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Abstract—The argillized deposits of the East Pauzhetka thermal field in the Pauzhetka hydrothermal system
were found to contain a zone of intensive zeolitization which consists of medium to high silica calcium zeolite
varieties, namely, laumontite, mordenite, heulandite-Ca, and stilbite-Ca. Of all these, stilbite-Ca has the
highest abundance. The zeolites can be identified well enough based both on the relationship between Si and
Al, which are part of the zeolite framework, and on the concentrations of non-framework cations (Ca, Mg,
Na, K, Sr, and Ba). Zeolites are mostly formed in the lower horizons of hydrothermal clays and in the under-
lying argillized andesites, as deep alkaline chloride-sodium hydrothermal f luids are discharged and are mixed
with condensates of acid (up to neutral) vapor. The resulting sequence of zeolite generation in the shallow
zone where alkaline solutions are discharged reflects, to a certain degree, a change of zeolite facies in the
deeper horizons of the system: from medium-silica laumontite to high silica stilbite-Ca. We have thereby a
general inference as to the regressive directivity of hydrothermal metamorphic processes in the Pauzhetka
system structure, from medium-temperature propylites generated during the paleo phase to the present-day
low-temperature mudstones.

Keywords: hydrothermal system, mudstones, discharge of alkaline hydrothermal f luids, medium- and high-
silica zeolites
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INTRODUCTION

Zeolites (the word was coined by combining two
Greek words meaning to boil and stone) are hydrated
alumosilicates of alkaline and alkaline-earth metals
with an open hollow-framework structure (Betekhtin,
1950; Senderov and Khitarov, 1970; Fersman, 1952;
Barth-Wirching and Holler, 1989; Passaglia and Shep-
pard, 2001; Smith et al., 1963). At present we know
over 80 mineral species of naturally occurring zeolites
(Godovikov, 1975; Distanov et al., 1990; Lazarenko,
1971; The Encyclopedia of Mineralogy, 1981; Chelish-
chev, 1980; Coombs et al., 1997; Gottardi, 1989;
Marantos et al., 2011). These minerals were not spe-
cially noticed until the mid-20th century. However,
when their remarkable physical and chemical proper-
ties (ion-exchange, adsorption, catalytic properties
among others) had been discovered, and they began to
be used in practice, an enormous number of publica-
tions were devoted to zeolites during recent decades
(Kossovskaya, 1975; Pekov et al., 2004; Suprychev,
1978, 1980; Chelishchev et al., 1987; Aoki, 1978;

Boles, 1977; Mumpton, 1999; Ortiz et al., 2011; Shep-
pard, 1973, among others).

Zeolites widely occur in platforms, in oceanic and
lacustrine sediments, in volcanic rocks, in soils, and in
other environments. They are generated by hypergen-
esis, epigenesis, diagenesis, regional metamorphism,
late magmatic and hydrothermal-metasomatic pro-
cesses (Kossovskaya et al., 1980; Prirodnye tseolity,
1980; Senderov and Khitarov, 1970; Suprychev and
Kirikilitsa, 1980; Jijima and Utada, 1972; Sheppard
and Gude, 1973; Zozulya et al., 2018). The most sig-
nificant storage of zeolites and the greatest diversity in
their mineral species occur in volcanogenic and vol-
cano-sedimentary rocks that have been affected by
hydrothermal metasomatic alteration (Naboko and
Glavatskikh, 1978; Nasedkin et al., 1988; Petrova,
2005; Suprychev, 1978; Shevchuk, 2008; Coombs
et al., 1959). Zeolitization in areas of recent and Qua-
ternary volcanism occurs at relatively low tempera-
tures and pressures in zones where hydrothermal sys-
tems are being discharged, consequently associates
with argillization (Naboko, 1980; Rochler, 1972;
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Moncure et al., 1981). One typical example of simul-
taneous zeolitization and argillization is the Pauzhetka
hydrothermal system (HS) (Naboko, 1963; Pau-
zhetskie …, 1965; Struktura …, 1993).

Zeolite generation in the Pauzhetka HS structure
occurs widely, both over the area and down to the bot-
tom of the section so far studied (800‒1000 m)
(Korobov et al., 1992; Naboko, 1963; Pampura, 1977,
1980; Struktura …, 1993), while the Pauzhetka geo-
thermal field is viewed as having potential for raw zeo-
lite, with its predicted reserves being evaluated as
200 million tons (Burov et al., 1992; Naboko, 1980).
S.I. Naboko, and subsequently A.D. Korobov, identi-
fied two phases of zeolite generation, the paleo phase
(apparently Pleistocene to Lower Holocene) and the
present-day phase (Korobov, 2019; Naboko et al.,
1965). Zeolitization occurred in all types of rock
during the earlier phase. The most vigorous zeolitiza-
tion occurred in the upper HS horizons, in tuffs of the
Lower and Middle Pauzhetka subformations, which
were the more permeable to heat f lux; they formed
thick (reaching depths of a few hundreds of meters)
zeolitization zones (Struktura …, 1993). The present-
day mineralization is thought to include the zeolite
mineralization superposed upon the earlier zeolitized
rocks of the section; this type of mineralization is seen
as monomineral and more complex veinlets, cavity
and pore fillings, as well as being observed in sedi-
ments left by thermal springs, in pipelines and other
technical facilities, including the mineralization
obtained in experimental research where minerals are
grown in geothermal boreholes (Eroshchev-Shak,
1992; Karpov, 1976; Lebedev, 1979; Naboko and Leb-
edev, 1964; Naboko et al., 1965).

The present-day zeolite generation in the Pauzh-
etka HS is little known. A study of mineral associations
within thermal fields using advanced surveying meth-
ods has revealed new aspects in the generation of zeo-
lite minerals. As an example, we have identified, at the
bottom of the hydrothermal clay sequence in the East
Pauzhetka thermal field, a carbonatization–zeolitiza-
tion zone of argillized andesites that shows uncom-
mon chemical and mineral compositions; that zone
includes recently formed sulfides, titanium- and zir-
con-silicates, phosphates of calcium and of rare met-
als (Rychagov et al., 2017), as well as obtaining first
characteristics of the zeolite sampled in that zone
(Rychagov et al., 2018). Subsequent studies showed
that the section of the East Pauzhetka thermal field
contains different species of zeolites in a very narrow
depth interval, while their distribution obeys a vertical
metasomatic zonality (Sandimirova et al., 2021).

The present publication describes the results of a
study of zeolite mineralization in argillized rocks sam-
pled in the East Pauzhetka thermal field of the Pauzh-
etka HS. We characterize the morphology and internal
structure of zeolite minerals, their chemical and spe-
cies composition, individual features of each mineral
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species, and the distribution of zeolites in the section
of the thermal field, as well as evaluating the physico-
chemical conditions of their generation.

GENERAL INFORMATION ON THE ZEOLITES 
THAT WERE PREVIOUSLY DIAGNOZED IN 

THE PAUZHETKA HYDROTHERMAL SYSTEM
There is mention in the literature of eleven zeolite

species that are encountered in the hydrothermally
altered rocks of the Pauzhetka HS: analcime,
wairakite, harmotome, heulandite (clinoptilolite),
desmine, laumontite (β-leonhardtite), ptilolite, scol-
ecite, thomsonite, phillipsite, and chabasite (Table 1).
Of these, the most abundant minerals are analcime,
desmine, laumontite, and ptilolite. A few, six zeolite
species (wairakite, heulandite, desmine, laumontite,
mordenite, and thomsonite), are provided with
detailed descriptions of their morphology with indica-
tion of optic and X-ray characteristics, as well as hav-
ing a few analyses of chemical composition (Naboko,
1963, 1980; Naboko et al., 1965; Lebedev, 1979;
Korobov, 2019). The names of some minerals are now
obsolete. According to the nomenclature approved by
the International Zeolite Association, leonhardite is a
low-water laumontite, desmine corresponds to stil-
bite, ptilolite corresponds to mordenite, while clinop-
tilolite (Si/Al ≥ 4) and heulandite (Si/Al < 4) make an
isomorphous series and belong to the same species
(Coombs et al., 1997; Passaglia and Sheppard, 2001).

A DESCRIPTION OF THE EAST PAUZHETKA 
THERMAL FIELD

The East Pauzhetka thermal field (EPF) lies in the
western slope of the Kambalnyi volcanic mountain
range—a resurgent tectono-magmatic uplift in the
Pauzhetka volcano-tectonic depression (Dolgozhi-
vushchii …, 1980). The EPF is, like the other shallow
regions where vapor-dominated hydrothermal f luids
are discharged in the Pauzhetka HS, confined to a cir-
cular uplifted Quaternary block (Struktura …, 1993).
The field has overall dimensions of ≥250 × 500 m, the
size of the hottest part is 60 × 120 m (Fig. 1). The ther-
mal occurrences include steaming soils, vapor-gas
jets, mud-water pots, and warm lakes. The maximum
temperatures of the thermal waters that are formed at
the ground surface by condensation of vapor are 98°С,
the temperatures are 105‒107°С in the soils, and
108‒109°С in the vapor-gas jets. The thermal waters
are acid sulfate and low-acid hydrocarbonate-sulfate
ones with a wide range of cation composition, with the
total salinity being below 0.8 g/L.

The soils are hydrothermal clays that make an
uninterrupted cover extending far beyond the limits of
the current hot area. Figure 2 shows a generalized sec-
tion of the EPF argillized rocks. The clay sequence has
a stratified structure (Rychagov et al., 2017, 2019; Feo-
filaktov et al., 2017). The upper horizon is a typical
ol. 16  No. 6  2022
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Table 1. Naturally occurring zeolites encountered in hydrothermally altered rocks of the Pauzhetka hydrothermal system
based on data from the literature

* Mineral names follow the classification adopted by the International Zeolite Association, IZA (Coombs et al., 1997). **Stellerite is
treated as a purely calcium variety of desmine (Lebedev, 1979).

No.
(Naboko, 1963, 1980;
Naboko et al., 1965) (Lebedev, 1979) (Korobov, 2019)

Minerals

1 Analcime Analcime
2 Wairakite Wairakite Wairakite
3 Heulandite Heulandite Heulandite (clinoptilolite)
4 Harmotome
5 Desmine = stilbite* Desmine (stellerite)** = = stilbite*
6 Laumontite Laumontite Laumontite β-leonhardite = laumontite*
7 Ptilolite = mordenite* Mordenite Mordenite
8 Scolecite
9 Thomsonite Thomsonite

10 Phillipsite
11 Chabasite
zone of sulfuric acid leaching. The clays are composed
of kaolinite, hydroxides, and oxides of Fe and Ti; of
sulfates of Fe, Ca, and other metals; of opal; and of
chalcedony. Some patches retail the pseudomorphous
structure of blocky jointing that was retained from the
original rocks, namely, andesitic lavas. The horizon
has a thickness that varies between 50‒80 cm in the
middle of the hot patch and >300‒350 cm at its
periphery. The section below contains a horizon
150 cm thick on average composed of plastic montmo-
rillonite clays. It typically contains numerous lenses,
films, and thin veinlets of opal, α-quartz, and pyrite
dispersed throughout the groundmass. The horizon
and the underlying clays saturated with sulfides (up to
20 vol % or greater) can be classified as “blue clays”
(Rychagov et al., 2009). As has been mentioned above,
the plastic clay horizon is an aquifuge and a thermal
screen, which controls the generation of diverse min-
eral associations in the EPF structure (Rychagov et al.,
2017). Under this horizon there are two zones (from
bottom to top) that are distinguishable in some sec-
tions: a silica–carbonate–sulfide zone and a phos-
phate—alumosilicate–sulfide one. Toward the west-
ern boundary of the field, the two zones are combined
in a single one that has a more complex structure. The
underlying horizon of “dry” sulfidized clays has also a
persistent attitude along the strike of the thermal field.
The deposits at the location consist of smectite clay
with abundant dispersed coarse-crystalline (up to 2–
3 mm) pyrite and semi-decomposed andesite clasts.
One notes a typical occurrence of fragments (up to
15‒25 vol %) saturated with siliceous alumosilicate
material: they make interbeds, lenses, and “spots” in
the main matrix. It is more likely that the fragments
were produced in a metasomatic manner by replacing
JOURNAL OF VOLCAN
andesite clasts with siliceous minerals, as well as with
smectites etc. At the periphery of the field the horizon
is composed of typical “blue clay”, and it is thicker
there.

The bottom of the clay sequence consists of
metasomatic breccias in andesites and of strongly
cracked andesites. The andesites are almost com-
pletely altered to become a zeolite–carbonate–chlo-
rite–silica–alumosilicate aggregate that occurs both
in the groundmass (in cement and in fragments of
breccia “clasts”) and in the cracked pore space
(Rychagov et al., 2021). The maximum depth of this
section reached by boreholes is 10 m.

THE METHOD OF STUDY

The samples for study were obtained from core
holes using a standardized small-size KMB-2-10
machine and proceeding by detailed layer-by-layer
core recovery, in intervals of 20 cm of geological sec-
tion on average.

The morphology, structure, and chemical compo-
sition of the zeolites were studied using a VEGA3
scanning electron microscope equipped with an
OXFORD analytical instruments X-MAX80 attach-
ment with company-supplied soft ware AZtec (Insti-
tute of Volcanology and Seismology (IV&S), Far East
Branch (FEB), Russian Academy of Sciences (RAS)
Petropavlovsk-Kamchatsky, Analyst V.M. Chubarov,
Operator E.I. Sandimirova). Chemical elements were
determined by comparing them to a series of standards
whose composition was tested for homogeneity and
element concentration: sanidine (Si, Na, K), Al2O3
(Al); diopside (Ca), MgO (Mg), Fe (Fe), SrSO4 (Sr),
OLOGY AND SEISMOLOGY  Vol. 16  No. 6  2022
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Fig. 1. The East Pauzhetka thermal field: an orthophoto with workings. The insets show the outline of Kamchatka and a simpli-
fied geological structure of the Pauzhetka hydrothermal system. (1) Upper Pauzhetka subformation; (2) extrusive lava complex
of dacites and rhyolites at the Kambalnyi mountain range; (3) same, for basaltic andesites at the Kambalnyi mountain range; (4)
Upper Quaternary Pauzhetka graben; (5) outlines of uplifted tectono-magmatic ring blocks; (6) thermal fields: (1) South Pauzh-
etka field, (2) Upper Pauzhetka field, (3) Lower Pauzhetka field, (4) East Pauzhetka field; (7) workings: (a) core boreholes, (b)
pits; (8) absolute heights and relief isolines.
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and BaSO4 (Ba). The analyses were performed with
full compliance with all the standard requirements:
accelerating voltage 20 kV and the current through the
control standard Ni 700 pA, the working distance
15 mm, and the tube diameter size of 2‒4 mm. We
investigated polished sections and relief surfaces of the
samples. Carbon spray coating was used.

Diffractograms of samples were recorded using a
MaxXRD 7000 X-ray diffractometer (Shimadzu) in
the range 6°–65°2θ, at a step of 0.1°2θ, with a scan-
ning rate of 2 deg./min, which is equivalent to expo-
sure at the point 3 s. The unit cell parameters were esti-
mated using the Rietveld method, which consists in
refining the profile parameters of diffractograms in
the PowderCell 2.4 program. Oscillatory spectra were
obtained using an IRAffinity-1 infrared spectropho-
tometer with the Fourier transform (Shimadzu), in the
wavenumber range 400‒4000 cm–1, resolution 4 cm–1,
and the number of scans 100. Analytical measure-
ments were carried out at the Institute of Volcanology
and Seismology FEB RAS (Petropavlovsk-Kam-
chatsky), Analysts M.A. Nazarova and A.V. Sergeeva.
JOURNAL OF VOLCANOLOGY AND SEISMOLOGY  V
THE SPECIES COMPOSITION OF ZEOLITES 
SAMPLED IN THE EAST PAUZHETKA 

THERMAL FIELD

Zeolite mineralization occurs in all horizons of the
mudstone sequence in the thermal field, except for the
upper horizon which is composed of kaolinite clays of
sulfuric acid leaching (Fig. 3). The zeolite deposits are
white in color, frequently because calcite is involved.
The maximum amount of zeolites is recorded in the
transition zone from montmorillonite “blue clays” to
argillized andesites, and in the strongly altered andes-
ites themselves where they replace up to 20‒30% of
rock volume. Zeolites are localized in the form of iso-
lated features of irregular shape up to 3‒5 cm across;
they are deposited on the walls of cavities and cracks as
crystal crusts and druses up to 0.6 mm across; they fill
pores, cavities, and cracks of varying configurations
and thickness, as well as occurring in the form of min-
ute crystals and features of irregular shapes. A dense
network of zeolite veinlets and the material that fills
the space between rock clasts emphasize the breccia-
like structure of the andesites.
ol. 16  No. 6  2022
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Fig. 2. A generalized section of the EPF argillized rocks (after Rychagov et al., 2019) with inaccuracies removed).
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Fig. 3. The distribution of zeolite minerals in the section of
the EPF argillized rocks. For a brief description of the lay-
ers see Fig. 2.
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Laumontite Ca4[Al8Si16O48]·18H2O is present in
mudstones in small amounts. It mostly occurs in pla-
gioclase, as well as making crystals of its own in altered
rocks. It occasionally occurs in cavities in the form of
bunches of acicular crystals with elongate prismatic
habitus up to 3 mm across (Fig. 4a). Veined laumon-
tite is observed as dense accumulations of short pris-
matic wedge-shaped crystals with perfect cleavage up
to 0.1 mm in length in a mass composed of stilbite-Ca
in association with opal. We probably observe here
several generations of laumontite, which is character-
istic for zeolitized propylites found in the Pauzhetka
HS (Korobov, 2019).

We determined the unit cell parameters for lau-
montite crystals found in the cracks and cavities of
argillized andesites at a depth of about 7 m; these are:
a = 14.72 Å, b = 13.08 Å, c = 7.56 Å, β = 112.0°. Lau-
montite shows a pronounced crystallinity which can
be seen as distinct reflexes in a diffractogram (Fig. 5).
The structure of this zeolite was found to contain a
high concentration of tetrahedrally oriented alumi-
num, which is seen in the shape of the infrared spec-
trum. Among other things, we observe distinct bands
around 765, 960, and 968 cm–1, which resulted from a
[AlO4] fragment and constitute a distinguishing fea-
ture in the spectra of laumontite and zeolite of this
type (Sergeeva, 2019).

Mordenite (Na2,K2,Ca)4[Al8Si40O96]·28H2O is
widely abundant in argillized andesite. It fills veinlets
and cavities between rock clasts in the form of sheaf-like
acicular colorless crystals or white aggregates. Some indi-
vidual crystals are as long as 1 mm (see Fig. 4b). In the
earlier veinlets mordenite associates with chlorite,
while in later ones the association is with montmoril-
lonite, quartz, stilbite-Ca, calcium hydrosilicate
(probably okenite), and carbonate.

In diffractograms mordenite is identified from an
intensive, but diffused reflex (110) around 6.4°2θ (see
Fig. 5). The other mordenite reflexes are poorly dis-
cernible and provide no clue to more accurate deter-
mination of the unit cell parameters. The fact that the
reflexes are diffuse provides evidence of a low degree
of crystallization in the mineral. The main absorption
bands for mordenite in the infrared spectrum are
around 453, 1053, 1177, 1222, 3450, and 3600 cm–1.
Mordenite differs from the other zeolites by the
absorption profile in the region of valent oscillation of
water molecules, 3000‒3650 cm–1 , and by the pres-
ence of distinct bands around 1177 and 1222 cm–1. In
the region 3000‒3650 cm–1 , its band consists of two
broad components of comparable intensities with
maxima around 3600 and 3450 cm–1. In the region of
valent and deformation oscillations of tetrahedra
[(Al,Si)O4], below 1200 cm–1, its spectrum contains
two intensive bands around 1053 (ν(SiO4)) and 453
(δ(SiO4)) cm–1, as well as a series of less intensive
bands.
ol. 16  No. 6  2022
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Fig. 4. The morphology and internal structure of zeolites from the EPF mudstones. (a) prismatic laumontite crystals in argillized
andesite, depth 7 m; (b) acicular mordenite crystals (grey) in calcite (white), polished section; (c) heulandite-Ca crystals in a
smectite mass; (d) zonal heulandite-Ca crystals that overgrow stilbite-Ca (grey) on the wall of a crack (polished section), core
and light-colored zones in heulandite-Ca are enriched in barium; (e) stilbite-Ca crystals in a smectite mass (the white grains con-
sist of pyrite); (f) stilbite-Ca (grey on the left) in intergrowth with zonal heulandite-Ca (light grey tints in the middle) fill in a
veinlet in altered andesite (polished section), smectite (dark grey) is the veinlet along the boundary. BSE images.
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Heulandite-Ca (Na,K)Ca4[Al9Si27O72]·24H2O
occurs widely, but in low amounts. More frequently,
the mineral is encountered in veinlets and cavities of
“blue clay” together with stilbite-Ca. Heulandite-Ca
typically has an isometric habitus of its crystals whose
size does not exceed 0.15 mm (see Fig. 4c). When cut,
crystals have a trapeziform shape, a sectoral or zonal
structure, which is due to different relationships
between elements such as Mg, Sr, Ba, and K in zones
and sectors (see Fig. 4d). Less siliceous zones have
concentrations of Sr, Ba, and K nearly twice as high as
those in high-silica zones, with about the same con-
centration of Ca. Heulandite-Ca crystallizes later than
stilbite-Ca does, filling in the space between the crys-
tals of the latter and in part replacing it. When the
replacement occurs in lighter-colored zones along the
edge of stilbite-Ca, one observes barium (up to 1.3 wt %
BaO).

We obtained diffractograms and infrared spectra of
heulandite-Ca from those samples which were taken
within local exposures of altered rocks at the surface of
the thermal field (see Fig. 5). The unit cell parameters
for heulandite-Ca based on the position of reflexes in
the diffractogram are as follows: a = 17.63 Å, b = 17.82 Å,
c = 7.40 Å, and β = 116.5°. Judging by the unit cell
JOURNAL OF VOLCAN
parameters, this heulandite-Ca is similar to naturally
occurring heulandites that contain Ca, Sr, Ba, K, and
Na (Seryotkin, 2015). The infrared spectrum for heu-
landite-Ca involves pronounced bands around 462,
1056, 3430, and 3620 cm–1. Unlike the mordenite
spectrum, there are no distinct bands around 1177 and
1222 cm–1, while the absorption in the range
3000‒3650 cm–1 is asymmetrical, with the band
around 3430 cm–1 having greater intensity compared
with that around 3620 cm–1.

Stilbite-Ca NaCa4[Al9Si27O72]·30H2O is the most
abundant mineral of the zeolite group in mudstones. It
is deposited in cracks and on the surface of cavities as
flattened semitransparent, well-shaped tabular crys-
tals, as well as their growths, druses, and parallel lam-
inated aggregates (see Figs. 4e, 4f). Stilbite-Ca crystals
reach lengths of 0.6 mm and have different habitus
shapes, ranging from elongate thin-laminated and
tabular to isometric thick-plate shapes. The surface of
crystals occasionally shows traces of dissolution.

When encountered in the cementing mass of argil-
lized andesite breccias, the mineral occurs as continu-
ous masses, parallel coalesced plates, short- and long-
columnar or wedge-shaped crystals and aggregates, or
as split sheaf-like or radial features. In the earlier vein-
OLOGY AND SEISMOLOGY  Vol. 16  No. 6  2022
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Fig. 5. Diffractograms (1) and infrared spectra (2) for laumontite (a), stilbite-Ca, and mordenite in association with quartz and
magnesium-bearing calcite (b), stilbite-Ca in association with quartz and magnesium-bearing calcite (c), heulandite-Ca with
quartz (d) from EPF mudstones.
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lets, stilbite-Ca associates with chlorite, while in the
later thick veinlets one can observe, from edge to cen-
ter, consecutively deposited montmorillonite, stilbite-
Ca, heulandite-Ca, chalcedony (or quartz), and cal-
cite.

The unit cell parameters in stilbite-Ca are as fol-
lows: a = 13.62 Å, b = 18.26 Å, c = 11.28 Å, β = 127.8°.
These parameters are consistent with a stilbite-Ca of
the composition Ca3.5Na(Si28Al8O72)(H2O)40, but
there can also be other exchange cations (K, Mg, Ba,
Sr, among others). The infrared spectra for samples
with stilbite-Ca show bands corresponding to oscilla-
tions of tetrahedral aluminum; they are very weak, and
superposed upon quartz bands (see Fig. 5). The
absorption curve in the range 3000‒4000 cm–1 shows
the difference between the spectra of stilbite-Ca and of
laumontite. For laumontite we have two broad bands
of high intensity peaking at 3460 and 3560 cm–1, while
the spectrum of stilbite-Ca contains a single compar-
atively narrow band at 3620 cm–1 and a broader band
peaking at 3460 cm–1. The diffractograms show mag-
nesium-bearing calcite in association with zeolites.
This differs from pure calcite in having reflexes dis-
placed toward greater angles.
JOURNAL OF VOLCANOLOGY AND SEISMOLOGY  V
THE CHEMICAL COMPOSITION
OF ZEOLITES SAMPLED IN THE EAST 

PAUZHETKA THERMAL FIELD
AS REVEALED BY ENERGY 

DISPERSIVE SPECTROMETRY
The electron probe analysis has certain limitations

in the study of zeolite minerals. However, the study of
zeolites sampled in alkaline massifs worldwide showed
that rocks of different series that were generated nearly
at the same time, including those capable of polymor-
phism, can be clearly distinguished from relationships
between dominant or important accessory compo-
nents (Pekov et al., 2004). Calculation applied to elec-
tron probe analyses of these zeolites showed generally
fairly good results for stoichiometry, change balance,
and total deficit. The results of our study enable us to
state that this is also true with regard to the zeolites
sampled in the present-day Pauzhetka HS.

Preliminary analysis of zeolite compositions
showed that the EPF zeolites are medium- (2–3) and
high-silica (>3) calcium varieties, judging from the
ratio of atomic abundances Si/Al (2.05–5.31) and
from the concentration of the main component (CaO,
wt %). The Si/Al–CaO diagram shows the zeolite
compositions to divide into four groups (Fig. 6). In the
first group, the concentration of CaO varies in the
range 8.75‒12.36 wt %, and that of Si/Al varies in the
ol. 16  No. 6  2022
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range 2.02‒2.34. In the second group we have CaO
3.84‒5.52 and Si/Al 4.23‒5.29; in the third, CaO
4.44‒7.01 and Si/Al 2.75‒3.80; and in the fourth,
CaO 6.13‒9.25 and Si/Al 2.83‒4.28. The composi-
tional areas of the two groups with the concentration
of CaO 6.13‒7.01 wt % partially overlap. In such a
case, analyses were classified as belonging to a group
based on morphology and internal structure of the
mineral. In this way the minerals were determined to
be laumontite, mordenite, heulandite-Ca (Si/Al <
4.0), and stilbite-Ca by chemical composition, mor-
phology, and internal structure. The identification of
these types of zeolite was confirmed using methods of
X-ray diffractometry and infrared spectrometry.

We calculated the chemical composition of miner-
als using the maximum possible number of analyses
(1272): 79 laumontite analyses, 108 mordenite analy-
ses, 103 heulandite-Ca analyses, and 973 stilbite-Ca
analyses. We eliminated from the calculation those
analyses which showed significant deviations from
stoichiometry where the charge balance exceeded 10%
on both sides (Passaglia, 1970; Passaglia and Shep-
pard, 2001). The typical zeolite composition is shown
in Table 2. The average zeolite composition and the
limits of variation for the concentrations of dominant
components are listed in Table 3.

The composition of the zeolite framework is char-
acterized by the quantity TSi = Si/(Si + Al + Fe),
which shows the percentage of tetrahedra that are
occupied by Si (Coombs et al., 1997; Passaglia, 1970;
Passaglia and Sheppard, 2001). Most zeolites have the
average value of TSi above those in the empirical for-
mulas. For laumontite we have TSi equal to 0.69, while
the corresponding value in the empirical formula is
0.67; for heulandite-Ca we have 0.76 as against 0.75;
for stilbite-Ca, 0.77 as against 0.75 (see Table 3). The
value for mordenite is slightly lower, 0.82 as against
0.83. The range of TSi for all EPF zeolites is coincident
with that characteristic for zeolites of these species,
except that the maximum value of TSi for stilbite-Ca is
slightly higher, reaching 0.81 as against 0.78 (Coombs
et al., 1997; Passaglia and Sheppard, 2001). Devia-
tions in the composition of naturally occurring zeolites
can be due to a number of factors, including structural
peculiarities of the zeolites, as well as to the presence
in them of “superfluous” anions or to cations that can-
not be determined by electron probe techniques (H+

or H3O+) (Pekov et al., 2004).
Zeolites have variable degrees of orderliness in the

distribution of Al and Si in the framework, expressible
in terms of the Si/Al ratio. For laumontite with an
ordered distribution, the values of Si/Al are compact
in the diagram, mordenite and heulandite-Ca with
partially ordered distributions have a wider area, while
the largest variations in Si/Al are observed in stilbite-
Ca with an unordered distribution of framework cat-
ions (Fig. 7). As well, the Si/Al distribution for heu-
landite-Ca has two trends, a “silica” trend and an
JOURNAL OF VOLCAN
“aluminum” trend, which is probably due to the zonal
structure of this mineral. Overall, the values of TSi and
Si/Al for the EPF zeolites indicate that laumontite,
heulandite-Ca, and stilbite-Ca are enriched in silica,
while mordenite is enriched in aluminum.

The non-framework cations in zeolites are Mg, Ca,
Sr, Ba, Na, and K. The concentration of Ca is the
greatest in laumontite, 10.16 wt % CaO on average.
The next to follow are stilbite-Ca (7.68), heulandite-
Ca (6.18), and mordenite (4.87 wt% CaO). The calcu-
lation of the stilbite-Ca formula shows that the min-
eral is similar (as to the concentration of calcium) to
stellerite with its formula Ca4[Al8Si28O72]·28H2O (Pas-
saglia and Sheppard, 2001), which is a pure calcium
member in the isomorphous series of the structural
stilbite group. However, a reliable classification of
stellerite requires additional accurate X-ray structural
analysis.

The zeolites are sufficiently well identifiable from
the concentrations of accessory cations. The admix-
tures of accessory cations in laumontite are unstable
and very low: 0.01 for MgO, 0.01 for SrO, 0.01 for
BaO, 0.16 for Na2O, and 0.38 wt % for K2O. Mor-
denite contains a substantial amount of Na (1.43 wt%
Na2O on average), with episodic appearances of Sr (up
to 1.11 wt% SrO). Heulandite-Ca is the main concen-
trator of Mg, Ba, and K (the average values are
0.58 wt % MgO, 1.37 BaO, and 0.59 K2O), while some
individual zones in it are enriched in Sr (0.53 wt % SrO
on average). The zones with less silica have higher
concentrations of K, Ba, and Sr with about the same
amount of Ca in all zones. The average concentrations
of accessory cations in stilbite-Ca are unstable and
low, but are higher on average than in laumontite:
MgO 0.07, SrO 0.15 wt %, BaO 0.06, Na2O 0.15, and
K2O 0.24 wt % (see Table 3). The differences between
zeolites in the composition of non-framework cations
are the most pronounced in the Na–K–Sr diagram
(Fig. 8). The overall sequence of cation accumulation
in the EPF zeolites over time looks as follows: Ca + K
(laumontite) → Ca + Na (mordenite) → Ca + K + Na +
Sr (stilbite-Ca) → Ca + Ba + K + Mg + Sr (heulan-
dite-Ca). The elements are arranged in decreasing
order.

The calculated average amount of water in zeolites
is in general agreement with that given by the formulas
(see Table 3). The range of values for calculated
amount of water is wide enough for laumontite, mor-
denite, and stilbite-Сa, which could be due to the hab-
itus shapes of the crystals. As an example, the analyses
performed along the elongation of acicular mordenite
crystals show that the concentration of water there is
lower than that in analyses across the crystals.
OLOGY AND SEISMOLOGY  Vol. 16  No. 6  2022
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Fig. 6. The Si/Al ratio (atomic amounts) and CaО (wt%) in zeolites from the EPF mudstones. (1) laumontite; (2) mordenite; (3)
heulandite-Ca; (4) stilbite-Ca. Dashed lines enclose compositional areas for various zeolite species.
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THE CONDITIONS OF FORMATION FOR 
ZEOLITES IN THE EAST PAUZHETKA 

THERMAL FIELD
The occurrence of zeolite mineralization in rocks

of the Pauzhetka HS shows an overall agreement with
vertical metasomatic zonality, and is controlled by the
temperature and chemical composition of the thermal
solutions, by their salinity and pH (Naboko, 1963;
Naboko et al., 1965; Korobov et al., 1992; Struktura …,
1993). According to the ideas advanced by A.D.
Korobov, in a present-day hydrothermal system the
zeolite facies is part of the argillization zone in the
region where vapor-dominated hydrothermal f luids
are discharged (Korobov, 2019).

We know that the temperatures of rocks and geo-
thermal heat carrier in the present-day Pauzhetka HS
reach 200‒220°С (Belousov et al., 1976; Struktura …,
1993). Accordingly, argillization occurs at tempera-
tures that do not exceed these. A study of liquid–gas
inclusions in secondary minerals showed (Korobov,
2019) that vein calcite that frequently associates with
zeolites forms at temperatures of 50‒170°С, clinopti-
lotite (heulandite?) at 80‒110°С, mordenite at
90‒135°С, while the low-temperature β-leonhard-
ite(laumontite) at 170‒180°С.

The temperature of a “blue clay” core from the
EPF section (depth 2–4 m) is 70‒98°С. The tempera-
ture of the underlying argillized andesites is higher,
105‒110°С, and can apparently reach 150°С. The data
on the temperature profile in the EPF argillization
zone are consistent with the sequence of zeolite depo-
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sition and their distribution over the section. The
lower section (at depths of 6‒10 m), at a comparatively
elevated temperature, is dominated by mordenite.
Stilbite-Ca occurs throughout the entire section, but is
deposited later than mordenite is, while heulandite-
Ca is deposited later than stilbite-Ca and is observed
in considerable amounts in the upper section only.
Laumontite is encountered episodically throughout
the entire section, but more frequently in the lower
layers of the shallow argillization zone. Previous data
tell us that laumontite is especially abundant in per-
meable tuffs of the Middle and Lower Pauzhetka sub-
formation (at depths between 100‒120 and 500 m)
with stratal water temperature ≤200°С, where it
replaces up to 50‒60% of altered rock (Lebedev, 1979;
Naboko et al., 1965; Naboko, 1980; Struktura …,
1993). Based on experimental data, the metasomatic
boundary between the laumontite zone and the zone
where stilbite is formed at a low /Ptotal ratio and
the presence of NaCl, CО2 , and S in the liquid phase
is at a temperature below 150°С (Liou, 1971). Accord-
ingly, this explains the dominance of laumontite
where hydrothermal metasomatic alteration of tuffs
occurs in the Middle and Lower Pauzhetka subforma-
tions.

The hydrothermal f luids of the Pauzhetka HS as
reached by deep drillholes are near neutral or alkaline
(рН = 7.0‒8.2) and chloride-sodium mineralized (up
to 2.8‒4.1 g/L); they are enriched in carbon dioxide
and hydrogen sulfide and contain higher concentra-
tions of silicic acid (up to 0.8 g/L); total alkali metals

2H OP
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Table 2. The chemical composition of the zeolites from the EPF mudstones as revealed using energy dispersive spectrom-
etry (wt %)

∑ f.a. means total framework atoms, ∑ non c. stands for total non-framework cations.

Mineral Laumontite Mordenite Heulandite-Ca Stilbite-Ca

Component 1 2 3 4 5 6 7 8 9 10 11 12

SiO2 51.39 51.82 49.06 65.74 65.98 67.34 56.94 56.52 57.20 59.00 58.14 57.83
Al2O3 20.56 21.72 20.63 11.42 11.72 11.55 16.15 16.18 15.85 14.18 16.27 14.94
Fe2O3 – – – – – – – – – – 0.53 –
MgO – – – – – – 0.76 0.11 – 0.09 0.12 –
CaO 10.75 12.36 11.69 4.22 4.86 4.35 6.02 6.42 6.97 7.86 7.88 7.68
SrO – – – – – 0.66 0.76 0.92 0.91 – – –
BaO – – – – – – 1.76 2.51 1.52 – – –
Na2O 0.27 – – 1.74 1.71 1.77 – 0.14 – 0.07 0.28 0.33
K2O 0.14 – – 0.29 0.19 0.19 0.89 0.82 0.78 – 0.67 –
Total 83.11 85.90 81.38 83.41 84.46 85.86 83.28 83.62 83.23 81.20 83.89 80.78

Formula coefficients

calculation for O48 calculation for O96 calculation for O72

Si 16.33 16.01 16.00 39.92 39.67 39.90 27.02 26.97 27.18 28.00 27.01 27.64
Al 7.71 7.92 7.94 8.18 8.31 8.08 9.04 9.11 8.89 7.94 8.92 8.42
Fe – – – – – – – – – – 0.18 –
∑ f.a. 24.04 23.93 23.94 48.10 47.98 47.98 36.06 36.08 36.06 35.94 36.11 36.06
Mg – – – – – – 0.54 0.08 – 0.06 0.08 0
Ca 3.66 3.99 4.09 2.75 3.13 2.76 3.06 3.28 3.55 4.00 3.92 3.93
Sr – – – – – 0.23 0.21 0.25 0.25 – – –
Ba – – – – – 0.33 0.47 0.28 – – –
Na 0.17 – – 2.05 1.99 2.03 – 0.13 – 0.06 0.25 0.31
K 0.06 – – 0.22 0.15 0.14 0.54 0.50 0.47 – 0.40 –
∑non c. 3.88 3.99 4.09 5.02 5.27 5.17 4.67 4.71 4.55 4.12 4.65 4.24
in these are much higher than alkaline-earth metals,
while the concentration of Sr reaches 1.1 мg/L (Pam-
pura, 1980). One of the more important non-frame-
work cations in zeolites is Ba, which is considered to
be a deep-seated element, similarly to Sr. According to
an analysis performed by us at the Institute of Geo-
chemistry, Siberian Branch, RAS using the ICP–MS
technique (Analyst G.P. Sandimirova), the concen-
tration of Ba in the water f lowing from well GK-3
reaches 0.053 мg/L.

It is thought that the EPF thermal waters are vari-
ous condensates (Pampura, 1977). Shallow conden-
sates of vapor-dominated gas jets in the middle of the
field are bicarbonate ammonium calcium waters of
low salinity (0.035‒0.2 g/L), with рН = 7‒8, while
the concentration of Sr in them varies between 0.1 and
0.6 мg/L. They contain large amounts of dissolved
carbon dioxide and hydrogen sulfide (CО2
0.265‒0.348 g/L, H2S 0.039‒0.073 g/L). The shallow
JOURNAL OF VOLCAN
condensates from mud funnels are more acidic (рН =
3‒4), they have a sulfate ammonium magnesium-cal-
cium composition with a salinity that reaches 0.7 g/L,
and high concentrations of iron, zinc, and silicic acid.
The total alkaline-earth metals in the condensates
dominate over alkaline metals. We know that the con-
densate waters in the discharge zone of the hydrother-
mal system are formed under the influence of freely
circulating waters, including ascending pressure-
driven solutions (Pampura, 1977). Taking the example
of the EPF, as well as of the South Kambalnyi Central
Thermal Field, we showed that the zones of carbonati-
zation and zeolitization, as well as zones with phos-
phate and silica—carbonate–sulfide mineralization at
the bottom of the hydrothermal clay sequence, are
generated by supply of alkaline thermal waters coming
from depth, by their boiling and apparently active
mixing with condensates of vapor-dominated gas jets
(Rychagov et al., 2017, 2021).
OLOGY AND SEISMOLOGY  Vol. 16  No. 6  2022
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Table 3. The average composition of EPF zeolites inferred from results of energy dispersive spectrometry (wt %)

Mineral* Laumontite Mordenite Heulandite-Ca Stilbite-Ca

Formula**
Ca4[Al8Si16O48]·

18H2O
(Na2,K2,Ca)4[Al8Si40O96]·

28H2O
(Na,K)Ca4[Al9Si27O72]· 

24H2O
NaCa4[Al9Si27O72]·

30H2O

Structural type** LAU MOR HEU STI

Orderliness 
of Si and Al** O P P U

1 2 3 4 5

SiO2

Al2O3

Fe2O3

MgO

CaO

SrO

BaO

Na2O

K2O

Total

D.T.A.

H2O

Si

Al

Fe+++

Mg

Ca

−
51.10

48.39 54.56 −
65.01

62.21 69.00 −
58.02

54.82 62.83 −
58.28

52.65 66.49

−
19.55

18.27 22.18 −
11.75

10.61 13.01 −
15.44

13.61 17.63 −
14.41

12.33 17.16

−
0

0 0.11 −
0.01

0 0.63 −
0

0 0 −
0.03

0 1.00

−
0.01

0 0.12 −
0.01

0 0.36 −
0.58

0 1.95 −
0.07

0 0.96

−
10.21

8.75 12.36 −
4.87

3.84 5.52 −
6.18

4.44 7.01 −
7.68

6.13 9.25

−
0.01

0 0.57 −
0.28

0 1.11 −
0.53

0 1.35 −
0.15

0 1.98

−
0.01

0 0.14 −
0.01

0 0.26 −
1.37

0.24 3.19 −
0.06

0 1.57

−
0.16

0 0.38 −
1.43

0.47 2.15 −
0.05

0 0.26 −
0.15

0 0.86

−
0.38

0 0.92 −
0.22

0 0.59 −
0.59

0.13 0.98 −
0.24

0 1.25

−
81.43

77.07 87.20 −
83.59

80.37 87.81 −
82.77

79.18 86.43 −
81.12

74.40 89.82

−
18.57

12.80 22.93 −
16.41

12.19 19.63 −
17.23

13.57 20.82 −
18.48

10.18 25.60

−
20.18

12.98 26.13 −
33.43

23.62 41.46 −
27.27

26.52 28.59 −
29.49

14.57 44.18

−
16.56

16.00 16.84
39.56

38.59 40.46−
27.46

26.52 28.59−
27.70

26.41 29.08−

7.47
7.17 7.96− −

8.44
7.66 9.15 −

8.63
7.52 9.66 −

8.08
6.80 9.41

−
0

0 0.03 −
0.01

0 0.29 −
0

0 0 −
0.01

0 0.35

−
0.01

0 0.06 −
0.01

0 0.34 −
0.41

0 1.31 −
0.05

0 0.68

−
3.55

3.12 4.09 −
3.18

2.55 3.53 −
3.14

2.22 3.58 −
3.91

3.14 4.75
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*Recommended nomenclature of zeolite minerals (Coombs et al., 1997), **(Gottardi and Galli, 1985; Armbruster and Gunter, 2001).
The minerals are arranged in accordance with the classification system adopted by the International Zeolite Association, IZA (Arm-
bruster and Gunter, 2001). The degree of orderliness: O ordered, P partially ordered, U unordered. The figures in the numerator were
found as arithmetic means over all analyses of the relevant minerals, the denominator shows variations in the concentration of compo-
nents. Fe2O3 was calculated based on FeOtotal . D.T.A. means deficit of total in analyses. The concentration of water (H2O) is based on
the deficit of total analyses. ∑non c. denotes total non-framework cations (Mg + Ca + Ba + Sr + Na + K); ∑f.a. is total framework atoms
(Si + Al + Fe). TSi = Si/(Si + Al + Fe). H2O/f.c. means the ratio between the number of water molecules in the formula and the num-
ber of framework cations. FD stands for framework density (Armbruster and Gunter, 2001). N.A. means the number of analyses for
which these data are given. Ox means the number of oxygen atoms in the formula.

Sr

Ba

Na

K

Total

∑f.a.

∑non c.

TSi

Si/Al

H2O/f.c.

FD 17.7 17.2 17.0 16.9
N.A. 79 108 103 973
Ox 48 96 72 72

Mineral* Laumontite Mordenite Heulandite-Ca Stilbite-Ca

Formula**
Ca4[Al8Si16O48]·

18H2O
(Na2,K2,Ca)4[Al8Si40O96]·

28H2O
(Na,K)Ca4[Al9Si27O72]· 

24H2O
NaCa4[Al9Si27O72]·

30H2O

Structural type** LAU MOR HEU STI

Orderliness 
of Si and Al** O P P U

1 2 3 4 5

−
0

0 0.11 −
0.10

0 0.40 −
0.15

0 0.37 −
0.05

0 0.54

−
0

0 0.02 −
0

0 0.06 −
0.25

0.04 0.60 −
0.01

0 0.30

−
0.10

0 0.24 −
1.69

0.57 2.50 −
0.05

0 0.24 −
0.13

0 0.76

−
0.15

0 0.37 −
0.17

0 0.47 −
0.36

0.08 0.60 −
0.15

0 0.77

−
27.84

27.97 27.99 −
53.15

52.54 54.08 −
40.44

39.69 41.08 −
40.10

39.51 41.34

−
24.03

23.81 24.16 −
48.00

47.78 48.18 −
36.08

35.93 36.20 −
35.79

35.75 36.19

−
3.81

3.53 4.26 −
5.15

4.43 6.28 −
4.35

3.58 5.05 −
4.31

3.38 5.60

−
0.69

0.67 0.70 −
0.82

0.81 0.84 −
0.76

0.73 0.79 −
0.77

0.74 0.81

−
2.22

2.02 2.34 −
4.70

4.23 5.29 −
3.20

2.75 3.80 −
3.43

2.83 4.28

−
0.75

0.74 0.76 −
0.58

0.58 0.59 −
0.67

0.66 0.67 −
0.78

0.77 0.78

Table 3. (Contd.)
Pore solutions form during interaction between
fluids coming from below and host rocks, with endog-
enous minerals being leached out. Consequently, the
solutions have a more complex chemical composition,
greater salinity (up to 6‒7 g/L), and are more enriched
in silica (Rychagov et al., 2017). The composition of
pore solutions clearly shows two distinct zones in the
JOURNAL OF VOLCAN
thermal field section, one of sulfuric acid leaching and
the other of carbon dioxide leaching. The zone of sul-
furic acid leaching that is largely composed of kaolin-
ite clays, has its average (median) values of total alkali
metals (based on 23 analyses) equal to 0.033 g/L, the
respective figure being 0.025 g/L for alkaline-earth
metals, and the pH value of the solution is 3.7; one
OLOGY AND SEISMOLOGY  Vol. 16  No. 6  2022
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Fig. 7. The relationship between Si and Al (formula units) in laumontite (a), mordenite (b), heulandite-Ca (c), and stilbite-Ca
(d) from the EPF mudstones. Dashed lines indicate the “ideal” values: Al8Si16 for laumontite, Al8Si40 for mordenite, Al9Si27 for
heulandite-Ca and for stilbite-Ca.
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notes a high concentration of iron (0.032 g/L) and a
low concentration of ammonium (0.008 g/L) (Table 4).
The values of trace elements such as Sr and Ba are 0.19
and 0.24 мg/L, respectively. The total salinity of the
solutions is 2.3 g/L.

In the zone of carbon dioxide leaching with domi-
nance of montmorillonite clays and a wide occurrence
of zeolite mineralization (stilbite-Ca in the first
place), pH increases to reach 7 or higher, the concen-
tration of sulfate ions decreases, and the hydrocarbon-
ate ion starts to dominate whose concentration is 0.6 g/L.
The concentrations of chlorine and fluorine increase
by factors of three, reaching 0.071 and 0.01 g/L,
respectively. The total alkali metals are 0.2 g/L, potas-
sium dominates over sodium compared with their
ratio in the overlying horizon. The concentrations of
calcium and magnesium rapidly increase, their sum
occasionally reaching 0.6 g/L. The values of Sr and Ba
also increase in that zone, reaching 0.6 and 0.45 мg/L,
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respectively. The total salinity in the solutions is
2.4 g/L on average, but may also rise to 6‒7 g/L.

The resulting values of ion concentrations reflect
the compositions of those solutions which formed the
environment for zeolite generation. One notes a per-
sistent general tendency in the variation of pore solu-
tion compositions over the section of the thermal
field, namely, increasing concentrations of the com-
ponents toward the bottom of the clay sequence and
preserved values of the concentrations in the argillized
andesites. The values of pH and temperature also
increase toward the bottom of the section. Accord-
ingly, it is at the bottom of the hydrothermal clay
sequence and in the argillized andesites that one
observes the most intensive occurrence of zeolite min-
eralization.

We know that alkaline solutions are used for zeolite
synthesis (Mamedova, 2019; Senderov and Khitarov,
1970). In such solutions, the ions [HnSiO4]n–4 and
[Al(OH)4]– of tetrahedral coordination make chains
ol. 16  No. 6  2022
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Fig. 8. The relationships between Na, K, and Sr (atomic amounts) in laumontite (a), mordenite (b), heulandite-Ca (c), and stil-
bite-Ca (d) from the EPF mudstones.
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by the mechanism of polycondensation, resulting in
heteropolychains being formed; these are initial struc-
tural blocks for zeolite frameworks (Iler, 1979;
Zhdanov et al., 1981).

The alkalinity of the Pauzhetka field thermal solu-
tions is primarily due to a high concentration of car-
bonate ions in them. As the water is rising toward the
upper horizons of the field, the solutions are being
degassed in accordance with  = CO2 +  +
H2O. The resulting carbonate ion reacts with water,

producing alkalies: H2O +  =  + OH–. At
high temperatures, if the solution is enriched in car-
bonate ions and cations of alkali metals (which can be
the case in the interior of the Pauzhetka HS due to
supply of rare and dominantly alkali elements by ther-
mal water from depth (Struktura …, 1993)), the trans-
formation occurs in a vigorous manner, and pH can
reach 10. Such waters are highly aggressive toward
many alumosilicates, but zeolites with moderate
amounts of silica (laumontite, among others) are sta-
ble enough (Koporulin, 2013). In the Pauzhetka HS,
high alkalinity also occurs in pore solutions coming
from deep-seated laumontite zones. This pore solu-
tion has a more complex chloride–sulfate sodium–

−
32HCO −2

3CO

−2
3CO −

3HCO
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calcium composition, a high salinity (about 10 g/L),
an increased silica concentration, and рН = 8‒10
(Naboko, 1980). The lower characteristics of the pore
solutions in the zone of shallow argillization of the
EPF rocks are due to mixing of rising hydrothermal
fluids with condensate water, as pointed out above, as
well as to oxidation of sulfur-bearing compounds and
iron salts in the solution (Sergeeva et al., 2022).

CONCLUSIONS
These studies have shown that zeolite mineraliza-

tion occurs widely in the section of argillized rocks of
the East Pauzhetka thermal field. The mineralization
involves four zeolite types: laumontite, mordenite,
heulandite-Ca, and stilbite-Ca. The latter is the most
abundant.

Zeolites are formed in the zone of carbon dioxide
leaching at relatively low pressures (between 2‒3 and
6 atm) and temperatures below 150°С. The mineraliz-
ing solutions have characteristics similar to those of
the hydrothermal f luids coming from the lower aquifer
of the Pauzhetka geothermal field, namely, a chlo-
ride–sodium composition with a high concentration
of carbonate ion and the dominance of alkaline-earth
elements over alkaline elements, elevated concentra-
OLOGY AND SEISMOLOGY  Vol. 16  No. 6  2022
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Table 4. Average (median) concentrations of components
(g/L) in pore solutions found in contrasting zones of sulfu-
ric acid leaching and carbon dioxide leaching in the EPF

The data on the concentrations of Al, Sr, and Ba were obtained
using the method of inductively coupled plasma (ICP) at the
Institute of Geochemistry, Siberian Branch RAS (Irkutsk) using a
high resolution mass spectrometer for precision elemental analy-
sis ICP/HRMS ELEMENT 2; the Analysts were G.P. Sandi-
mirova and E.V. Smirnova. The other analyses were performed at
the Analytical Center, IV&S FEB RAS (Petropavlovsk-Kam-
chatsky); the analysts were S.V. Sergeeva, V.V. Dunin-Bar-
kovskaya, A.A. Kuzmina, and N.A. Solovieva.

Indicator, 
component

Sulfuric acid 
leaching zone,
depth <3 m,

t < 70°C

Carbon dioxide 
leaching zone,
depth >3 m,

t = 70–100–150°C

рН 3.69 7.09

HC 0.001 0.589

F– 0.003 0.01

Cl– 0.028 0.071

S 1.686 0.311

Na+ 0.023 0.065

K+ 0.01 0.108

Ca2+ 0.017 0.39

Mg2+ 0.008 0.194

Fe2+ 0.028 0.005

Fe3+ 0.004 0.005

Al3+ 0.26 0.22

Sr2+ 0.00019 0.0006

Ba2+ 0.00024 0.00045

N 0.008 0.022

H3BO3 0.007 0.014
H4SiO4dissolv. 0.28 1.042
Salinity 2.3 2.4

−
3O

−2
4O

+
4H
tions of dissolved and colloidal silica and hydroxyalu-
minate ions, high concentrations of Sr and Ba, and
рН = 6‒8 (with ≥9 at the bottom of the section).

An analysis of a large data array for the chemical
composition of each zeolite species (no such research
has been done previously) showed that the composi-
tion of non-framework cations in zeolite minerals is
controlled by the composition of thermal solutions
enriched in elements that have been leached out of
alumosilicates; among these, the important members
are elements such as Ca, Mg, Sr, Ba, Na, and K. The
residence of these elements in zeolite structure seems
to be primarily due to the structure of the zeolite itself
and to its selectivity. As an example, the main concen-
trator of Ba and Sr among the zeolites during the later
JOURNAL OF VOLCANOLOGY AND SEISMOLOGY  V
phases of the hydrothermal process is the wide-pore
heulandite-Ca with a sublayered framework structure.
It is worth noting that Ba and Sr were determined for
the first time in the zeolite minerals of the Pauzhetka
HS, and their presence in the zeolites furnishes
another confirmation of the fact that the thermal solu-
tions at depth are alkaline.

The spatial co-occurrence of different zeolite spe-
cies in the EPF altered rocks shows that the zeolites are
stable under these conditions. The species composi-
tion of the zeolites reflects changes in the physico-
chemical parameters of the mineralizing environment,
both in the hydrothermal system as a whole and in the
shallow zone where hydrothermal f luids are dis-
charged: one observes the general tendency of moder-
ately siliceous laumontite in the propylites of the
deeper horizons of the hydrothermal system and in the
altered andesites of the bottom of the clay sequence
giving way to high silica stilbite-Ca in the mudstones
of the thermal field.

We thus see the confirmation of the general infer-
ence as to the regressive directivity for the hydrother-
mal alteration processes affecting the Pauzhetka HS
rocks, being seen as a successive change of phases of
hydrothermal metamorphism from moderate-tem-
perature propylites during the paleo phase to the pres-
ent-day low-temperature mudstones (Korobov, 2019;
Struktura …, 1993). The rock temperature decreases
from bottom to top along the section and the partial
pressure of carbon dioxide decreases in the thermal
waters rising toward the ground surface in a closed sys-
tem, leaching them (increasing the alkalinity) and
resulting in a wide occurrence of moderate-silica cal-
cium zeolites, laumontite in the first place. In the
shallow zone of argillization in an open system upon
the background of all parameters of the mineralization
environment decreasing, favorable conditions are cre-
ated for deposition of mostly high silica calcium zeo-
lites, largely from the stilbite group. The resulting
sequence of zeolite generation (laumontite → mor-
denite → stilbite-Ca → heulandite-Ca) in the zone of
intensive discharge of alkaline solutions at the bottom
of the hydrothermal clay sequence reflects, to a certain
degree, the change of zeolite facies in the deeper hori-
zons of the Pauzhetka HS. This correlation is of great
interest: the successive change of facies during zeolite
generation in the shallow zone where hydrothermal
fluids are discharged can furnish a criterion for assess-
ing changes in the conditions of zeolite generation in
the interior of a long-lived hydrothermal system.
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