catagenetic and metagenetic zones (depth >1000—
1500 m), was caused by concentration convection of
the mother Cl-Na-Mg-brine largely delivered from
Early Permian evaporite basins to underlying Paleozoic
and Upper Proterozoic rocks. The convective subsid-
ence of highly mineraized saliferous brines into the
terrigenous and carbonate environment was accompa-
nied by exchange adsorption. M etasomatic dolomitiza-
tion of limestones played the principal rolein the meta-
morphism of brines. These processes apparently started
in the Devonian when the first evaporite basins
appeared. However, they were most intensive during
the existence of the Permian saliferous basin ranging
from n x 10% to n x 10° yr. After that, the epigenetic
ateration of saliferous, carbonate, and terrigenous
rocks lasted for along geologic time.
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