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Abstract—We consider the factors determining the mineral composition of hydrothermal clays in recent thermal anomalies of the Pau-
zhetka—Kambal’nyi—Koshelevskii region and Ebeko (Paramushir Island) and Mutnovskii Volcanoes. The composition of mineral assem-
blages is influenced by a number of interdependent factors: the type of discharge (steam—gas jets, steaming ground, and mud water pools),
temperature, pH, and E,, of a thermal solution. Mineral assemblages including sulfur, opal, a-quartz, and alunite group minerals form on the
steaming ground of the craters of active volcanoes (Ebeko and Mutnovskii). Mud water pools of the craters contain mainly sulfur, opal, and
a-quartz. An assemblage of kaolinite, opal, alunite group minerals (in small amounts), and goethite forms in mud water pools with pH =
2-3 in the thermal fields of the Pauzhetka—Kambal nyi—Koshelevskii region. An assemblage of newly formed kaolinite, smectite, pyrite,
marcasite, and, sometimes, opal is specific to mud water pools with pH > 3.5-4.0 At pH > 5, smectite, pyrite, and opal are produced. In the
thermal fields of the Pauzhetka—Kambal nyi—Koshelevskii region, the walls of steam—gas jets that are often flooded with water and dry out
are formed by kaolinite, smectite, opal, a-quartz, pyrite, marcasite, and goethite. The walls of steam—gas jets that are not flooded with water
for a long time consist of kaolinite, opal, a-quartz, smectite (traces), alunite group minerals, pyrite, and marcasite in close amounts. The
steaming ground of the thermal fields of the Pauzhetka—Kambal’nyi—Koshelevskii region is composed of kaolinite, alunite group minerals,

opal, and goethite or an assemblage of kaolinite, smectite, opal, pyrite, and marcasite.
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INTRODUCTION

Hydrothermal clays and argillized rocks forming in re-
cent thermal fields of southern Kamchatka are interesting in
many aspects. They are investigated in the context of min-
eral formation for solving engineering geology problems
(Martinez et al., 2006; Frolova et al., 2016), as part of hy-
drothermal systems (Rychagov, 2014; Rychagov et al.,
2017a,b,c), and as barriers for elements transferred by a hy-
drothermal flow (Rychagov et al., 2010).

Clay minerals are examined as indicators of their forma-
tion conditions (Drits et al., 2011; Ogorodova et al., 2013;
Krupskaya et al., 2017). Study of the mineral composition of
hydrothermal clays formed in recent thermal fields of Ice-
land (Geptner et al., 2007) showed that kaolinite and smec-
tite are the most common clay minerals at fumarole sites.
Clay minerals that formed in recent hydrothermal systems
are a finely dispersed and structurally disordered material
(Eroshchev-Shak et al., 2005). Drilling of hydrothermal clay
sheets in thermal anomalies showed a gradual change of
chlorite—smectite assemblage by kaolinite—smectite one
with depth (Miyoshi et al., 2015).
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Volcanic rocks transform into argillized ones upon their
contact with a hydrothermal flow. The hydrothermal activity
leads to the transformation of glass of igneous rocks into
clay minerals; pyroxenes are more seldom transformed (La-
dygin et al., 2014; Frolova et al., 2016). Therefore, clay
strata form at the exits of thermal fluids and then play a spe-
cial role in the structure of the hydrothermal system. They
actively interact with a hydrothermal flow and transform;
the transformation products are determined by both the
composition of the contacting solution and its temperature.

Study of the key sections (Rychagov et al., 2008) showed
that hydrothermal clays are locally heterogeneous on a scale
of 100—-1 cm, which is expressed as a significant spatial vari-
ation in mineral and elemental compositions both in the nor-
mal and in the tangential directions relative to the day sur-
face (Kravchenko and Rychagov, 2017; Rychagov et al.,
2017a,b,c). Anomalies and a wide scatter in contents of Au,
Ag, Pb, As, Hg, etc. were revealed (Rychagov et al., 2002).
Research into the behavior of mercury in hydrothermal sys-
tems showed that its content varies and depends on the type
of thermal effect, the mineral composition of the sample,
and the type of deposit (Rychagov, 2009b; Rychagov et al.,
2009a,b, 2012a, 2014). A relationship between the mineral
composition and the local geochemical conditions was es-
tablished in study of the microheterogeneity of dioctahedral



1268

mica minerals (Drits et al., 2013). The authors think that this
microheterogeneity is the result of the local difference in
geochemical environments during the mineral formation.
The microtexture of hydrothermal clays was also studied in
the context of their interaction with a thermal flow (Rycha-
gov et al., 2010, 2012b).

Local fluctuations in geochemical conditions in thermal
fields are determined by the type of discharge. Recent ther-
mal fields are a natural test ground for monitoring the for-
mation and transformation of clay minerals. Owing to high
temperatures (up to 100 °C) and the presence of a liquid
component, the rates of mineral formation and transforma-
tion are rather high.

There are several types of discharge in the recent thermal
fields of the Pauzhetka—Kambal’nyi—Koshelevskii district,
which differ in the water regime and, hence, in the mineral
composition of clays (Figs. 1 and 2):

(1) Mud and mud water pools. A common feature of all
pools is the contact of a heated steam—gas jet with a water—
clay suspension. The temperature in mud water pools is
about 100 °C and can stay constant for a long time, pH is
2-7, and E, is usually positive (oxidizing conditions). Ther-
mal lakes have a temperature mainly below 100 °C; as fore
the rest, they can be considered a kind of mud water pools.

(2) Steam—gas jets. They are a steam flow exiting to the
day surface along a well-defined channel. When the flow
exits, its temperature decreases to 100 °C, but the exit tem-
perature of powerful high-temperature jets can be higher.
Most often, a steam—gas jet generates a hollow periodically
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flooded with meteoric waters and turns into a mud water
pool. When drying out, this pool again functions as a steam—
gas jet.

(3) Steaming ground. It has a temperature of about 100 °C
or lower, lack a well-defined channel for fluid exit, and is
relatively dry. At active sites of thermal anomalies, the tem-
perature of steaming ground can be higher than 100 °C.
Such sites form when a fluid flow is reduced; the heat car-
rier moves to the surface mainly along small fractures in the
clayey ground. A specific feature of steaming ground is
crystallization of salts at the surface, which proves the rela-
tively quiet infiltration of a hydrothermal fluid (Zhitova et
al., 2017).

We have studied samples taken in the Lower Koshe-
levskii, Upper Koshelevskii, South Kambal’'nyi Far, and
South Kambal’nyi Central thermal anomalies, North Kam-
bal’nyi steam jets, and East Pauzhetka and Upper Pouzhetka
thermal fields. Pools with pH close to the neutral value are
present in the Lower Koshelevskii thermal anomaly, and
more acidic solutions occur in the Upper Koshelevskii and
South Kambal’nyi Far thermal fields. We have also exam-
ined samples from the thermal anomalies of the active Ebeko
(Paramushir Island) and Mutnovskii Volcanoes.

The aim of this research was to study the mineral (phase)
composition of hydrothermal clays formed during the dis-
charge of hydrotherms of different types and with different
values of physicochemical parameters (temperature and
composition) and to determine the specific features of ther-
mal manifestations of each type.

Fig. 1. Diverse thermal manifestations of the Pauzhetka—Kambal’nyi—Koshelevskii region; thermal lakes (1, 2), mud water pools (3, 4), steaming
ground (5, 6), and steam—gas jets (7, &) localized in the North Kambal’nyi steam jets (/, 3), Upper Koshelevskii thermal anomaly (2), Upper
Pauzhetka thermal fields (4, 5, &), and Lower Koshelevskii thermal anomaly (6, 7).
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Fig. 2. Scheme of the mineral composition of clays of different thermal manifestations: persistent and predominant minerals (/), minor minerals

(2), and rare minerals (3). Free cells mean the absence of the minerals.

GEOLOGIC AND GEOTHERMAL CHARACTERISTICS
OF THE OBJECTS OF STUDY

The research was carried out in the recent hydrothermal
systems of the Kuril-Kamchatka region. Most of the sam-
ples were taken in the Pauzhetka—Kambal’nyi—Koshelevskii
geothermal (ore) region of southern Kamchatka (Fig. 3).
The area is a long-living (from Oligocene to Holocene) vol-
canic ore center (Vasilevskii, 1977). It comprises three large
geologic and hydrogeologic structures: Pauzhetka hydro-
thermal system, the Kambal’nyi Volcanic Ridge, and the
Koshelevskii volcanic massif (Masurenkov, 1980). The re-
cent (Holocene) stage of their evolution is marked by the
formation of thermal anomalies, namely, steam—hydrotherm
discharge zones. Thermal anomalies are one or several ther-
mal fields localized in certain geologic structures: elevated
tectonic (tectonomagmatic) blocks, apical parts of subvolca-
nic intrusions, fracturing zones above deep faults, erosion
craters of ancient volcanoes, etc. (Belousov and Lomonosov,
1993; Feofilaktov et al., 2017). Geothermal heat, steam—gas
mixture, and hydrothermal solutions discharge as ground
steaming, steam—gas jets, water and mud water pools, and
pulsating and other gushing water springs (Fig. 1). The tem-
peratures of grounds, steam—gas jets, and springs reach 98—

105 °C (in the thermal fields of the Pauzhetka system and
the Kambal’nyi Ridge) and 120-150 °C (in the thermal
anomalies of the Koshelevskii massif). In the zone of hydro-
therm discharge (on the day surface), weakly acidic to neu-
tral sulfate ammonium waters with a complex cationic com-
position and an average mineralization of 0.5-1.0 g/L are
predominant (Kalacheva et al., 2016).

Material for comparison of mineral assemblages was also
obtained in the Donnoe thermal field of the Mutnovskii Vol-
cano (southern Kamchatka) and in the Northeastern fuma-
role field of the Ebeko Volcano (Paramushir Island) (Fig. 3).
Both volcanoes are active. The temperatures of steam—gas
jets (fumarole) in the periods of volcanic activity can exceed
500 °C (Kotenko et al., 2012). Sampling was made during
the stationary (normal) gas—hydrothermal activity of the
volcanoes, when the temperatures of grounds and steam—
gas jets were no higher than 100-105 °C. The water in the
zone of hydrotherm discharge is acidic and ultra-acidic. The
map of the area and the location of the thermal fields are
presented in Fig. 3.

The volcanic rocks of the Pauzhetka—Kambal’nyi—Ko-
shelevskii region are composed mainly of basaltic andesites,
basalts, olivine—pyroxene basalts, and dolerite-basalts (Poz-
deev and Nazhalova, 2008). The rocks of all studied objects
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Fig. 3. Geographical (a) and geological (b) maps of the southwestern
part of the Kamchatka Peninsula. /, Neogene lava-pyroclastic deposits;
2, volcanosedimentary deposits (tuffs) of the Pauzhetka Formation; 3,
ignimbrites (dacites and rhyodacites), 4, lava complex of the Koshe-
levskii volcanic massif; 5, volcanic rocks (lavas, pyroclastic flows, and
extrusions) of the Kambal’nyi Ridge; 6, dacites (pumice deposits); 7,
subvolcanic and extrusive bodies of basalts and andesites; 8, extrusive
subvolcanic bodies of contrasting composition; 9, hydrothermally al-
tered rocks, a, secondary quartzites, b, argillizites; /0, geothermal
fields: 1, first hot springs, 2, Pauzhetka hydrothermal deposit, 3, North
Kambal’nyi steam jets, 4, Central Kambal’nyi, 5, South Kambal’nyi, 6,
Upper Koshelevskii, 7, Lower Koshelevskii (Rychagov et al., 2014;
Zhitova et al., 2017, 2018).

have some compositional similarities. The Ebeko Volcano is
formed by andesites and andesitic basalts, whereas its base
is composed of highly altered volcanic rocks (Late Pleisto-
cene). The Mutnovskii volcanic edifice comprises four
merged cones of a stratovolcano with peak calderas and
daughter intracaldera edifices and is formed by rocks from
basalts to rhyodacites. High-alumina basalts are predomi-
nant, but the tephra of the youngest crater (Active funnel) is
composed of high-alumina K—Na basaltic andesites (Chash-
chin et al., 2011; Frolova et al., 2016).
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METHODS

Clays were sampled from the surface and throughout the
depth of mud pools, because clay suspension is continuously
mixed as a result of bubbling. At the sites with heated
ground, a layer-by-layer pit sampling was performed. Dur-
ing a gradual excavation of steam—gas jets, samples were
taken from the jet walls being in contact with steam.

During the sampling, pH, E,, and T of the samples were
measured. The former two parameters were measured with
portable pH and E, meters (Hanna Instrumens, HI 98121,
and HI 98129) with an accuracy of £0.05 (pH) and £2 mV
(£,). The temperature was evaluated with temperature gaug-
es (thermocouples and thermal resistances). The values of
pH and E, were determined for mud and mud water pools,
and temperature was measured in all cases.

Multiphase samples were separated into clay, heavy, and
light fractions by standard procedures, annealed to an air-
dried basis, converted to monoionic forms, and again an-
nealed. The separated fractions were studied by X-ray dif-
fraction and IR spectroscopy.

Diffraction patterns were recorded on an XRD 7000 X-ray
(Shimadzu) diffractometer in the range 4-60° 260, with a step
of 0.05° 20 and in the continuous-scanning mode with a
speed of 0.5 deg/min, which is equivalent to a 6 s exposure
at the point. Samples containing smectite were examined in
the air-dried and glycerin-saturated states.

Infrared spectra were recorded using an IR Affinity Fou-
rier IR spectrophotometer (wavenumber 400-4000 cm™,
resolution 2—4 cm™', 60-80 scans). The air-dried samples
were ground with KBr in an agate mortar and pressed into
tablets.

Clay minerals were identified from the data of detailed
X-ray diffraction and IR spectroscopy. To determine the
type of substitution in smectite, a Green—Kelly test of some
samples was made. Smectite of the samples was converted
into a Li-saturated form and then was annealed at 250 °C for
6 h. In the course of the test, the smectite lost its capability
to expand during glycerol intercalation, which indicates that
the charge is concentrated mostly in the octahedral layer
(Chukhrov, 1992).

Kaolinite was identified by X-ray diffraction and IR spec-
troscopy. In the diffraction patterns, kaolinite had a basal
reflection peak near d(001) = 7.1 A. In the IR spectra, kao-
linite was identified from a series of intense bands that are
absent for montmorillonite. The main difference between
these minerals was observed in the high-frequency region,
where the bands of stretching vibrations of water and OH
groups are present. The spectrum of kaolinite has a sharp
peak at ~3700 cm™' and a slightly less intense but narrow
peak at ~3625 cm™! (Chukhrov, 1992).

The interplanar spacing d(001) in air-dried smectite var-
ies from 14.3 to 15.5 A, and in the case of glycerol intercala-
tion it increases to 18.0-18.5 A. These parameters corre-
spond to smectite with calcium in the interplanar space
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Table 1. Phase composition of mineral mixtures formed in thermal fields
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Discharge

Mineral composition of mixture

Heated grounds of active craters, after contact with ultra-acidic solutions
Mud water pool of active crater
Mud water pool with pH =2-3
Mud water pool with pH >3-4

Mud water pool with pH ~ 5
Steam-—gas jets often flooded with water and drying out

Steam-—gas jets not flooded with water for a long time

Heated grounds
Heated grounds

Sulfur, opal, a-quartz, alunite group minerals, soluble sulfates
Sulfur, opal, a-quartz
Kaolinite, opal, alunite group minerals (minor), goethite

Kaolinite, smectite, pyrite, marcasite, opal (occasional), goethite, alunite
group minerals

Smectite, pyrite, opal, calcite (occasional), goethite
Kaolinite, smectite, opal, quartz, pyrite, marcasite, goethite

Kaolinite, opal, quartz, smectite (traces), alunite group minerals, pyrite and
marcasite in close amounts

Kaolinite, alunite group minerals, opal, goethite, smectite (traces)

Kaolinite, smectite, opal, pyrite, marcasite

(Chukhrov, 1992). The Green—Kelly test of several smectite
samples showed substitution of the predominantly octahe-
dral layer, and the IR spectra revealed major substitution of
Al by Fe** and Mg (shoulders at ~840 and 880 cm™"), which
gives grounds to assign the smectite to montmorillonite
(Madejova and Komadel, 2001; Madejova, 2003).

Identification of opal and a-quartz. Opal is recognized in
diffraction patterns from a noticeable halo in the range 15—
30° 20 (Fig. 4), and in the IR spectra it is determined from
broad peaks at 1100, 800, and 470 cm™'. Minerals of the alu-
nite group were identified from X-ray diffraction and IR
spectroscopy data. The most obvious differences between
the samples of different compositions are observed in the
region of stretching vibrations of OH groups. Natroalunite is
identified from the characteristic absorption bands at 3460
and 3485 cm! and less intense bands at 600, 630, and
685 cm™!. Ammoniojarosite is recognized from the intense
band at 3416 cm™'; minamite-2R, from bands at 3486 and
3510 cm™'; and ammonioalunite, from a band at 3514 cm™
(Pamela et al., 2009). Ammonium minerals of the alunite
group show a band at 1430 cm™ (v,(NH}).

DISCUSSION

The temperatures of the studied sites of steaming ground
are within 50-105 °C, and the temperatures of steam—gas
jets are higher, 100—-140 °C, but mostly about 100 °C. The
investigated mud and mud water pools are characterized by
temperatures of 95-100 °C and pH from 0 (thermal fields of
the craters of the active Ebeko and Mutnovskii Volcanoes)
to 7-8 (hydrotherm discharges of the Lower Koshelevskii
thermal anomaly). The redox potential (£,) shows signifi-
cant variations, from —240 mV (reducing conditions) to
+300 mV (oxidizing conditions). The correlation between
pH and E, is weak, because the processes controlling pH
and the potential-determining reactions are often different;
E, has a significant influence on the composition of the ore
fraction. In addition to clay minerals, there is a wide range
of other minerals in the thermal fields: gypsum, barite, cal-

cite, including magnesian one, aragonite, apatite, zeolites
(mordenite, heulandite, laumontite, and stilbite), variscite,
metavariscite, binary sulfides (pyrite, marcasite, cinnabar,
etc.), ternary sulfides (chalcopyrite), etc. There are also sol-
uble salts crystallizing at the surface of clay blankets. These
are mainly alum group minerals and crystallohydrates of
aluminum and iron sulfates; also, rare minerals of the vol-
taite group and other minerals occur. Here we consider only
the minerals that quantitatively dominate over others.

The most typical mineral assemblages of the studied ther-
mal anomalies are presented in Table 1 and, schematically,
in Fig. 2.

Almost all the mixtures include the most stable minerals
of the initial rocks: feldspars (sanidine, anorthoclase, and
plagioclases), pyroxenes (similar in composition to enstatite
and hypersthene or augite), and amphiboles similar to horn-
blende.

Mineral assemblages of steaming ground and mud
water pools of active craters. The mud pools of the craters
of the active Ebeko (Paramushir Island) and Mutnovskii
Volcanoes are characterized by pH ~ 0 and a temperature of
100 °C. They contain mineral assemblages formed under the

2
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Fig. 4. Diffraction patterns of clay suspensions from mud water pools
of the craters of the Ebeko (/) and Mutnovskii (2) Volcanoes, theoreti-
cal diffraction patterns of sulfur (3) and natroalunite (4). Asterisk
marks the superposition of the reflex of a-quartz.
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Fig. 5. IR spectra of the clay fractions of mud water pools with pH = 1.5-3.0 (Z, 2, 3) and 4-6 (4, 5), sampled from the South Kambal’nyi Far (2,
5) and Upper Koshelevskii thermal field (7, 3, 4). I, range 400-2000 cm™!, I, range 2800-4000 cm™.

action of ultra-acidic solutions. The clay suspension in the  Table 2. Absorption bands of layered silicates

pools and the steaming ground consist of opal, alunite group Band, cm’! Assignment

minerals, and sulfur (Fig. 4). The dry heated sites of the

grounds have a higher content of alunite than the suspension 430 V,(8i-0)

in the pools, but the qualitative mineral composition is the 470 5(Si-O-Si)

same. The heavy (ore) fraction is negligible. Often, there are 530 3(Me"-0-Si)

gypsum and coatings of soluble sulfates at the surface of 580 7(OH), alunite group minerals
steaming ground. 630 V,(Si-0), smectite

Mineral assemblages of this composition formed upon 695 v,(Si-0)
the contact with acidic solutions at high fumarole activity )

(Mutnovskii and Ebeko Volcanoes). Both volcanoes have 70 V“(S%O)’ kaolinite
fumaroles, whose mouths are framed with sulfur; the fuma- 795 gh(vsllgioo)(l_%j;;it)z
role gases are rich in SO,.

Mineral assemblages of the thermal fields of the Pau- 840 S(AI-O(H)-Mg)

. . . 880 S(Al-O(H)-Fe*)

zhetka—Kambal’nyi—Koshelevskii region. The thermal
fields have more diverse conditions: There are mud water 915 S(A-O(H)-AL)
pools with pH = 1.5-6.0, grounds heated to 100-112 °C, and 935 S(AI-O(H)-Al)
steam—gas jets of different power. 1010 v,(Si-0)

Mineral assemblages of mud water pools of thermal 1035 v4(Si-0)
anomalies. Figure 5 shows the IR spectra of clays formed in 1110 v4(Si-0)
the mud water pools with pH = 1.5-6.0. The spectra have 1640 8(H,0)
distinct bands in the ranges 400-600, 1000-1100, and 3220 Overtone 8(H,0) a/or vy(H,0)
2800-3700 cm™!, specific to layered silicates. In the region Me(H,0)
400-600 cm™!, there are two intense bands with peaks near 3420 v,(H,0) Me(H,0),
470 and 540 cm™'; the other bands are less intense. The as- 3625 V(OH) (hydrogen-bonded);
signment of the absorption bands is given in Table 2. vy(adsorbed H,0) '

The mud pools with pH < 3 contain an assemblage of 3650 v(OH)
opal and newly formed kaolinite; alunite group minerals and 13675 v(OH)

goethite are minor, and smectite is absent. The curves in

. . . . . 3700 OH
Fig. 5 mark a predominance of certain minerals in the clay VO
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fractions: /—opal, 2 and 4—newly formed aolinite, and 3—
ammoniojarosite.

As pH increases to ~3—4, smectite appears in the mixture,
and marcasite and pyrite appear in the ore fraction. The mud
pools with pH ~ 3.5 have significant amounts of marcasite;
as pH slightly increases, marcasite disappears from the ore
fraction, and pyrite prevails. Goethite, alunite group miner-
als, opal, and quartz can be present in small amounts.

In mud pools with pH close to the neutral value, kaolinite
virtually does not form or is present in insignificant amounts;
smectite forms instead of it. Opal and goethite are minor.
Pyrite is predominant in the ore fraction, whereas marcasite
is absent.

The diffraction patterns of the clay fractions of the mud
water pools are shown in Fig. 6. The broad reflexes indicate
a low structural perfection of newly formed phyllosilicates.
The octahedral layer in smectite is partly substituted by iron
and magnesium (Fe’,, Mg,,), and calcium and sodium are
localized in the interplanar space. The thermal solutions of
the pools show the following relationships among the con-
centrations of components: C(K") < C(Mg*") < C(Ca>") ~
C(Na"). The concentrations of these elements as well as
aluminum and iron are within 10-1073 mole/L. The con-
centrations of cations in the pore solutions are 4-5 orders of
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magnitude higher. Thus, the composition of montmorillon-
ite is in correlation with the composition of the thermal so-
lutions.

Mineral assemblages of steam—gas jets. After the drying-
out of mud water pools, clays continue to warm up by a
steam flow; at the same time, infiltration of the pore solu-
tions to the walls of the jet channel takes place. This leads to
the transformation of the mineral composition of clays: The
content of smectite decreases, whereas the contents of ka-
olinite and alunite group minerals increase. Marcasite—py-
rite, opal, alunite, ammoniojarosite—goethite, and other min-
eral crusts often form on rock fragments localized on the
walls of the steam jet channel (Fig. 7).

Clays of steam—gas jets differ from clays of mud pools in
a significant portion of marcasite in the heavy fraction
(Fig. 8). Feldspar and quartz are predominant in the light
fraction. Clays forming the walls of steam—gas jets have a
higher content of newly formed, poorly crystallized kaolin-
ite, whereas the content of smectite decreases. A steam—gas
jet is often (several times per season) flooded with meteoric
waters and dries out, whereas its channels are usually com-
posed of newly formed kaolinite and smectite in commensu-
rate amounts and the heavy fraction is predominantly pyrite
and marcasite.

L L B L B L A L B L O B
10 20 30 40 50 60
26, deg

A L L L L L L B S
10 20 30 40 50 60

26, deg

Fig. 6. Diffraction patterns of the air-dried (a) and glycerol-saturated (b) clay fractions of mud water pools (/—4) and steaming ground (5—8) of
the Upper Pauzhetka (/, 6), Nizhnii Koshelevskii (2, 3), and East Pauzhetka (5, 7, 8) thermal fields; theoretical diffraction patterns of montmoril-

lonite (9), kaolinite (10), pyrite (/1), and a-quartz (12).
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Fig. 7. IR spectra of clays composing the walls of steam—gas jets of the East Pauzhetka thermal field (/, 2), North Kambal’nyi steam jets (3), and
Lower Koshelevskii thermal anomaly (4, 5), in the ranges 400-1600 cm™' (I) and 3000-4000 cm™! (II).

If the jet functions in its regime for a long time, then kao-
linite with a perfect structure prevails in the clay fraction,
marcasite and pyrite are present in close amounts (some-
times, marcasite dominates over pyrite), and also goethite
occurs. Minerals of the alunite group are more diverse: Besi-
des ammoniojarosite, there are natroalunite, ammonioal-
unite, minamiite, natrojarosite, and jarosite. Ammoniojaro-
site often occurs on the shores of mud pools. It seems to
result from the oxidation of marcasite and pyrite, caused by
an increase in £, and a change of the reducing environment
by the oxidizing one. The crystallization of alunite group
minerals (minamiite, natroalunite, ammonioalunite, and alu-
nite) proceeds more slowly, because it requires a certain
concentration of aluminum in the pore solution of clays
composing the steam—gas jet channel. Other ions necessary
for crystallization of alunite group minerals are present in
the pore solutions in high concentrations: C(Na'), C(Ca*"),
C(SO;) ~ 104-10"" mole/L, whereas C(A**) ~ 10°-10*
mole/L. The steam—gas jet channel serves as an evaporative
barrier for the pore solutions; as a result, the concentrations
of components locally increase, which leads to the crystal-
lization of natroalunite and minamiite.

As the activity of thermal fields increases, sulfur appears
in steam—gas jets (spatial group Fddd). In this case, the min-
eral assemblage of clays is similar to that of active craters:
sulfur, opal, a-quartz, and alunite group minerals.

Mineral assemblages of steaming ground. Minerals of
dry steaming ground are dominated by kaolinite of different
structural perfection but generally better crystallized than
kaolinite in mud water pools and steam—gas jets or by opal
and alunite group minerals. The latter minerals usually form
in the subsurface zone of steaming ground, where they are
present in significant amounts. These are mostly natroal-
unite, minamiite (natroalunite-2R), ammoniojarosite, and
ammonioalunite. A distinctive feature of steaming ground is
a coating of readily soluble salts, usually sulfates (Zhitova et
al., 2017).

Steaming ground composed mainly of alunite group min-
erals and opal often contains traces of goethite, whereas
other minerals of the heavy fraction are absent. When the
heated ground consists mostly of kaolinite, the heavy frac-
tion has a significant amount of goethite; also, marcasite in
a varying amount and traces of pyrite can be present.

Smectite is rare in steaming ground. It is found only at
the sites that are periodically highly moistened, but mont-
morillonite can be present in significant amounts at a shal-
low depth (<0.5 m) of such sites. In this case, it is in assem-
blage with newly formed kaolinite, and the mixture has a
composition transitional from mud water pool to heated-
ground mineral assemblages. Therefore, steaming ground is
generally composed of the following mineral assemblages:
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opal + alunite group minerals + kaolinite + goethite and ka-
olinite + smectite + pyrite + marcasite.

The cause of the disappearance of montmorillonite from
the subsurface zone of the clay strata is the more acidic pore
solutions, which is due to:

— oxidation of sulfur-containing compounds;

— concentration of the pore solutions as a result of water
evaporation, hydrolysis of iron and aluminum salts, and, as
a consequence, acidification of the solutions;

— formation of alunite group minerals, e.g., following the
equilibrium 2Na* + 6AI** + 10SO;” = 2NaAl;(SO,),(OH), +
6H,S0,.

Alunite group minerals crystallize from an aqueous solu-
tion, with a gradual shift of the solution composition toward
an increase in the content of sulfuric acid. Therefore, when
a thermal fluid that arrived directly at the surface of a clay
blanket evaporates, it leaves a coating of soluble sulfates
and leads to the dissolution of montmorillonite. Dissolution
of montmorillonite provides the solution with aluminum,
magnesium, and iron, which can form complex sulfates,
such as ammoniovoltaite (NH,),Fe:"Fej Al1(SO,),,(H,0),¢
(Zhitova et al., 2017, 2018) and minerals of its group.

Marcasite crystallizes on the walls of steam—gas jets and
mud pools with pH ~ 3.5; at higher pH, pyrite crystallizes.
We can explain this phenomenon by invoking data on the
hydrothermal synthesis of marcasite (Murowchick and
Barnes, 1986). Polysulfides H,S, and their deprotonated
forms HS, play a crucial role in the formation of iron disul-
fides under hydrothermal conditions. A predominance of the
deprotonated form HS, leads to the crystallization of pyrite,
whereas a predominance of H,S, is favorable for the crystal-
lization of marcasite. The undissociated forms H,S, begin to
dominate at pH < pK,, where K, is the constant of the first-
stage dissociation. The pK, values for n = 25 are in the
range 5.0-3.5; therefore, in acidic solutions, under high sul-
fur activity, marcasite is a major crystallizing mineral. Dur-
ing the experimental hydrothermal synthesis of marcasite
(Murowchick and Barnes, 1986), significant amounts of the
mineral formed in the pH range 3.4—4.19, whereas at higher
pH, mainly pyrite formed. This is, most likely, the cause of
the high content of marcasite in acidic solutions and on the
walls of steam—gas jets.

CONCLUSIONS

Under fumarole activity in the craters of active volca-
noes, acidic thermal solutions (pH ~ 0) favor the formation
of an assemblage of quartz, opal, alunite group minerals,
and sulfur. At heated dry sites, the content of alunite group
minerals is higher than it is in suspension of a mud water
pool. Clays of active craters lack a heavy (ore) fraction, ex-
cept for pyroxene traces.

In the thermal fields of the Pauzhetka—Kambal nyi—Ko-
shelevskii region, the environment continuously changes for
a short (on the geologic scale) time. Correspondingly, the
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Fig. 8. Diffraction patterns of the ore fractions of clays of mud water
pools with pH =3 (/) and 6 (2) and steam—gas jets (3, 4) and theoreti-
cal diffraction patterns of pyrite (5) and marcasite (6).

mineral composition of clays in the subsurface layer of a
clay blanket changes. As the pH of the solution being in
contact with clays increases, the composition of the clay
fraction changes by the simplified scheme: opal + alunite —
opal + alunite + kaolinite — opal + kaolinite — opal + ka-
olinite + smectite — opal + smectite. The composition of
the newly formed ore fraction depends significantly on £,
which is expressed by the following sequence of transfor-
mations: marcasite + pyrite (pH ~ 3.5) — pyrite — hydrated
hematite (limonite).

An assemblage of newly formed kaolinite, opal, and
quartz forms in mud water pools with a weakly acidic me-
dium (pH = 2-3); the ore fraction includes hematite and
goethite. When the pH of the solution increases to 3.5, mar-
casite and pyrite appear in the ore fraction (marcasite can be
present in significant amounts); with a subsequent increase
in pH, marcasite disappears.

In mud water pools with a medium close to the neutral
one, the clay fraction is newly formed smectite, whereas ka-
olinite is rare and occurs as an impurity. Also, opal and
quartz can be present; pyrite prevails in the ore fraction.
Alunite group minerals are absent. When such a pool dries
out, the content of smectite decreases, the content of kaolin-
ite increases, and a small amount of alunite group minerals
might appear.

The channels of steam—gas jets are composed of kaolin-
ite—montmorillonite assemblage, with the contents of ka-
olinite and alunite group minerals tending to increase. The
content of marcasite increases in the ore fraction; some-
times, goethite is present.



1276

In steaming ground, clays contain predominantly kaolin-
ite, often better crystallized than that in mud water pools.
Alunite group minerals are also present in significant
amounts; the most common ones are natroalunite, ammonio-
jarosite, ammonioalunite, and minamiite (natroalunite-2R).
The ore fraction contains goethite. The steaming ground is
composed of the following mineral assemblages: opal + alu-
nite group minerals + kaolinite + goethite and kaolinite +
smectite + pyrite = marcasite.

This work was supported by research project 0282-2016-
0001 and grants 16-05-00007 and 18-35-00138 from the
Russian Foundation for Basic Research.
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