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Abstract—This work is concerned with classification and study of the composition and properties of hydro-
thermal zeolites from the Yagodninskoe deposit, (Kamchatka) which were formed in volcanic rocks. The
study involved X-ray phase analysis and X-ray f luorescence, optical and scanning electron microscopy. We
determined specific syrface AREA the pore size distribution, as well as cation exchange capacity in zeolites.
The study resulted in the identification of four main rock types at the deposit: the original unaltered perlites,
zeolites rock, zeolitized tuffs, as well as poorly zeolitized tuff breccias. The Content of zeolite group minerals
reaches 70%. The minerals mostly include clinoptilolite and, to a lesser degree, mordenite, stilbite, and heulandite.
The zeolites are of the alkaline type, with the cation exchange capacity equal to 205.9 mg-equi/100 g. It has been
found that these zeolites were mostly formed from perlites and tuff breccias. It is pointed out that the Yagod-
ninskoe zeolites are high quality minerals, and make a promising object of further exploration.
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INTRODUCTION

Zeolites are a valuable mineral raw material: apart
from sorbents, zeolites are used in oil chemistry, in
construction, agriculture, livestock farming, food pro-
duction, and medicine. Zeolites make a mineral
group; the group includes minerals such as clinoptilo-
lite, mordenite, heulandite, shabazite, and several
others. Due to isomorphous alteration and a specific
structure, zeolites possess a high cation exchange
capacity, which makes them effective as a sorbent in
the sorption of heavy metals and some organic com-
pounds.

The area of Russia has been found to contain about
120 zeolite deposits and occurrences, but the state reg-
ister of reserves only includes 18 zeolite deposits with
reserves of category А + В + С1 being 594 million tons
and those of category С2 799 million tons (Gosudarst-
vennyi balans, 2019). Of these, only 3 deposits are
being developed: the Khotynetskoe in Orel Region,
Khonguruu in the Republic of Sakha, and the Kho-
linskoe deposit in Transbaikalia. An approximate total
of 944 thousand tons zeolite is extracted annually
worldwide. Russia holds the 10th place with an annual
extraction on the order of 60‒80 thousand tons. As
well, a few thousand tons of raw zeolite are being
imported by Russia from countries of the former
Soviet Union.

In Russia, zeolites are mostly used as a filler in con-
crete, in the production of glass foam, as a food addi-
tive for humans and animals, as a condenser of mois-
ture and as soil for plants, as well as hygienic bedding
for animals. The use of volcanic zeolites to purify
household water and industrial waters is rather lim-
ited. The main requirements to be imposed on raw
zeolite include cation exchange capacity, the concen-
tration of zeolite minerals, the strength of the rock, as
well as the absence of harmful admixtures, heavy met-
als, and radionuclides.

This insignificant degree of exploration for raw
zeolite rock in Russia is due to the fact that high qual-
ity volcanic zeolites are mostly confined to the Rus-
sian Far East, hence are subject to complex logistics.

Consideration of the conditions favorable to the
generation of zeolites yields their main genetic types:
volcanogenic-sedimentary, volcanogenic-hydrother-
mal, and sedimentary (Distanov, 2000). All these
three types have been discovered in Russia.

1. Characteristic for the sedimentary type of zeolite
deposit is their generation in marine, platform basins
with a quiet hydrodynamic environment in the condi-
tions of humid or semi-arid climate. The materials
from which they are generated include alumosilicate
gels, clay minerals, and amorphous biogenic silica
(diatom algae and tripoli).This material comes with
river runoff into marine and lake basins. The type is
201



202 BELOUSOV et al.
typically found in deposits of the so-called zeolite-
containing tripoli, diatomite, and gaize, in which the
concentration of zeolites does not exceed 30‒35%
(Belousov, 2023). Deposits of this type are widely
abundant in central Russia and in Siberia.

2. Zeolites of the volcanogenic-sedimentary type
are formed under the conditions of marine and lake
basins in arid or humid climate. The necessary
requirement for their generation consists in high рН of
the sedimentation environment (>7.5), the closed type
of sedimentation basin or the presence of stagnant
water, low water/volcanic ash ratios, an excess of free
silica, and a sufficient amount of magnesium in the
solution. Zeolite generation is related to devitrification
of volcanic ash and tuffs in alkaline solutions. The
final formation of a zeolitized deposit occurs during
the diagenetic phase. As regards the tectonic setting,
this type of deposit is confined to areas of Mesozoic–
Cenozoic folding and activation, to marginal conti-
nental and rift-related structures: zones of marginal
platforms, of intermontane troughs, and to areas of
active tectonic activity. Zeolites of this genetic type, as
well as bentonite clays (Belousov and Rumyantseva,
2023), are formed in spatial conjunction with coal
basins, but are situated along their periphery, unlike
bentonites. Zeolites are represented by clinoptilolite,
more rarely by mordenite, analcime or phillipsite.

3. The Yagodninskoe deposit belongs to the hydro-
thermal type whose generation is similar to the volca-
nogenic-sedimentary type, i.e., metasomatic replace-
ment of tuffs and acid volcanic rocks as a result of low
temperature leaching. This type of deposit is confined
to volcanic belts where deposits are formed on slopes
of paleo volcanoes, or occasionally near zones of
deep-seated faults. Zeolites of the hydrothermal gene-
sis frequently lie in the same geological structure
where perlite and bentonite deposits are situated,
while occasionally being within the same complex
deposit. This type of deposit yields high-quality raw
materials.

The main studies of geological structure and min-
eral composition for the rocks of the Yagodninskoe
deposit were carried out in the 1980–1990s, and are
reported in the publications of V.V. Nasedkin (Nased-
kin, 1985) and in reports1 of L.P. Zhdanov and
A.V. Makhanko. More recent research was concerned
with the petrophysical properties of zeolites (Demina,
2015) and with changes in the physical and mechani-
cal properties of perlites (Frolova, 2017).

1 Zhdanov, L.P., Kozovaya, T.V., Murakhtova, E.M., et al., Report
on the Results of Search for Zeolite raw materials in Promising
Areas around the Yagodninskoe Deposit of Active Additives and
in the Basins of the Bannaya, Levaya Bystraya, Karymshina,
and Plotnikova Rivers in 1987‒1989. Kamchatka Region, Pet-
ropavlovsk-Kamchatsky: Kamchatgeologiya, 1989. 110 pp.
Makhanko, A.V. and Kozovaya, T.V., Report on the Results of
Preliminary Exploration at the Yagodninskoe Deposit of Zeolite
Raw Materials and Active Mineral Additives. Petropavlovsk-
Kamchatsky: oAO Kamchattsement, 1998. 110 pp.
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The main goal of the present paper is to develop a
classification of hydrothermal zeolites at the Yagod-
ninskoe deposit based on detailed mineralogical sur-
veys, on the identification of structural and textural
features of the rocks, as well as on a study of their prop-
erties.

THE GEOLOGY
OF THE YAGODNINSKOE DEPOSIT

The Yagodninskoe deposit lies in southern Kam-
chatka, in Elizovo District, 60 km west of Petropav-
lovsk-Kamchatsky and 5 km north of the Bolshe-Ban-
nye Springs; it is situated near the eponymous perlite
deposit. The area is a mountainous volcanic region
with absolute heights of 900–1200 m.

Geologically, the area is confined to the Verkhne-
Karymshina volcano-tectonic structure that is part of
the South Kamchatka anticlinorium. The Verkhne-
Karymshina structure shows a complex tectonic pat-
tern; it is subdivided by a set of nearly east–west,
northeast, and ring faults (Fig. 1). Thermal waters of
the Bolshe-Bannye hydrothermal system are dis-
charged along one of these major nearly east–west
striking faults (Nasedkin, 1985).

With regard to age, and the character of displace-
ments in the structural plan, the features of this area
are classified as belonging to the same structural stage
with three substages: the lower structural substage is
composed of rocks of the Paratunka and Berezovsky
Formations; the intermediate substage is composed of
volcanogenic rocks of the Alnean series and of Lower
Quaternary volcanics; and the upper structural sub-
stage is composed of unconsolidated Quaternary
deposits and volcanics.

The central part of the area contains an Upper
Miocene to Pliocene acid volcanic massif which is in
immediate relation to the deposit of zeolites and per-
lite. The volcano is a complex system of lava f lows,
pyroclastic deposits, and extrusive bodies (Fig. 2). The
crater pit is filled with tuffs and tuffites that have been
cut through by isometric basalt bodies. The tufogene
rocks are coarse-grained (Nasedkin, 1985).

The geological structure of the deposit involves
acid volcanics of the Upper Miocene to Pliocene age
overlain by present-day eluvial–deluvial–proluvial
deposits. The area mostly contains different-sized
zeolitized acid tuffs, as well as perlites.

The rocks that underlie the tuffs are Alnean dacites.
They have brecciated, porous, subparallel texture, and
are little altered by secondary processes. The dacites
are overlain by a sequence of different-sized, intensely
zeolitized tuffs of acidic composition. This rock
sequence mimics the dacite paleo relief, dipping north-
northwest at angles below 30°. The tuff sequence has a
thickness varying between 5 m and 100 m.

The productive rock sequence consists of several
tuff varieties: different-sized vitroclastic, lithovitro-
OLOGY AND SEISMOLOGY  Vol. 18  No. 3  2024
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Fig. 1. A tectonic map of the study area after (Slyadnev et al., 2006) with modifications and supplements (the star in the inset
marks the deposit location). (1, 2) Middle Miocene to Quaternary structural stage: (1) coastal marine and volcanic rocks of the
Pliocene–Quaternary substage, (2) sedimentary deposits and volcanic rocks of the Middle Miocene to Pliocene substage; (3)
sedimentary deposits and volcanic rocks of the Middle Eocene to Lower Miocene structural stage; (4) metamorphosed terrige-
nous deposits, terrigenous–volcanogenic and volcanic rocks of the Lower Cretaceous to Lower Eocene structural stage; (5) met-
amorphic rocks of the pre-Mesozoic structural stage; (6) Tertiary–Quaternary unstratified terrigenous–siliceous–volcanogenic
rocks (within the water body); (7) Eocene–Pliocene intrusive features of varying composition; (8) superimposed volcanic belts
and zones ((а) East Kamchatka belt; (b) South Kamchatka belt; (c) Tolbachik–Klyuchevskoi riftogenic volcanic zone); (9) vol-
cano-tectonic structures (KR Karymshina, Akh Akhomten, As Asacha); (10) faults ((а) main structure-forming faults emerging
at the ground surface; (b) faults that are buried under overlying rocks; (c) deep-seated faults identified from geophysical data: BB
Bolshe-Banny, WK West Kamchatka, CK Central Kamchatka, PP Petropavlovsk, Khd Khodutka)); (11) boundaries ((а) of
stages, substages, superimposed volcanic belts and zones, intrusive bodies; (b) of grabens and horsts); (12) boundary of continen-
tal slope; (13) Yagodninskoe deposit.
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clastic, pumice-clastic, and ash tuffs. They have no per-
sistent strike, the contacts between them are not dis-
tinct, and there is considerable hydrothermal alteration
of the rocks with formation of secondary minerals. This
tuff sequence is found to contain four horizons:
JOURNAL OF VOLCANOLOGY AND SEISMOLOGY  V
The lower horizon of the tuff sequence consists of
interbedded lithovitroclastic different-sized zeolitized
tuffs of acidic–intermediate and acidic composition.
The acidic–intermediate tuffs are usually confined to
the bottom of the horizon whose maximum thickness
ol. 18  No. 3  2024
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Fig. 2. A geological map of the Yagodninskoe deposit after (Nasedkin, 1985) with modifications and supplements. (1) proluvial
deposits of Quaternary rocks (blocks, rock debris, gruss, sandy loam); (2) Miocene–Pliocene dacites, zeolitized acid tuffs;
(3) Pliocene liparite extrusions; (4) Lower Quaternary stock-like basaltic bodies and dikes; (5) Pliocene andesite dikes; (6) dac-
ites; (7) acid (liparite) and acid-intermediate tuffs; (8) thin-sliced and spherulite-containing liparites and their lava breccias;
(9) volcanic glasses (perlites); (10) basalts; (11) geological boundaries: a certain, b same-age lithologic units; (12) tectonic faults;
(13) productive sequences of zeolitized tuffs at the Yagodninskoe deposit; (14) sampling site.
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Fig. 3. Opened sequence of zeolite rock at the Yagodninskoe deposit.

Heap of zeolite Zeolite mass
reaches 6 m. The rocks have been intensely altered by
hydrothermal solutions; the concentration of zeolites
varies in the range 27‒80%, with the mean concentra-
tion being 50%.

The second horizon consists of vitroclastic zeo-
litized tuffs whose mean thickness is 14 m. The rocks
are compact, have high strength, are monolithic, and
are light-green and whitish in color. The concentra-
tion of zeolites in this tuff horizon varies in the range
34–98%, with the mean being 72%.

The third horizon consists of tuffs dominated by
litho–vitroclastic different-sized varieties. It can be
followed through the entire deposit. The thickness of
the horizon is rather constant, varying in the range
31–47.6 m. The distribution of clastic material in the
tuffs is nonuniform, the color range is diverse: green-
ish, greyish, brownish, and pinkish. The lithovitro-
clastic tuffs have psephitic and psammitic texture. The
secondary alterations in the tuffs are seen as intense
zeolitization. The concentration of zeolites over the
horizon varies between 20 and 100%, with the mean
being 65%.

The upper horizon mostly consists of vitroclastic
tuffs. Its mean thickness is 17 m. These tuffs are dense,
high-strength rocks with greenish, occasionally pink-
ish, colors. They typically show large-block jointing.
The tuffs are intensely zeolitized and argillized. The
concentration of zeolites in the tuffs varies in the range
30–92%, with the mean being 73%. It is this horizon
that was the target of field surveys and sampling.

It should be noted that the zeolitization of acid tuffs
is areal in character at the deposit. The acid tuff
JOURNAL OF VOLCANOLOGY AND SEISMOLOGY  V
sequence within the area of exploration is penetrated
by small extrusive bodies that are confined to tectonic
faults striking northwest and northeast. The sequence
consists of perlites and fluidal rhyolites. The deposit
was found to contain a series of faults striking west,
northwest, and northeast, and a zone of intensive rock
cracking.

The formation of zeolites is related to the action of
hydrothermal solutions on the primary acid tuffs and
perlites, producing zeolites in volcanic glass.

In the 1990s the deposit was developed, and pro-
duced an insignificant amount of zeolites from a pre-
pared industrial area (Fig. 3). At present the deposit is
registered, but is not being developed. The reserves of
raw zeolite material are 7.2 million tons of category
А + В + С1 and 12.4 million tons of category С2.

In addition to zeolite raw material, the area of study
contains the eponymous deposits of perlites and active
nutrient additives, but no extraction is presently done.

MATERIALS AND METHODS OF STUDY

The dataset for this study consisted of over 30 kg of
samples consisting of zeolites, perlites, and volcanic
rocks of varying degrees of zeolitization. The rocks
were sampled by the team of IGEM RAS at the
Yagodninskoe deposit in 2022.

Mineral compositions were determined using
X-ray diffraction and an ULTIMA-IV diffractometer
manufactured by Rigaku, Japan; the operating mode
parameters are 40 kV, 40 mA, copper radiation, a
nickel filter, the range of measurement was 3°‒65°2θ
at a step of 0.02°2θ; a semiconductor detector of the
ol. 18  No. 3  2024
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Table 1. The mineral composition of Yagodninskoe rocks, wt %
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Perlite – – – 5 90 5 –

Zeolite rock 69.3 – 14.1 – 7.8 8.8 –

Zeolitized tuff 40.7 14.8 4.0 2.9 4.2 18.1 15.3

Smectite nest 23.4 34.2 – 1 5.1 26.4 9.8
new generation (DTex/Ultra), the scanning rate was
5°2θ/min. The results were analyzed in accordance
with the recommendations described in (Drits and
Kossovskaya, 1990; Moore and Reynolds, 1997).

Quantitative mineralogical analysis was performed
by the Rietveld method using the PROFEX GUI pro-
gram package for BGMN.

The concentrations of rock-forming chemical ele-
ments were determined in samples by the method of
X-ray f luorescence analysis (XRF) using an Axios
Advanced PANalytical sequential spectrometer
(Netherlands). The spectrometer is equipped with a
4 kW X-ray tube with an Rh anode. The maximum
voltage at the tube is 60 kV; the maximum anode cur-
rent is 160 mA. The loss on ignition was determined at
1000°С, in atmospheric air until the sample achieved
a constant mass.

Specific surface area was determined using a Qua-
drasorb SI/Kr installation. Adsorption was carried out
at the temperature of liquid nitrogen (77.35 K). The
adsorbent was nitrogen with purity 99.999%, the vol-
ume of measuring cells was calibrated using 6.0
(99.9999%). The surface was calculated using the BET
method based on several points of the isotherm in the
range of P/Ps between 0.05 and 0.30. The samples
were first dried in a vacuum installation at 100°С
during a definite time (5‒24 h), depending on the
properties of the original samples.

The cation exchange capacity (CEC) was deter-
mined by the method of multiple replacement of
exchange cations with ammonium chloride. The com-
position of exchange cations in the solution was deter-
mined by the ICP-MS method.

Scanning electron microscopy (SEM) was con-
ducted on a sample coated with carbon (15 nm) using
a TESCAN VEGA 3 SBU microscope equipped with
an OXFORD X-Max 50 X-ray f luorescence energy
dispersive detector with an Si/Li crystal detector. The
accelerating voltage was 20 kV with a current in the
range 3.5–12.2 nA.

THE RESULTS

The main types of zeolites have been identified at
the Yagodninskoe deposit by field surveys and analyt-
ical work.

The first type includes unaltered perlites (Fig. 4a).
These rocks are dark brown to black in color, they are
JOURNAL OF VOLCAN
characterized by a well-pronounced perlite texture,
the surface is covered with a series of concentric and
radial cracks produced by hydration of volcanic glass
(Fig. 5a). With regard to mineral composition, these
rocks largely consist of an opal–cristobalite phase with
an admixture of feldspar and quartz (Table1, Fig. 6).

Zeolites rock and highly zeolitized tuffs whose con-
centrations of zeolite minerals is 60‒70% include
homogeneous greenish and grey-greenish bedrock
with massive structure and lithoclastic relicts up to 5–
10 cm in length (see Fig. 4). They have a high mechan-
ical strength. The minerals are dominated by clinopti-
lolite and, to a lesser degree, by mordenite and stilbite
(see Table 1, Fig. 6). The admixtures include illite,
cristobalite, and microcline, making a typical associa-
tion for zeolites of hydrothermal genesis. Also, these
rocks typically show perlitic micro texture, but their
groundmass is a cryptocrystalline substance that
seems to consist of clinoptilolite (see Fig. 4).

Zeolites and perlites have an abundance of spheru-
lites (radially structured concretions) and segregations
having the form of crusts. These features have sizes
varying in a wide range, between 200 μm and 1–2 cm
(see Figs. 5b, 5c). However, while the original perlites
can contain large inclusions, the zeolite rock mostly
has micro inclusions. Macroscopically, the spherulites
are dark brown, and have a fibrous, radial structure
(see Fig. 5c). The origin of such spherulites was exam-
ined by Frolova et al. (2017). These authors showed
that such concretions are composed of aggregates of
potassium or potassium–sodium feldspar and micro-
crystalline quartz with inclusions of ilmenite and
hematite; their origin is due to crystallization of acidic,
potassium-containing hydrated volcanic glass during
the postmagmatic period.

The third group of rocks includes zeolitized tuffs
where the concentration of zeolite minerals is 30–
60%. They look like the zeolite rock, since they are
pale greenish, contain numerous inclusions of litho-
clasts and angular variously colored fragments up to
2–3 cm across. In some cases rocks of this type have
brecciated structure where the cementing groundmass
is zeolite. The latter is mostly a mixture of clinoptilo-
lite and heulandite with less abundant mordenite. The
admixtures include smectite, feldspars, as well as illite,
opal–cristobalite, and quartz.
OLOGY AND SEISMOLOGY  Vol. 18  No. 3  2024
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Fig. 4. Macro photographs of samples taken at the Yagodninskoe deposit. (a) unaltered perlite; (b) zeolite rock; (c) zeolitized
tuffs; (d) poorly zeolitized tuffs with brecciated texture.
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Poorly zeolitized tuff breccias are mostly composed

of rudaceous material consisting of classical tuffs

where zeolitization occurred at a lower rate, resulting

in the concentration of tuffs being below 20–30% (see
JOURNAL OF VOLCANOLOGY AND SEISMOLOGY  V
Fig. 4d). The rocks have frequently inherited brec-

ciated structure, while the zeolitization of the original

material has been selective. Micrographs (see Fig. 5d)

clearly show that some fragments of parent substance
ol. 18  No. 3  2024
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Fig. 5. Micrographs of transparent polished sections of Yagodninskoe samples. (a) unaltered perlite; (b) zeolite rock; (c) zeolite
rock (in crossed nicols); (d) a rock fragment replaced with clinoptilolite crystals in zeolitized breccia.
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have been frequently replaced with well-crystallized
zeolite crystals reaching 80 μm in length.

Apart from the four types of rock listed above, there
are zeolite varieties with large relicts of lithoclasts up to
10–15 cm in length, mostly brown (see Fig. 7a), as well
as rocks containing pink nests up to 10 cm across (see
Fig. 7b). The results of X-ray phase analysis showed
that the composition of these nests is consistent with
smectite with an admixture of zeolites, feldspar, and
quartz.

The groundmass of a zeolite rock consists of dense
aggregates with cryptocrystalline texture. However,
JOURNAL OF VOLCAN
pores and voids are observed to contain well-crystal-

lized zeolites of different morphologies. These struc-

tural and textural features are characteristic of all rock

types described above. One encounters both prismatic

and tabular crystals up to 20 μm across (Figs. 8a, 8b),

as well as spherical aggregates up to 20–30 μm in

diameter, which in turn consist of thin-sliced crystals

of a few microns or below one micron in size (see

Figs. 8c, 8d).

All four rock types have high concentrations of sil-

ica (67–72%) and low concentrations of alumina (12–

14%). The titanium module TiO2/Al2O3 for all sam-
OLOGY AND SEISMOLOGY  Vol. 18  No. 3  2024
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Fig. 6. X-ray diffractogram of zeolite samples. (1) perlite; (2) zeolite rock; (3) zeolitized tuff; (4) smectite nest.
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Fig. 7. Macro photographs of zeolite samples. (a) zeolite with an inclusion of a large lithoclast; (b) a smectite nest in zeolite rock.
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ples was below 0.02, thus identifying the samples as

acid rocks (Table 2). The maximum concentration of

silica was found in the original perlites. As well, the

latter typically show high concentrations of potassium
JOURNAL OF VOLCANOLOGY AND SEISMOLOGY  V
(∼5.1%), its concentration in zeolites is 4.5% (see
Table 2).

The ratio between rock-forming elements and trace
elements as shown by the Winchester–Floyd diagram
ol. 18  No. 3  2024



210 BELOUSOV et al.

Fig. 8. Micrographs of a zeolite rock sample. (a) a pore filled with zeolite crystals; (b) tabular zeolite crystals; (c) spherical zeolite
aggregates; (d) thin-sliced crystals below one micron across which make a spherical aggregate.
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(Winchester and Floyd, 1977; Spears and Kanaris-

Sotiriou, 1979) has classified the original parent rocks

as acid rhyodacites and dacites, which is not inconsis-

tent with geological evidence (Table 3).

A study of properties showed that the cation

exchange capacity for the zeolite rock is 205.9 mg-

equi/100 g, with cations of alkaline metals (potassium

and sodium) being the exchange cations (Table 4).

Comparison of the Yagodninskoe zeolites with the

other Russian deposits under development enables

one to state that this raw material has high capacity
JOURNAL OF VOLCAN
properties, and belongs to the most valuable type

(alkaline), unlike the others.

The specific surface area for the Yagodninskoe zeo-

lites is 25.3 m2/g (Table 5). It should be noted that the

method that was employed to measure specific surface

based on nitrogen adsorption can only characterize

the outer surface of particles and the pore space

between them, while the inner channels remain inac-

cessible for nitrogen molecules. The bulk of the sur-

face is occupied by mesopores (>50 nm) and macrop-

ores (50‒2 nm), with their total volume being 84% of

the entire porosity. The micropores (<2 nm) occupy a
OLOGY AND SEISMOLOGY  Vol. 18  No. 3  2024
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Table 2. The chemical composition of rock-forming elements, wt %

Sample LOI Na2O MgO Al2O3 SiO2 K2O CaO TiO2 MnO Fe2O3 P2O5 SO3

Perlite 4.77 3.63 0.10 12.30 72.38 5.10 0.62 0.14 0.075 0.80 0.01

Zeolite 6.29 1.66 0.33 11.85 71.81 4.54 2.27 0.14 0.052 0.91 0.01 <0.01

Zeolitized tuff 7.47 2.42 0.47 14.03 67.47 4.51 1.78 0.28 0.064 1.48 0.01 <0.01

Smectite nest 3.15 1.42 1.11 15.09 70.94 5.16 1.04 0.28 0.141 1.56 0.02

Table 3. The chemical composition of trace elements, g/t

Sample Cr V Co Ni Cu Zn Rb Sr Zr Ba U Th Y Nb Pb As Cl Mo La W

Perlite 193 18 53 3 6 34 115 48 165 695 9 8 14 8 14 <10 757 <5 – <5

Zeolite 9 37 7 6 13 39 63 86 149 821 <5 8 24 7 11 <10 85 <5 – <5

Zeolitized tuff 27 31 <5 10 9 43 104 91 152 719 <5 9 17 8 14 <5 20 <5 24 <5

Smectite test 15 37 <5 6 18 43 63 96 134 946 <5 <5 24 7 16 <5 47 <5 58 <5

Table 4. Cation exchange capacity for some zeolite deposits in Russia, mg-equi/100 g

Deposit

Total Na+ K+ Ca2+ Mg2+

Khotynetskoe, Orel Region 78.1 12.2 18.7 40.1 7.1

Yagodninskoe, Kamchatka 205.9 43.5 71.3 81.0 10.1

Khonguruu, Republic of Sakha 203.4 74.3 7.4 90.4 31.3

4NH ClЕКО

Table 5. Specific surface and the pore distribution over pore size for some zeolite deposits in Russia

Sample
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3
/
g Pore distribution over pore size, %

Micro pores
Meso pores

and macro pores

Khotynetskoe, 

Orel Region
26.8 0.089 3.77 <0.001 14 86

Yagodninskoe, 

Kamchatka
25.3 0.068 8.14 0.002 16 84

Khonguruu, 

Republic of Sakha
13.3 0.042 8.46 <0.001 <1 100
mere 16% of total volume. The mean pore diameter is
8.14 nm. These properties of the surface are compara-
ble with those for the other zeolite deposits in Russia
under development (see Table 5).

CONCLUSIONS

It has been found that the Yagodninskoe zeolites
were largely formed from perlites and tuff breccias. We
identified four main rock types: (1) unaltered perlites
with a characteristic perlite texture; (2) zeolite rocks,
which are greenish and grey–greenish and have mas-
JOURNAL OF VOLCANOLOGY AND SEISMOLOGY  V
sive structure, and where the concentration of zeolite

minerals is on the order of 60–70%; (3) pale green

zeolitized tuffs with massive structure and where the

concentration of zeolite minerals is 30–60%; (4)

poorly zeolitized tuff breccias that consist of ruda-

ceous material and where the concentration of zeolites

is 20–30%.

The rocks studied here typically have inclusions of

dark brown spherulites with fibrous and radial struc-

ture between 200 μm and 2–3 cm across, relicts of

well-reserved brown lithoclasts up to 10–15 cm in

length, as well as pink nests up to 10 cm diameter;
ol. 18  No. 3  2024
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these mostly have a smectite composition with admix-
tures of zeolites, feldspar, and quartz.

The zeolites are mostly clinoptilolite and, to lesser
degrees, heulandite, mordenite, and stilbite. The zeo-
litic groundmass is composed of dense aggregates with
cryptocrystalline texture. The pores and voids contain
well-crystallized zeolites of prismatic and tabular
shapes with size ranging between below one micro and
20 μm (see Figs. 1a, 1b). These occasionally make
spherical aggregates reaching 20–30 μm in diameter.
The cation exchange capacity of zeolite rocks is
205.9 mg-equi/100 g. The exchange complex mostly
contains cations of alkaline metals, which classifies
the zeolites studied here as the most valuable alkaline

type. The specific surface of the zeolite rock is 25.3 m2/g.
The bulk of the surface consists of mesopores and mac-
ropores. The mean diameter of the pores is 8.14 nm.

These results tell us that the Yagodninskoe zeolites
are a high quality raw material whose development will
not only make up for the existing deficiencies in this
kind of raw material in Russia, but will help promote the
development of new high-tech branches of industry.
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