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Abstract. The temperature in the Valley of Geysers (Kamchatka) geothermal reservoir calculated using the feldspar
Na-K-geothermometer has been steadily increasing over the past 10 years on average from 165 to 235 °C, which is
close to the temperature values of a hydrothermal explosion of the steam and water mixture. For the analysis of chemical
geothermometers, TOUGHREACT-simulation was used, with the help of which the previously known Na-K feldspar
geothermometer was reproduced on a single-element model and new formulas were obtained for three Na-K-geother-
mometers: zeolite, smectite, and based on volcanic glass. Data of chemical analysis for the period 1968-2018, in which
the chloride ion is considered as an inert tracer of geofiltration processes, indicates that after 2007 a significant inflow
of infiltration water (its mass fraction is estimated from 5 to 15 %) into the Geyser reservoir. It is assumed that the Na-
K increased values of the feldspar geothermometer are not the result of the temperature increase in the Geyser reservoir,
but the effect of smectite water dilution.
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Introduction. Temperature and gas phase pressure and saturation define thermohydrodynamic
conditions of geofluid reservoirs. These are the main parameters, from which all other heat transfer
fluid parameters (enthalpy, viscosity, density of the liquid and gas phases, etc.) can be calculated.
Geochemical thermometers are widely used in prospecting, exploration and analysis of geothermal
reservoir conditions, which allow estimating the temperature in a productive geothermal reservoir
from the chemical composition of a heat transfer fluid without drilling or direct temperature mea-
surements in wells. For example, the formation temperature assessment of the Pyatigorsk mineral
water deposit revealed two temperature ranges of their formation: one for the soda composition waters
and the other for the waters with the sodium sulfate predominance [1]. We estimated the fluid genera-
tion temperatures of mud volcanoes in Azerbaijan using the Na-Li- and Mg-Li-geothermometers
designed to estimate temperatures in the range of up to 300-340 °C of water formation layers in
sedimentary basins, including oil ones [2]. The formation conditions of the Ulsky thermal spring
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located on the Sea of Okhotsk coast (Khabarovsk Krai), revealed using geothermometry, indicate the
1-2 km deep water circulation, at the temperature that does not exceed 80 °C [3]. In Kyrgyzstan, the
research of more than two dozen of thermal and cold mineral waters located in the northern and
southwestern Tien Shan, using the Na-K-geothermometers revealed that they are formed without any
endogenous heat source under the influence of local temperature gradients [4]. Geothermometric re-
search of thermal springs located in the Pamirs and the foothills of the Tien Shan (Tajikistan) showed
that the waters were formed at temperatures of up to 240 °C [5, 6]. The Okinsky hydrothermal system,
located in the Eastern Sayan and associated with the basaltic volcanism manifestation was studied
using a number of geothermometers [7]. The use of geothermometers during the study of nitrogen
thermal waters in Jiangxi Province (China) revealed the problem of the temperature estimation accu-
racy, associated with mixing, and showed that the Na-K-geothermometer is less sensitive to the im-
pact of ground and meteoric waters than the SiO»-geothermometer [8]. Geothermometric research
was carried out to define the conditions for the formation of the Tavatum nitrogen thermal waters
located on the Sea of Okhotsk coast of the Magadan Region [9]. In general, geothermometry along
with isotopy is used to define the conditions for the waters of various genesis formation, while there
is a problem of their correct use, which is taken into account by the researchers.

The method of chemical geothermometers is based on the use of the dependence between the
chemical equilibrium constants between the fluid and the host rocks [10]. The sodium-potassium
geothermometer is most widely used for geothermal reservoirs with the temperature that exceeds
855.6

lg{C(Na%K+)]+O.8573

and is fairly well tested in drilled geothermal deposits. The following type of the geothermometer

is also applicable #(Na-K) = — 1217 - —-273.15 [12].

lg _C(Nayc(lc ) 11438

Checking the condition 7> 150 °C, if drilling wells for direct temperature measurement is obvi-
ously impossible, is a non-trivial and urgent task in the Valley of Geysers of the Kronotsky State
Nature Biosphere Reserve, where drilling is prohibited by current legislation.This problem solution
is important for the safety of the tourism infrastructure in the Valley of Geysers, which is annually
visited by about 6,000 people with a tendency of increasing the attendance. The temperature calcu-
lated using the feldspar Na-K-geothermometer has been steadily increasing over the past 10 years,
from 165 to 235 °C [13]. The temperature increase in a two-phase geothermal reservoir means sim-
ultaneous pressure increase from 7 to ~31 bar, respectively, which can lead to destruction of the upper
confining layer, up to 10-20 m thick, and hydrothermal explosion in the epicenter of the Geyser
reservoir, similar to the 2007 catastrophic collapse and the 2014 mudflow, which were caused by
hydrothermal activity [ 14, 15].

Two approaches are used in the geochemical assessment of the temperature in geothermal reser-
voirs. According to the first, the temperature is determined by the ratio of elements in solution. The
ratio of sodium and potassium concentrations, the silica content in the solution, the Na-K-Ca ratio,
and a number of other functions correlating the elements concentrations with the temperature are
often used, with the preference given to the most easy-to-use mathematical expressions. The Na-K-
geothermometer, developed for water equilibria with feldspars is very popular. It could easily be used
as it allows us to get rid of dilution effects, and due to the wide occurrence of feldspars, the geother-
mometer can be used in a wide range of hydrogeological conditions. The constrains in the geother-
mometer use are related to the equilibrium between water and the rock-forming minerals. For example,

150°C #(NaK)=

—273.15 [11], it is based on the feldspar equilibria
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the classical expressions for the Na-K-geothermometers are defined for the feldspars and thermal
waters equilibrium [10], and when the host rocks mineral composition changes, as happens in geo-
thermal reservoirs, the temperature estimation may become incorrect. The second approach for tem-
perature assessment is based on the on the selection of the mineral composition, which is in equilib-
rium with the chemical composition of water. For example, the program iGeoT helped to minimize
saturation indices for this approach [16].

Over the period of 1969-2003, the use of Na-K-geothermometer in the Valley of Geysers in-
dicated slow (from 0.3 to 0.9 °C/year) temperature decrease in the reservoir, within the range of
165-185 °C. After the giant landslide of June 3, 2007, the slow downward trend was replaced by rapid
(from 4.2 to 5 °C/year) temperature increase, and the temperature range shifted towards higher tem-
peratures (180-230 °C) (Fig.1). The temperature increase in the Geyser reservoir was possibly caused
by two independent reasons. The first possible reason relates to Kikhpinych Volcano magmatic ac-
tivity. This hypothesis is supported by the volcano activity, which was considered in detail in [17].
The activity of Kikhpinych seems to be an unlikely reason for the increase in geochemical tempera-
ture, since volcanic gases should have caused a decrease in pH and an increase in the Cl content in
the waters, which was not observed. The second probable reason is due to incorrect use of the feldspar
Na-K geochemical thermometer in conditions of existence of other mineral phases, capable of ion
exchange, including those with sodium and potassium.

The active mineral-forming processes and the host rocks processing resulted in formation of the
whole range of secondary minerals, among which the most interesting for us are those that are capable
of 1on exchange with sodium and potassium. At this time it is well known that, depending on pH and
solution composition, in the areas of high-temperature discharges zeolite minerals, such as mordenite,
stilbite, heulandite, and clinoptilolite [18, 19], or the layered silicates of the smectite group, most
often montmorillonite [20, 21] and a number of other deposits [22, 23] are formed. Zeolites are
formed in alkaline media, while montmorillonite is formed under slightly acidic and nearly neutral
conditions [24]. Along with montmorillonite, kaolinite is also formed in thermal fields, but due to its
low ability for proper ion exchange, it is not considered in this work; moreover, it is favoured by
acidic and slightly acidic media, which practically do not meet the conditions of geyser discharges
[19, 20].

Zeolites are tektosilicates which structure contains channels and cavities sufficient for ion ex-
change with sodium and potassium cations existing in solution. In layered silicates, cations located
in the interlayer space are also easily exchanged for cations of the contacting solution. At that, in
nature, usually both zeolites and smectite minerals are finely dispersed, they easily disperse and form
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Fig.1. Calculated temperature variants obtained using the feldspar Na-K-geothermometer [11, 25]
for Velikan Geyser (the Valley of Geysers, Kamchatka) in 1969-2016 [14]
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a suspension; therefore, equilibrium with solutions in terms of sodium and potassium cations for
zeolite and montmorillonite minerals is achieved relatively quickly.

The high rate of ion exchange in clinoptilolite was considered in some works [26, 27] describing
the kinetic parameters and factors determining the mechanism and rate of ion exchange processes
[28, 29]. Natural zeolites seem to be the optimal material for a number of practical applications, for
example, for production of catalysts and sorbents [30] For example, the modification of zeolitized
tuffs containing mordenite and clinoptilolite made it possible to obtain catalysts for the light oil frac-
tions transformation [31].

Wastewater radioactive decontamination and other complete treatment at mining and processing
enterprises and nuclear industries is possible using zeolite sorbents [32, 33]. lon exchange processes
have an impact on heavy metals in soils accumulation [34, 35], they should also be taken into account
in the disposal of nuclear waste [36, 37].

Ion exchange characteristics of montmorillonite are related to its ability to swell, which is taken
into account when developing oil reservoirs [38]. The relevance of a comprehensive study is con-
firmed by the work on the analytical control of the content of petroleum products [39-41]. No less
promising cation exchanger with fast kinetics is montmorillonite [42, 43], a layered silicate, the ion
exchange properties of which are due to heterovalent substitutions in metal-oxygen networks [44, 45]
and the spatial organization of clay particles [46]. Montmorillonite is actively formed in thermal fields
of modern hydrothermal systems [20], where, under complex dynamic conditions, it exchanges with
contacting solutions [ 10, 47]. Summing up, we should note that while interacting with finely dispersed
zeolites and montmorillonite the cations equilibrium time is from several tens of minutes to a day,
and in case of feldspars this time ranges from hundreds to tens of thousands of years or more [10].
Therefore, it can be assumed that waters in contact with mudflow deposits or secondary minerals in
the Geyser reservoir or in the zones of surface water infiltration relatively quickly take on the sodium
and potassium ratios that are characteristic of montmorillonite or zeolites [ 10, 18, 48].

Volcanic glass existing in the host rocks composition of the Geyser reservoir, is characterized
by wide variations in composition, it dissolves relatively easily, especially in alkaline media, it is
metastable to crystalline phases transition, and therefore can have significant effect on composition
of contacting with it waters [18].

Catastrophic processes (the 2007 catastrophic collapse and the 2014 mudflow) in the Valley of
Geysers led to partial destruction of the upper confining layer, infiltration windows formation and the
geysers channels flooding, which resulted in significant inflow of infiltration surface water into the
productive Geyser reservoir [49] that also should be considered when choosing geothermometers.

Hydrogeological stratification and mineralogical composition of the Geyser productive
reservoir. The area is characterized by the accumulative volcanic type of relief, the formation of
which is mainly associated with the volcanogenic deposits accumulation. The oldest Lower-Middle
Pleistocene effusive-pyroclastic strata are exposed mainly in depressions and calderas sides, while
young Upper Pleistocene and Holocene ones form vast plateaus, as well as stratovolcanoes, cinder
cones, and extrusive domes. The area of the Geysernaya River is composed of the volcanic-sedimen-
tary stratum, which is the complex interchange of different layers: tuff breccias, agglomerate tuffs,
psammite tuffs and aleuropelitic tuffs. Pressed clustered pumices are also widespread. The volcano-
genic-sedimentary stratum is intruded by different age andesites and andesite-dacites extrusions, with
which short lava flows are associated [50, 51].

The Quaternary 1 km or more thick strata of relatively loose pyroclastics and their erosion pro-
ducts, fill the depressions and have fairly good reservoir properties, which creates the conditions for
the thermal waters reservoir formation in these deposits [52]. The bulk of hydrothermal manifesta-
tions emerge from the original outcrops of poorly lithified pumiceous psephytic and agglomerate tuffs
and dacites of the geyser and estuarine formations. One of the important geological and structural
factors in the formation and activity of the high-temperature hydrothermal system of the Valley of

529
This is an open access article under the CC BY 4.0 license



B A Journal of Mining Institute. 2023. Vol. 262. P. 526-540 EDN BMBZHP

ﬁ’ © Anastasia V. Sergeeva, Alexey V. Kiryukhin, Olga O. Usacheva, Tatiana V. Rychkova,
=™ Elena V. Kartasheva, Mariya A. Nazarova, Anna A. Kuzmina, 2023

Geysers is low psephytic tuffs permeability of the Geyser and estuarine formations, which prevents
the intensive intrusion of cold surface waters. The upper part of the section of the Geyser and estuarine
formations is composed, among other things, of fine-grained varieties of tuffs, the pore permeability
coefficients of which, as a rule, are two orders of magnitude lower than those of psephytic tuffs. They
serve as the upper confining layer and contribute to the better waterproofing of water-bearing hori-
zons [50].

The geyser productive reservoir is formed as a result of successive series of pipes of hydrother-
mal explosions followed by chemical dissolution/suffusion of the central geyser channels and self-
sealing by secondary hydrothermal minerals of the peripheral parts and the roof (upper waterproof
rock) [14], the inflow of the deep thermal fluid is confined to channels/dykes. The upper waterproof
rock is the product of hydrothermal processing of the original rocks.

It was shown in [13] that both hydrothermally altered and unaltered aleuropelitic vitroclastic and
psammitic-psephitic pumice rocks with inclusions of litho- and crystal clasts are distributed in the
Geyserny formation (grn), which was exposed by the 2007 collapse, while hydrothermal transfor-
mations are subject to first of all, volcanic glass and pumice clasts, the share of which in the initial
mineralogical composition is significant.

In the central part of the Uzon Caldera, on the left bank of the Shumnaya River (Mt. Belaya),
there 1s an extrusion composed of pumice stones (Qs), practically unaffected by hydrothermal trans-
formations. Its composition, expressed in terms of feldspar and quartz content, is as follows: 44 wt.%
NaAlSi30s, 29 % Si0, 15 % KAIS30s, 12 % CaAlSiOs. The mineral composition, according to
X-ray phase analysis, corresponds to the elemental composition, namely, the feldspars and volcanic
glass predominance.

Methods. Source data for TOUGHREACT-simulation, assembly of the simulation. The gey-
serites mineral composition was revealed using loggers for the geysers temperature and eruptive cycle
monitoring. A logger is a special small metal cylinder of about 10 cm long and about 1 cm in diameter
that should be immersed in the researched medium for data recording over the period of several
months. The six months of logger operation, allow us to obtain actual data on the geyserites mineral
composition resulted from a thin layer of geyserite deposits, covering the logger, at that the unique
geyserite structures do not suffer, and the current data on the mineral composition of geyserites are
at the disposal of researchers.

The mineral composition was studied using X-ray diffractometry. The X-ray diffractograms
were recorded using the X-ray diffractometer MaxXRD 7000 (Shimadzu) in the range of
6-65 °20 with the 0.05-0.1 °20 step, scanning speed 1-2 deg/min, which is equivalent to exposure at
a point of 3-6 s. The semi-quantitative sediments composition was analyzed by means of the X-ray
fluorometry method, using the S4 Pioneer spectrometer (BrukerAXS). All the studies were made in
the Analytical Center of the IVS FEB RAS.

Previously, we revealed that geyserite sinters have predominantly quartz-opal-ceolitic composi-
tion with different ratios of mineral components [19]. The diffractograms of logger deposits show an
intense halo, which corresponds to amorphous phases with a small coherent scattering region (Fig.2).
The study of the composition of the logger sediments for the period 2018-2021 showed that the 2018
well-crystallised sediments gradually become more amorphous, and by 2021 the degree of crystallinity
had become very low (Fig.2). Simultaneously with the decrease in crystallinity, the composition of
the sediments also changes: amorphous hydrated silica becomes the dominant phase rather than zeo-
lites. This can be caused by a decrease in pH, a decrease in the concentration of silica and aluminum
in thermal solutions, and a decrease in temperature. It is known that alkaline environment is fa-
vourable for crystallization of zeolites, as pH increase causes their crystallization rate increases as
well. In contrast, no temperature decrease has been observed; geysers discharged and keep dischar-
ging during eruptions at about 100 °C.
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The diffractograms show diffused re-
flexes, which may belong to zeolites such as 6000
mordenite, haylandite, clinoptilolite and, possi- 4900

AN 2020-2021

bly, stilbite. These zeolites have similar diffrac-  °*°
tograms, and if the amorphous component pre- o 10 20 30 40 50 60 20
dominates, the broadened reflexes overlap each  '°* M
. . . . T 2020

other and hinder precise identification. 10000 ‘ \,

The authors have designed one-element
model in the TOUGHREACT-EOS2 software )
package [53, 54], its scheme is shown in Fig.3. 0 10 20 30 40 50 60 20
Initial conditions are as follows: pressure 6000 \ /ﬁs‘%ﬁ 2019-2020

60 bar, temperature 210 °C, partial pressure of 4000
COs; is set to zero. The material properties of 5y
the model are defined as follows: density
2700 kg/m?; porosity 0.1; permeability 107> m?;
thermal conductivity 2 W/(m-°C); heat capa-
city — 850 J/(kg-°C). Specific water discharge
corresponds to the productive Geyser reser- 5000
voir, water composition corresponds to that 0
typical for Geyser Velikan (Giant)
(Table 1). Host rock minerals: glass™
Nao.97Ca0.016K0.00sMg0.0015S12.99A11.010g; 4000
smectite-Na Na,[Al, Mg, Fe]o[SisO10](OH)>; 2000
smectite-K K, [Al, Mg, Fe]z[S14010](OH)2; 0"

15000

10000

10 20 30 40 50 60 20

6000 | 2017-2018

X ) 10 20 30 40 50 60 20
smectite-Ca Ca,[Al, Mg, Fe][S14010](OH)2;
albite NaAlSi30s; microcline KAISi3Os; — 1 2 —3
anorthite CaAl;S120s; opal S10,2-nH»0; Fig.2. Deposits of Giant Geyser obtained in 2017-2021
mordenite [Naz, Ca, K2]4[Algsi40]096‘28H20; 1 — mineral deposits; 2 — quartz; 3 — zeolite
clinoptilolite Ca3[Si30Als]O72:20H20. Table 1
The model is designed as a cube with side  Water composition used in the simulation, which corresponds
of 100 m (Fig.3) and ﬂow-through circulation to a composition close to that of Geyser Giant (pH = 8)
with constant flow rate of 5.8 kg/s. The flow- Concentration
through circulation is defined by.wat'er extrac- Component mol/kg H:0 me/l
tion from a modeled borehole with simultane-
. P q o NHy* 5.6:10° 1
ous injection of constant flow rate with given Na* 264102 605
enthalpy into the model element (inflow of K’ 1.2'101 47
. . . Ca* 5.5-10 22
deep heat tr'ansf‘er ﬂ}lld or infiltration water). S0 50103 300
The simulation time is equal to 1000 years. AlO> 1.0-107 5.9:10°
The results of the TOUGHREACT- cr 2.46:10°2 872
. . L SO+ 1.68:107 161
simulation. Derivation of Na-K-geothermome- HCOs 1.44-10° 88

ter equations for different minerals. When pro-

cessing the results of TOUGHREACT-simulation, we assume that the ion product or the ion ex-
change constant corresponds to the Arrhenius plot on temperature 7:K(7T) = Aexp(—AG/RT), where A
is a multiplier almost independent of temperature; AG is the change in Gibbs energy during the re-
versible process; R is the universal gas constant. During the simulation at different values of enthalpy
(inflow of deep heat transfer fluid or infiltration water), we obtained the composition of the solution
in equilibrium with a given set of minerals at the temperature range 25-250 °C. The simulation data
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Fig.3. One-element model simulating a part of the Geyser reservoir in zones with different mineral compositions [55]

1 — K-montmorillonite + Na-montmorillonite + Ca-montmorillonite; 2 — mordenite + clinoptilolite (clinopt/10);
3 — feldspar + high albite + low albite; 4 — volcanic glass (glass3); the inset shows location of the Valley of Geysers in Kamchatka

of the water equilibrium composition were converted into the coordinates 1000/7 and lg(Ci/C)),
where C; and C; are concentrations of the corresponding solution components in mass or molar units
(g/1, mg/l, ppm, mol/l, etc.).

The linearized sections of the obtained plots were described by an equation y = 4 + Bx, where
v =1g(Ci/C)); x = 1000/(t + 273.15), from which the fallowing geothermometer equation was derived

t= 10005 —273.15.

C(Na*)
Ig - A
C(K")
During the simulations the authors got solution composition data where concentrations are ex-
pressed in mol/l. In order to convert to mass concentrations, we need to multiply by the molar mass,
and to convert the Ci/C; ratio from molar to mass units, we need to multiply this value by the Mr;/Mr;
factor, where Mr; and Mr; are the molar masses of components i and j. The conversion factor for the
ratio of sodium and potassium concentrations from molar units to mass units is 23/39. For conven-
ience, the units of sodium and potassium concentrations are indicated next to each equation and on
the corresponding graphs later in the text.
Table 2 shows the results of water — rock interaction simulation for various epigenetic minerals,
with constant initial water composition and constant flow rate. The table shows the values of coeffi-
cients 4 and B and indicates the temperature ranges of linear or close to linear sections.
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Table 2
Equation coefficients 7 = # —273.15 for various minerals
] ™ egeo)
Coefficients
Mineral assemblage Temperature range, °C :
A (for ppm) B
Albite, anorthite, microcline 25-250 —-1.683 1.239
Glass 25-125 0.961 0.037
125-250 1.034 0.0085
Montmorillonite 25-125 -1.267 0.612
Zeolites (mordenite, heulandite, clinoptilolite) 25-125 1.151 -0.012
125-250 1.949 —-0.349

K-feldspar + low albite + water system (T4 _REACT Feldspar). We took K-feldspar and low
albite in equal volumetric fractions as initial phases, with the addition of the high-temperature albite
modification that does not change the pattern. The simulation time was equal to 1000 years and a
water-rock chemical equilibrium was assumed at each simulation step.

The feldspar geothermometer derived during the simulation is close to the classic Fournier equa-
tion [12, 56], and provides consistent results. The range in which the Na/K ratio varies is quite large,
it is about 2.5 to 300, and this fact allows us to determine the temperature quite well using the cation
content. High ratios are typical for low temperatures and vice versa, therefore application of feldspar
geothermometer for cases when sodium is absorbed and C(Na)/C(K) ratio decreases, leads to apparent
warming of geothermal reservoir (Fig.4) [57].

The equation of the feldspar geothermometer is as follows:

1239

lg C(Na%K+) +1.683

Glass (glass3) + water system (TR T glass3 #9). Only volcanic glass3 was taken as initial
phases. The simulation time was equal to 1000 years; at each simulation step local chemical water-
rock equilibrium was assumed.

t= —273.15 ppm.

During the simulation we detected a glass y=A4+Bx
dissolution, while the logarithm of the w1 ¢ o s
C(Na)/C(K) ratio varied insignificantly be-
tween 1.28 and 1.32 (mol/l) (Fig.5), so the ac- 275) — 25:200°C 300
tual use of the geothermometer based on vol- 250 ¢ Feldspars 250
canic glass is complicated. Within the range ~ ;5 g
of 125-250 °C, the geothermometer equation % 200 200 =
is as follows: g ' 150 S

< 175 &

t= 8.5 —273.15 ppmy; = 150 100~

Ig C(Na+) —-1.034 1.25 50

C(K+) : =1, oo’
20 22 24 26 28 30 32 34

within the range of 25-125 °C the geother- 1000/T, K-!

mometer equation based on the volcanic

Fig.4. Arrhenius plot for the sodium-potassium ratio (ppm)
glass:

in the case of equilibrium between thermal waters and feldspars
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y=A4+Bx 37

£ oC t= —273.15 ppm.
. C (Na+)
200 150 100 50155 Ig —0.961
. +
1315, — 125:250°C C(K )
' — 25-125°C
~ 1310} ¢ Glass 12.0 Glass dissolution maintains the concen-
é 1.305 é tration of elements at a certain level, so the use
= 1300 1.8 g of feldspar Na-K-geothermometers leads to
Z 1995 2 erroneous estimates.
< 11.6 & . . .
3 000! A=1.034 3 If 'cryste'1111ne feldspars, albite, anorthite
L85/ B=0.0085 4 and microcline are added to feldspar glass,
/ ' the glass dissolves and recrystallizes into
12801 corresponding minerals, and Na-K-geother-
2022 24 26 2'? 30032 34 mometer eventually is close to Fournier
1000/7, K equation. However, still during glass

Fig.5. Two linear sections in Arrhenius coordinates corresponding  dissolution the C(Na)/C(K) ratio varies
to the temperature dependence of the ratio of sodium Kl ithin 11-12.2 (f f id

and potassium concentrations for glass weakly, within 11-12.2 (for ppm) for a wide

temperature range. Therefore, the presence of

glass causes apparent warming of the

Y ZIAOZ Bx geothermal reservoir and can lead to

200 150 100 50 significant errors in temperature estimations.

— 25.125°C - - 6 K-montmorillonite + Na-montmorillo-

107" e Montmerillenite nite + Ca-montmorillonite + water system

g 0.9 5 g (TR T mont Ca #9). K-montmorillonite

T o0s g (montmor-k), Na-montmorillonite (mont-

o B=0.612 4 & mor-na), Ca-montmorillonite (montmor-ca)

é 0.7 % phases were taken as initial phases. The vol-

E 0.6 3 Z ume fractions of all three minerals were

0.5 . equal, and were 1/3. Simulation time was

e o ° 2 equal to 1000 years; at each simulation step

04 20 22 24 26 28 30 32 34 local chemical water-rock equilibrium was
1000/T, K-! assumed.

Fig.6. Linear section of sodium-potassium concentration The Na/K ratio is poorly linearised in

ratio for equilibrium between montmorillonite Arrhenius coordinates and varies in a small

and thermal waters range — 1.5-6 (for ppm). A high value of the

ratio is typical for low temperature and vice
versa. The graph (Fig.6) shows a linear section in the temperature range of 25-125 °C. The small
range of ratio variation and low relative sodium content does not allow using feldspar Na-K-geo-
thermometer for temperature estimation in case of smectite control of sodium/potassium ratio.
In the 25-150 °C range the geothermometer equation:

t= 612 —273.15 (for ppm).

C(Na) +1.267
C(K)

Ig

At thermal fields of Kamchatka, montmorillonite is predominantly sodium-calcium; waters that
are in equilibrium with it are characterized by a low C(Na)/C(K) ratio, so the use of feldspar geother-
mometer leads to apparently significant warming of the geothermal reservoir. Meanwhile, in mud-
and-water pots of modern thermal fields in Kamchatka with weakly acidic and near-neutral waters, if
montmorillonite is a dominant mineral, we observe smectite control of sodium and potassium con-
centration ratio, at which they lie within the calculated limits of 1.5-6 (for ppm) [58].
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Mordenite + clinoptilolite (clinopt/10) + water (+/— heilandite) system (Mor Heu no Fels #9).
Mordenite (fraction 0.3), clinoptilolite (clinopt/10 fraction 0.3), and noncrystalline SiO; (fraction 0.4)
were taken as initial phases. Opal was set in chemical equilibrium to thermal water; for zeolites the
dissolution kinetic constant was set within the range 1071°-107'® and the deposition kinetic constant
took values from 107'°-107%, activation energy was estimated to be 58 kJ/mol. The simulation time
was equal to 1000 years.

Simulation results show that, under geothermal reservoir and alkaline conditions, clinoptilolite
and heulandite precipitate at a high rate rapidly reaching saturation, while mordenite dissolves insig-
nificantly. Therefore, in order to obtain the desired dependencies, the authors varied kinetic parame-
ters such as deposition and dissolution rates for mordenite, heulandite and clinoptilolite. We found
that the ratio of sodium and potassium concentrations was largely affected by the zeolite precipitation
rate. It is important that the ratio of sodium and potassium concentrations vary between 13 and
20 (for ppm) within the temperature range of 25-250 °C. The linearisation of the ratios in Arrhenius
coordinates is shown in the figure, which demonstrates two sections: a steeper high-temperature sec-
tion and a flatter low-temperature section (Fig.7).

Zeolite geothermometer equations for high temperatures of 150-250 °C are as follows:

‘= —349 —273.15 (for ppm);

lg C(Nayc(lc) ~1.949

for temperatures of 25-150 °C geothermometer equations are as follows:

t= —12 —273.15 (for ppm).

Ig C(Nayc(lc) ~1.151

Note this low sodium-potassium ratio for waters that are in contact with zeolites, so the calcula-
tion using the feldspar equation results in inflated temperatures.
Discussion. The study of geyserite de-

posits from Geyser Velikan (Giant) shows y=A4+Bx
the formation of amorphous zeolites in asso- noC

y : . 200 150 100 50
ciation with opal and quartz. Observation of 152574 150250 °C o
the composition of the deposits shows a de- 1,500 — 25-125°C
crease in their crystallinity over the periodof o Mordenite + clinoptilolite | ;g
2018-2021, which may be due to a certainde- & - g
crease in the pH of the thermal solution. In & 1430 2;2)9.431‘9‘9 v 5
general, the pH of the discharging solutions is 5 1425 16 &
high, alkaline (8-9), and favorable for zeolite % 1.400 s E
formation. At the same time, the heated soils ~ 1375 4=1151
from the Valley of Geysers have a composi- L350 g B=-0012 14
tion similar to that of heated soils from other ' T Y T,
thermal fields in Kamchatka and contain 20 22 24 26 28 30 32 34
montmorillonite, which crystallizes in near- 1000/7, K~!
neutral and Weakly acidic solutions. Such en- Fig.7. Linear plots in Arrhenius coordinates for the
vironment is formed when pore solutions of sodium-potassium ratio in the function of temperature
soils interact with air oxygen, resulting in for mordenite and clinoptilolite
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crystallization of skeleton salt deposits on the day surface, usually associated with layered silicates
including montmorillonite.

Volcanic glass has a significant impact on geothermometer readings due to its good solubility
compared to other minerals of associations. In alkaline environments, the solubility of silicate glasses
increases by several orders of magnitude, hence the glass shows a significant impact on the Na/K
ratio in natural reservoirs with alkaline solutions. Moreover, during glass dissolution the Na/K ratio,
according to simulation results, is 11-12.2 in the temperature range of 25-250 °C, for the feldspar
geothermometer it lies within 170-180 °C.

Smectite selectively absorbs sodium, and, according to the simulation results, the sodium/po-
tassium ratio is reduced to a range of 1.5-6 in the temperature range 25-250 °C. The Na-K-geother-
mometer estimate of reservoir temperature for waters coming into equilibrium with smectite minerals
gives inflated values, so the smectite impact on the Na-K-geothermometer is quite noticeable and is
expressed in apparent warming of the reservoir. However, the application of the smectite geother-
mometer for determination of discharge temperatures in thermal fields, mud and mud and water pools,
pore solutions of heated soils and steam and gas jets, provided montmorillonite is a dominating mi-
neral, shows good agreement between estimated and measured temperatures during sampling. There-
fore, the smectite geothermometer is useful in thermal fields, if the montmorillonite controls the so-
dium-potassium ratio.

Zeolites act similarly to montmorillonite, lowering the sodium-potassium ratio to a range of
13-19, within the temperature range of 25-250 °C, which according to the feldspar geothermometer
corresponds to temperature range of 140-170 °C. The sensitivity of the geothermometer to tempe-
rature depends on the absolute value of parameter B: decrease in this parameter causes the decrease
in the geothermometer sensitivity. Therefore, zeolite and volcanic glass based geothermometers are
the least sensitive to temperature, then comes the montmorillonite geothermometer, which may
have a limited application within thermal fields, while the feldspar geothermometer is the most
sensitive.

Based on the results of the TOUGHREACT-simulation, we have derived Na-K-geothermometer
equations for thermal solution equilibrium with feldspars, montmorillonite, zeolites and volcanic
glass. Both categories of secondary minerals are capable of rapid cation exchange with contacting
solutions, which can cause a failure in the feldspar Na-K-geothermometer readings. Consideration of
the interaction between thermal waters and secondary minerals with ion-exchange properties has
shown that zeolites and montmorillonite can affect feldspar geothermometer readings through con-
trolling the sodium-potassium ratio in a solution. Minerals from these groups generally reduce the
C(Na")/C(K") ratio resulting in inflated values for calculated reservoir temperatures. The failure of
the Na-K-geothermometer due to contact with ion-exchange minerals is almost instantaneous, within
a few tens of minutes, whereas the equilibrium with the feldspars is much slower, taking years or
more to reach.

Volcanic glass in alkaline thermal solutions dissolves relatively quickly and thus is able to con-
trol the sodium-potassium ratio in the solution. Failures in the feldspar geothermometer readings
caused by glass dissolution show an inflated temperature in the reservoir.

The feldspar geothermometer, based on simulation results, for the range of 25-200 °C:

12
. 39 —273.15 (for ppm);

lg C(Nayc(lc) 11.683

within the range of 125-200 °C, the geothermometer equation based on volcano glass is as follows
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8.5

1g[C(NayC(K+ )] 1.034

37

1g[C(NayC(K+ )]—0.961

in the range of 25-150 °C, the equation for the smectite geothermometer is as follows

612

1g[C(NayC(K+ )] +1.267

zeolite geothermometer equations for high temperatures, 150-250 °C

-349

1g[C(NayC(K+)] ~1.949

-12

1g[C(NayC(K+)]_1.151

History of changes in the chemical composition of geysers over the period of 1968-2020 shows
the trend of decreasing chloride ion concentration [14, 46] which is explained by: decrease in deep
heat transfer fluid inflow due to the decreasing trend of chloride ion concentration —1.1 ppm/year,
from the initial concentration of 900 ppm, 1969-2003; additional dilution due to inflow of infiltration
water from the Geysernaya River since catastrophic collapse in 2007 (lowering of chloride ion con-
centration to 780 ppm on average in Geyser Velikan).

If we use chloride ion as a zero valent tracer of geofiltration processes and assume chloride ion
concentration in the parent fluid to be C, = 810 ppm as of 2002 [14], chloride ion concentration in
the Geysernaya River C, = 100 ppm, with range from 43 to 167 ppm [59], the share of infiltration
water in geyser discharge can be estimated as follows:

X=(C,— O(Cp— C).

This ratio shows that the content of infiltration water (which is most probably “smectite water”)
is estimated to be 5 %. If the chloride ion concentration in the parental fluid is taken as C, = 900 ppm
[52], the estimated content of infiltration water increases to 15 %. Is it possible, based on the above,
to combine two Na-K-geothermometers: deep feldspar and infiltration — smectite? Probably yes, but
it requires a simulation with distributed parameters (not zero-dimensional), which simultaneously
includes inflows of both the deep heat transfer fluid (parental fluid) and infiltration water. Such sim-
ulation is a task for yet further research.

Conclusion. Using TOUGHREACT-simulation on a one-element model (zero-dimensional) for
hydrogeological conditions of the Geyser reservoir (the Valley of Geysers, Kamchatka), we repro-
duced previously known Na-K feldspar geothermometer [11, 25] and obtained new formulae for three
Na-K-geothermometers: zeolite, smectite, and volcanic glass based. For practical purposes the use of
the presented simulation and geothermometer equations contributes to the update for forecasting of
catastrophic events as well as estimation of their geochemical consequences.

t= —273.15 (for ppm),

within the range of 25-125 °C, ¢ = —273.15 (for ppm);

‘= —273.15 (for ppm);

t=

—273.15 (for ppm),

for temperature range of 25-150 °C ¢ = —273.15 (for ppm).
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The authors have revealed that interaction between thermal water and volcanic glass causes
Na/K-ratio varies within 11-12.2 (for ppm), for smectite this ratio lies within 1.5-6 (for ppm), for
zeolites Na/K ratio lies within 13-19 (for ppm), within the temperature range 25-250 °C. The widest
range is noted for feldspars, for which Na/K ratio lies within 6-300 (for ppm).

Over the period of 2010-2018, for geyser waters, the C(Na")/C(K") ratios lie in the range
5-15 (for ppm), the upper limit of the range corresponds to the feldspar geothermometer with tem-
peratures of 160-180 °C and corresponds to the reservoir condition recorded before the mudslides.
Values with a reduced sodium-potassium ratio are close to smectite waters, with temperatures within
the range of 5-50 °C. The situation corresponds to the contact between waters that discharge to the
surface in the form of geyser fountains and heated soils composed of smectite, at which the Na/K
ratio decreases. It is likely that the smectite waters are responsible for mistakes in the feldspar geo-
thermometer readings when we revealed obvious reservoir temperature values that exceeded the
range of 160-180 °C.

The chemical timeline for chloride ion, which is considered as a zero valent tracer in the geofil-
tration processes, shows that a significant amount of infiltration water has been entering the Geyser
reservoir after 2007, with the estimated mass fraction of 5-15 %. Most likely, this is “smectite water”
formed as a result of chemical interaction between river water from the Geyser River and hydrother-
mally altered (smectite) rocks of the upper relative aquaclude (see Fig.3).

Thus, Na-K feldspar geothermometer readings [ 11, 25] up to 260-280 °C recorded in recent years
(see Fig.1) may indicate the dilution effect caused by smectite waters. The application of thermo-
hydrodynamic-chemical simulation with distributed parameters is necessary to estimate the true tem-
perature in the Geyser reservoir, and this is the task for further research.

The authors are grateful to N.B.Zhuravlev, a Junior Researcher at the Laboratory of Heat and
Mass Transfer at the Institute of Volcanology and Seismology of the FEB RAS, for his help in the field
study and discussion of the material, and to P.I.Shpilenok, D.M.Panicheva, and E.L.Subbotina, the
staff of Kronotsky State Nature Biosphere Reserve for help in preparing and conducting field work
in the Valley of Geysers and Uzon Caldera.
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