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FOREWORD

This report represents the resultg of 8 year-long USGS contract with Dr.
Edward Erlich, a Soviet volcanologist and petrologist, who emigrated to the
United States from the Soviet Union in 1984. Before leaving the Soviet Union,
Dr. Erlich was a senior volcanologist in Kamchatka, whexe he gpent more than
ten years working at the Institute of Volcanology on Quaternary volcaanlsm and
tectonicg of Kamchatka, This contraet provided a unique opportunity to have
the author's first-hand field experiences and interpretations summarized in
English for the first time, and to have him assemble and translate the major
sclentific papers and current ideas of Soviet sclentists working with calderas
of Kamchatka and the Kurile Islands. Thus, this report represents a rare
opportunity to daugment our knowladge of volcanoeg . of thelNorthwest Pacific
margin that are not accessible to western volcanologists.

This report consists primarlily of descriptive data on Qusternary cglderas
of the Rurile Islands and Kamehatka; details about thelr phyéical'
characteristics, chemistry, age, and origin are di{scussed in the context of
their igland arc setting, Because of its length, and complexity, the
technical content has not been reviewed in typical USGS fashion. Some
chapters have been edited to improve the style of the English; others have not
been edited. Although the report is preliminary in form and does not conform
to USGS style or standards, it is being made available in its present form in
order to expedite it for readers who may be Interested In the information that

it contains.
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ABSTRACT

The body of the report 18 composed of files of data on 2ll Quaternary
calderas of Kuriles and Kamchatka. This enormous set of data for the first
timg provides Western geologists with up-to-date information about data and
ideag of Russian voelcanologists on various aspeets of caldera formation.

Data about calderas of these regions are discussed in the context of the
broad background of island arc geology. Differences in calderss size/type io
normsl island arc and geotectonic systems of the Kamchatka type are
discussed. Evidence suggests that structural position of calderas is
controlled by figsures subsidary to deep-seated strike-slip faults.

Calderas and volcano-tectonic depressions are divided into two
genetically—-opposite groups: omne is connected with decreasing magma pressure
within the magma—-generation zone In the Upper Mantle, and another is related
to increasing magma pressure during the process of the ewmplacement of magma
{ntrusions in the upper horizong of the Crust. The first group of processes
produces great volcano-tectonic depressions, that are connected either with
great basaltic volcanoces (Fudji, Etna, Tolbachik, Veniaminoff, Big Island of
Hawaii), or with bi-modal basalt—dacite/rhyolite rock series (Zhupanovsky,
Semiachik, Iehingky). Calderas of the second group are divided mainly by
composition of voleanic rocks on structures connected with silicic and
basaltic volcanism.

Among giliclec calderas, several types are recognized based on types of
caldera-forming eruptionsg:

!+ Calderas without any significant eruptions during the ‘caldera- forming

stage (Khangar, Aniakchak, ancient Hakone caldera);

2. Calderas connecred with emplacement of ring complexes of extrugive
domes (Bolshe—Banny, Harocharo type);

3. Calderas assoclated with ignimbrite eruptions (Uzon - Long Valley
type); »

4. Calderas associated with pumice airfalls (Mashu—-Karymsky or Crater
Lake type);

S« Calderas at which the first phase of eruptions consisted of dacitic
pumice and the last stage consisted of basaltic scoria (Ksudach—-Osghima
type).

No lateral blasts are known in connection with all these types of
calderas; latera) blasts with gubsequent swall collapses and landslides
normally occur at andesitic strato-volcanoes.

Basaltic (Hawalian) calderas are assoclated with drainage of central
magma chambers into regional en-echelon systems of fissures (rift zonesg). As
a result of refraction of regional faults, the strike of these rift zones
changes on the constant angle after {ntergection with the central magma
chamber.

Two petrtological aspects of the caldera problem are discussed: the
Mantle origin of gilicic volcanic rockgs and the influence of the trend of the
calc—alkaline volcanism on the compogition of the magma-generation zone.

Greatest Quaternary silicic calderas in the Circum Pacific were formed
during a series of short episodes that coincided with sharp intensification of
the rate of mountain—-growing process and different stages of glaciation.



Due to its complex character the report proposes new concepts of caldera
origin and classification, and permits to assessment of different types of
calderas and volcano-tactonic depressions for different types of ore deposits,
and geothermal fields and allows the possibility of improving methods of
volcanic and selgsmic hazards assessment.



INTRODUCTION

Presented work 13 prepared on the contract granted by USGS through
Geoexplorers International Inc. (Dr. J. Krason, President). By the terms of
the countract tha followlng tasks are to be performed:

1. Preparation of a bibliography, in English, of pertinent literature on
calderas of the Kuriles and Kamchatka, with a supplement contsaining
Rusgian-language literature about calderas of Japan and the Aleutians,

2. Review information about Kamchatka and Kruile calderas that {8 presently
in the Smithsonian Volcano Reference File, checking for accuracy and
completeness.

3. Preparation of a dossier on each caldera of the Kuriles and Kamchatka, A
geologicl map should be included in each dossier, if available. Each
caldera should be considered as a volcanic center, aud information about
volcanoes within and on the rim of a caldera should be included in the
discussion of tha caldera.

4. Preparation of a report that summarizes information from the dossiers, and
draws comparisoons betweeu calderas within the Kuriles and Xamchatka and
calderas ir Japan and the Aleutlians. This comparisoun is not intended as a
comprehengive review of calderas in Japan and the Aleutiang, but rather as
& means to identify significant similarities and differences between
calderas in these four reglons. Speclal attention should be given to
differences In calderas within volcanic arcs, across transitions from
oceanle to continental crust, and In different tectonic settings.

5« Visgit USGS centers in Menrlo Park, Denver, Reston, Flagstaff, Vancouver,
Hawsil, and Anchorage, as appropriate to discuss this study with
scientists In those centers and to give lectures on volcanism in the
Kuriles and Xamchatka. '

Due to these demands the main part of the presented report consistsg of
degcriptions of all calderas within both regions—Kuriles and Kamchatka. In
the gsame time author wanted not only to compile all existing data, but also to
introduce to readers leading ideas, connected with Quaternary calderas, thelir
structure and origin, developed in process of study in Xurile—-Kamchatka ares
in order to give to readers exigting approach to some problers, connected with
tectonic setting, deep structure, evolution of volcanism, petrology of caldera
complexes and so on,.

By this meansg systematic desceription of calderas 13 preceded by
discussion of structural setting of calderas (combined with some, necessary
for digcussion, geodynamic aspects of normal island arcs (Ruriles, Aleutiaug)
and Kamchatka-type geotectonic systems (Kamchatka, Japan, Alaska). Chapter IV
is devoted to some regularities of temwporal distribution of Quaternary
calderas and associated with them volcanism. Chapter V—to some petrologlcal
problems, connected with calders volcanism. In conclusive Chapter VI, an
attempt to analyse types of calderas in cthe Northwest Circum—Pacific, mode of
their origin and regularities of spatisl distribution in dependance with
geotactonlic positon is made. Bibliography to Chapter II and IIT pertinent
literature on calderas of the Kamchatka and Kuriles form appeundix of the
report,

By the terms of the contract, author visited USGS National Center,
Reaton, Virginia, USGS centers in Menlo Park, California, Hawall, Anchorage,
Alaska, Cascade Volcano Observatory in Vancouver, Washington. 1In all these
centers and 2lso in USGS center in Denver, Colorado, has given lectures about
specific features of Quaternary volcanigm in Kuriles and RKamchatka in
comparison with other regions of Circum—Pacific and digcussed the main



problems of caldera geology. Author participated in the USGS workshop on
geothermal regources in the Cascade Range (Menlo Park, May 22-23, 1985).
Vigit to USGS center Iin Flagstaff, Arizona, was rejeected by Dr. Krason in
order to preserve money to complete report.

Report was prepared with the close cooperation of U.S. Geological
Survay. Content and leading ideas of each chapter of the final report have
been discussed with USGS personnel in Denver.

One of the greategt difficulties in compiling this was the absence of
topographic maps. Due to existing regulations regarding the publication of
topographic matertials in the USSR, scale and geographical coordinates are
abgsent for the most part on the maps and schemes. FEven by combining the
materials of different published maps, author was unable to compile any new
maps. In all cases, where posgible, author pet an approximate scale on
existing maps.

Main stages of caldera study ln Kuriles and Kamchatka.

For the first time all material regarding calderas in the Kuriles and
Kamchatka were compiled during the preparation of a catalogue of active
valcances of these reglons (Vlodavets and Piip, 1959; Gorshkov, 1958).
Specific features of all materials avallable at this time were used and each
volcano has been studied separately. Any speclal atudies of a group of
volcanoes, their structures, and evolution of volcanism, are rare.

A new stage of study was started at the end of the 19508 and the
baginning of the 1960s. It 18 connected with two events — 1) The active
geothermal exploration in the regions and: 2) the organization of the Intitute
of Volcanology, Petropavlovsk in Ramchatka, and Sakhalin Complex Research
Ingtitute, Yuzhno-Sakhalinsk (both associated with the Academy of Sci., USSR).

In the first years of the Institute of Volcanology existence, a series of
works were produced in the fields of Quaternary volcanie belts geology: work
on regional stratigraphic scheme, baged on the correlation between volcanic
and glacial processes (Braitseva and others, 1968), works on tectonic setting
of Quaternary volcanlc belts, evolution of the Quaternary volcanie process,
descriptions of volcano-tectonic structures, development of great volcanic
groups, and gpecific descriptive features of petrochemistry and the evolution
of caldera volcanism (Erlich, 1965, 1966, 1966a).

At the same time at least two very important works were produced in the
field of caldera studlies: 1) Complex geophysical study of Avacha volcano
(Steinberg and others, 1966) and: 2) Gravimetrical studies of different
calderas, resulting in gseveral papers written by principal investigator in
this field, M, I. Zubin with different coauthors.

All works were submitted to the Oxford conference on "The roots of
volcanoes” In 1969, a report on Quaternary calderag in Xamchatka, published in
1972 (Eriieh and others, 1972).

The next step 1o the atudy of calderas in Kamchatka was the complax study
of the Uzon — Geyzernaya caldera (Naboko, ed., 1974). This work wasg gtarted
due to the interest In geothermal potential of this region and the findings of
a gserles of recently formed ore minerals in geotherms.

The tendency to produce complex descriptions has continued through the
19708, when materials about volcano-tectonic structures (Paughetka, volcano-
tectonic depression; and Karymsky ring volcano—tectonie structure) were
published (Masurenkov, ed., 1980, 1980a).

The quantity of works produced on the Kurile calderas were small due to
the lack of trangportation into the region., Practieally all data for the
Kruileg ware summarized in monograph of Gorshkov, published in Englisgh in 1970




(Gorghkov, 1970). Degcriptions ligted below are mainly on this monograph with
some additions on stratigraphy or Quaternary volcanic sequences made by
Melekeatsev (Luchitsky, ed., 1974), and additional geophysical and
petrological data of scientists from Sakhalin Complex Regearch Institute.

Terminology accepted

Terminology used in the caldera study of the Kurile—Xamchatka region 18
very uncertain, In the beginning the term "caldera”™ was applied to structures
of different origin, mainly as a geomorphological term, which mesns any kind
of depredsfon in rellef created undexr the influence of a volcanic process.

The distinction between the termws “crater,” "caldera,” and "volcano-tectonic
depression” 1s undefined. The basic difference between the termg "caldera”
and “"volcano-tectonic depression” 1s mainly the size of the structure and the
character of its agsoclatlon with certain volcanic edifices. The inherited
gtructuresg, located on the summit of a single volcano, are termed “"caldera,”
and for large ring depressions which cut the formations different in age and
nature the term “"volcano-tectonic depression” 1s uged.

The digtinction between the terms “caldera” and "“crater” were made by
Russian volcanoclogists based on the size of the gtructures. Structures with a
diameter of more than 2 km are labeled calderas, and less than 2 km are
considered craters. Japanese suthors (Aramaki, 1977) also adhered to this
definition. Although some authors emphagized genetic differences between
craters and calderas (Markhinin, 1964; Luchitsky, 1971), they do not indicate
just how this distinction was made, Due to 2ll the uncertainities, the author
has followed the terminology accepted in publications regarding each caldera.

Main ideas about calderas clasgiflcation and origin

The first Rugslan clasgification of calderas was published by V. I.
Vliodavets (1944) and was mainly a geomorphological classiffcation. The most
influential 1dess about genesis and classification of calderas sccepted in the
USSR were produced in the works of H. Williams (1941). Later the.main ideas
of this work was rewritten in Russian by E. K. Markhinin (1964). In the amid~
19508 significant influence on caldera studias were produced by descriptions
of ignimbrites and welded tuffs around a series of calderas in Kamchatka and
the Ruriles. These works were published in English and edited by C. S. Ross
(1964). In the mid-1960s papers by R. L. Smith (1960), C. S. Ross and R. L.
Smith (1961), became very popular smong Russian volcanologists. Constant
aggociation of silicic calderas with {gnimbrites and pyroclastic covers and
1deas developed from a study of the Bezimianny volcano eruption in 1956
(Gorahkov and Bogoyavlenskaya, 1965), lead to overestimation of the role of
blasts and outflow of pyroclastic material, and the role of tectonics was
underestimated for the Kurile calderas (Gorshkov, 1970).

It should be noted that landslides are not widely accepted among Russian
geologists., Landslides on certain volcanoces are described as sectorial
grabens on volcanic edifices.

The ideas of R. L. Smith and R. A. Balley (1968) regarding resurgent
calderas have become widely recognized.

In thig work, the author tries to exclude all atructures of uncertaln
origin, That 1s why descriptiong of sgtructures on Bezimianny and Sheveluch
volcanoes, formed by a combination of blasts and landslides, are excluded.
Calderas on some volecanoes (Anaun, Bakening), have not been described because
their exigtence hag not been confirmed by following works.




Bagis for volecano stratigraphy

Potential readers of this report must bare in mind that stratigraphic
studies in volcaunic regions uvp to the present time, were based on correlation
of volcanic process with two stages of Upper Pleistocene glaciations. Traces
of so~called "maximal™ Middle Pleigtocene glaciation are very rare and
uncertain., Quantity of paleomagnetic studies is limited. The same is true of
the quantity of radiometric, R—-Ar in particular, data of Quaternary and even
Neogene volcanics avallable in both ragions. Volcanic rock dating was started
in the mid-19703 by a series of tephrochronological works {n Ksmchatka
(Braitseva and others in different combinations), but quantity of radiocarbon
dates existing up to now is still ingufficient.
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CHAPTER 1

SOME ASPECTS OF GEODYNAMICS OF THE RURILES AND KAMCHATKA AND
STRUCTURAL POSITION OF CALDERAS

Speaking about structural position of calderas within the region under
consideration we have to discuss separately two different types of tectonie
systems: normal island arcs (Ruriles, Aleutians) snd tectonic systems of
Kamchatka type (Kamchatka, Alaska, Japan). General features of rthege two
types of tectonic systems have been discussed by the author previously
(Erlieh, 1973; Erlich and Gorxshkov, 1979). Terms "normal 1gland arcg™ and
“"Ramchatka—-type geotectonic aystems”™ in some ways correspond with terms
"intra-oceanic” and "Andean type” island arcs; but in defining “normal island
arcs”™ and "Kamchatka—type geotectonic systems”™ not only the type of the crust
iz considered, but also geological features such as height of tectonic relief,
gonality of structural elements, selsmicity, volcanism, etc. There is now too
much apeculation about the nature of these systems. I do not want either to
go too far in discussion about different opinions on the structure or to
create any new gpeculative theories, but rather to make an attempt to discuss
from the very beginning ({f it 1is still possible) the simplest geological
facts and connectioung between the most obvious features.

Now practically all types of connections between volcanic belts and
different structural elements have been discussed. On this subject, in the
Rurile - Kamchatkas reglonsg, different types of structural elements—-—deep
geated structure by geophysical data (Steinberg, 1966), on opposite—~
morphostructure (Erlich, 1965), have been examined. And none of them give a
universal decision of the problem. :

In this situation the main attention has to be put on an attempt to
reconstruct geodynamie conditions of locaiization of great volcanilc centers,
These can be reconstructed mainly on the base of analysis of gpatial
distribution of different types of structural elements. Besides this in
gpecific conditions of recent island arcs and tectonic systems of the
Ramchatka type, great advantage in discussion of this problem ig provided by
now existing tectonlc activity, in particular earthquakes.

NORMAL ISLAND ARCS

Kuriles - trangvergal and longltudinal zoning.

The most characterigtic feature of the structure for all normal island
arcs, such as the Ruriles, i3 a transversal zoning In the digtribution of the
main structural elements: 1.e., oceanic trench - linear uplifted belt of the
outer non-volcanic arc (Lesger Kuriie Chain of Islands, submarine Vityaz
Ridge), linear uplifted belt of the inner, volcanic arc (Great Kurile Chain of
Islands) and rear deep-water basin of the marginal sea (Kurile depression of
the Okhotsk Sea) (Fig. 1). Contact between inner and outer arcs is along the
so—called Mid-Kurile deep—geated fault which coinclides with the rear Benioff
zone boundary. Along it is observed as a narrow (15-30 km) depression in
which recent accumulation of sedimentary and volcano-sedimentary rocks 1is
found. ’

Besides the transversal zoning for the Ruriles 18 also very
characteristic longitudinal zoning in the distribution of gtructural
elements. Intensity of the recent uplift reflected in the height of recent
tectonic reflief changes, for example. TIn the central iglands of the arec, no




F{g. 1 - Map showing the recent structure of the Kurile Islaunds Arc - from
Exrlich and Gorshkov {1979).

1 - Ocean floor - thalassocraton; 2 — rawmpart—-like uplift of the ocean
floor along the outside of oceanic trenches; 3 - oceanic trenches; 4 — zoae of
developmeat of fault dislocations in the area of downwarp of M discontinuiry
on the contirental slope; S — Horst—-anticlinal uplift zones of Preneogene
conplexes in submarine topography; 6 - subaerial horst—anticlinal zomnes.
Troughs between the volcanlc belt and the geanticlinal belt of the extermal
are; 7 — Recent, reflected topography; B —« Neogene. Sites of advauocing
troughs of Oligocene-Neogene age, analogues of racent trenches; 9 - drawm into
the uplifts of Quaternary time; !0 ~ zoue of continental sedimentation of
Quaternary time; 11 -~ being a zone of marine (shelf) sedimentation of
Quaternary time. 12 - relics of ceantral nmassifs composed of metamorphic
terralns; 13 - aaticlinal basemeat folds. Sites of 0Oligocene—Neogene volcanic
beltg drawn into rhe process of uplift in Quaterumary tipe; 14 — in gubmarine
topography; 15 - subaerial zones of arched uplifts,

Sites of grabens and graben-synclines composed predominately of; 16 -
Quaternary volcanic rocks; 17 — complexes of loose Quaternary sediments; 18 -
pumlces and {ignimbrites; 19 - recent rear troughs of marginal seas; 20 -
peneplaned zones of rear troughs of Neogewme time; 21 — area of shelf seas; 22
— surface trace of seismofocal zoune; 23 — crustal flexure at the ocean—
coptinent contact in regions where the trench 1s abgent; 24 - gtrike-alip
faults with considerable shear component in Upper Pleistocese~Holocene; 25 —
faults, active in Upper Pleistocene-Holocene; 26 — faults of unknown
displacement; 27 - volcano-tectounic fault zones; 28 — shield-1itke volcanoces of
basalt-andesitic composition without calderas: a) active, b) extinct; 29 —
caldera-volcanoes: a) active, b) extimet; 31 - shield volecanoes and
stratovolcanoes of basaltic zowpositions: a) active, b) extinct; 32 =
submarine volcanoes; 33 — coral reefs; 34 ~ zomes of flood basaltic volcanism;
35 - vent alignments,
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outer arc is present. As a regult, this part of the system resembles a normal
gingle—arc structure, which to the north and to the south is replaced by
typical structure of double—arc systems The level of elevation of part of the
central Kuriles, which corresponds with outer arc, coincides by absolute
height with gurrounding continental slope. Horst uplifts of the Neogene
bagsement in the central Kuriles (excluding Simushir Island) are practically
absant. The southern part of the Great Rurile Chain is probably the most
uplifted part of the arc., Here are located the longest and in the same time—-—
highest block uplifts of the Neogene basement. Along the southern group of
the islands is located the most elevated part of the outer arc—--Lesger Kurile
Chain of Islands. On the northern group of islands, borst uplifts of the
Neogene bagement are also developed, but in a2 lesser degree in comparison with
the southern group. :

In accordance with varying degree of uplift, thickness of the c¢rust also
changes. In the northern and southern igland groups the crust is 18-25 km
thick, but in the central group it 18 only 13-15 km thick and of transitiomnal,
suboceanic type.

Very important also are changes in strike of different parts of the
arc: southern and central parts of it are elongated N4SOE and continue
directly structures of the north—east Hokkaido. The morthern group of the
islands form rows of north-south strike, which continue directly gtructures of
southern and central Kamchetka. Both differently-oriented parts of the arc
are broken by system of faults and strike-slip faults with north~wegt and
eagt—west gtrike. As a result, there is a complex configuration of the block
of the arc elong the strike. At the same time, strike of the trench changes
continuously giving to the whole system arc-like shape.

Geoanticline of the outer belt by geophysical data is characterized by
very uniform types of fields——-incressed anomalies of wagnetic field A T and
high positive gravity anomalies in the Bouguer reduction. Thickness of the
Earth's crust i{s also increasad and in general belongs to the continental
types (Rosmingkaya and others, 1963). Uniformity of geophysical
characteristicg indicate probable uniformity of geologlical structure. Lesser
Kuriles TIslands are composed of sedimentary-volcanogenic terranes of the Upper
Cretaceous—Paleogene time, so it {s very probable that the same deposits were
developed over all of the outer arc geoanticline system. Any traces of recent
or even Neogene volcanic activity are absent.

Some features of Benioff zone structure.

All territory between the trench and the geocanticline of the outer arc is
characterized by the presence of shallow earthquakes foci (not more than 50
km), which represents the intersection between Benioff's zone and the Earth's
surface., Speaking about earthquakes distribution within this belt, it is
important to emphasize several gpecific features:

a8« The ouvter boundary of the Benioff zone does not coincide with
boundary of the oceanic trench, but rather liles parallel to it at a distance
of 20-30 km (Fedotov and others, 1966);

b. Inner (rear) boundary of the Benioff zone is very sharp and coincides
with the Mid-Rurile deep—seated fault, the boundary between the geoanticline
of the outev arc and linear depression which divides it from the imnner, are
geoanticline;

10



¢. By seigsmological data of Averianova (1968) the strip between the
trench and linear uplifted belt of the outer arc is characterized by right-
lateral strike-slip faults., In western strip, which coincides with the outer
arc geoanticline (Lesser Kurile Chain and Vityaz Ridge) left—lateral gtrike-
glip faults prevailed. The wain horizontal vector of compreggion within
earthquakes foeci 18 of east-west strike,

Data about longlitudinal zoning of the Xurile arc tectonic system
coineides with data of Averianova (1968) that maximal depth of earthquakes
focl incraased from Xamchatka southward to the north and central Kuriles
(depth of earthguakes foci in this block changes from 100 km up to 600 km),
and another block, from Hokkaido northward to the south and central Kurilles
(depth of earthquakes focl changes in this block from 300 km up to 600 km)
(Fig. 2). The same study shows difference in gtrike of vectors of compression
within earthquakes foci near the south and the north Xuriles: rear boundary
of the northernm block is cut by fauvits, which dip to north-nmortheast, and rear
boundary of the gsouthern block is cut by faults s7ith the same strike, which
dips to the southwest, 1.e., in the opposite directions,

Shallow earthquakes foci to the west of the Mid—-Rurile deep-seated
strike-slip fault are rare or gbsent (Fig. 3). Earthquskes foel with
intermediate depth are distributed in the form of strips on mainly eagst-west
strikes.

Recent structure of volcanic belt. :

Inner, Great Rurile Arc, has subsided since the Qligocene, interrupted by
short impulges of uplift. Totel thickness of rocks accumulated during this
time interval 18 about 8,000 m. Sadimentation has plsce in environment of
comparatively shallow sea. About 80% of thils sequence is of voleanogenic
origin. Quantity of lavas reach 30% of the total thickness. Volcanism was
accoupanied by formation of geries of small granitoid intrusion with
radiometric age 4 to 6 million years (Firsov, 1964). Zone of the Great Xurile
arc i1s characterized by lesser in comparison with outer arc, thickness of the
crust, lesser meanings of anomalies of magnetic and gravity field (Kosminskaya
and othexs, 1963). TFor the recent structure of the Grest Kurile Are is
characteristic en-echelon distribution of elevated blocks or folds, formed by
Neogene volcanogenic calec-alkaline rocks, and comparatively subsided areas,
occupled by chains of Ousternary volcanoes. Amplitude of uplift in guch
elevated blocks within the Great Kurile Arc is equal 200-700 ameters. Average
elavation of the roof of pre—Quaternary basement in gubgided blocks is around
sea level., Streitsov (1970) ghows that elevated blocks within the Great
Rurile Arc are represented by a2 kind of drag—folds. Axis of these folds are
regularily oriented under the angle 30° to the strike of Mid-Kuriles deep-
geated fault. Streltsov connected what appeared to be regularity of
horizontal movements along this fault zone, which in his opinion represents a
kind of strike-slip fault. Continuing with his idea it is possible to state,
that echelons of Quaternary volcanoes, which divide these folds, occupy place
of subsidfary open (or at least with tendency to opening) fissures, origin of
which 18 also connected with horizoontal movements a2long the main zone of the
gstrike—-glip fault. Subsidiary character of these fissures lead to very
regular changes in the degree of opening along the strike of these fisgures,
which Influence strongly the type of magma evolution, especlally in the
behavior of volatiles. .
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Pig. 2 - The longltudinal section of tha Kurile-Kamchatka selsmofocal zome
(after Averianova, 1968). The areas within which the total energx teleased in
the earthquake foci fa 1911-1963 wich M 2 § in the area of 900 km“ IS8 1019
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Fig., 3 - Mzp of the density of earthquake epicenters iop the Furile-Kamchatka
zone - from Erlich and Gorshkov (1979).
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From all these data follow, that Mid-Rurile deep—seated strike-slip fault
is the main structural line within this tectonic system — line, which divide
the strips absolutely different in geologlcal history, deep structure and
dynamic conditions. General scheme of geodynamics of the southerm and central
Rurileg, inferred by these data is shown on Figure 4,

As mentioned above, to the west of the Great Rurile Arc i3 located deep—
water (depth more than 3,000 m) basin of the warginal sea--so-called Kurile
basin of the Okhotsk sea. Sedimentation here has place in uncompensated form,
which ig fixed by the sudden increasing of the depth of the Okhotgsk sea. From
deep seismic refraction data, thicknegs of the Earth’'s crust here 1s decreased
and does not exceed 13~15 km (Kosmingkaya and others, 1963).

All these connections and facts can be explained {f 1t will be inferred
an ldea, that the tectonic gystem of the Kurlle Island Arc is not uniform, but
rather was formed as a result of developing along the strike of two
independent tectonic systems: one, which includes southern and central groups
of islands as a result of expanding along the strike of the geotectonic
gystem, connected with north-eastern Hokkaido, another, which includes
northern and partly central group of islands is probably the result of
expanding along the strike of the Kamchatka tectonic system. The central
group of islands probably was formed on the late stage of development of thege
two tectonic systems.

4bgolutely the same features of structure are characteristic for the

Aleutian Island arc and other island arcs of normal type (Erlich and Gorshkov,
1979).

Structuyral distribution of the Quatermary voclanoes.

Belt of Quatermary volcanoes inherits 1ts position from the Neogene
volecanlc belt. Chailns of volcanoeg are distributed in en—echelon manner and
are divided by uplifted blocks composed by Neogene volcanics.

Now it is known (Gorshkov, 1970; Markhioin, 1967) that development of
Quaternary volcanoes in Ruriles took place in the form of three or more cycles
of activity. By idea of D. S. Stratula (1969) (Fig. 5) .following from the
“base” to the "summit”™ of each volcanic echelons, i.e., in dependence with
distance from the Mid-Rurile deep—seated fault, 1t is possible to observe
decreasing of the volcanic process intensity in time, however it is
approximately equal during each certain cycle. 1In parsllel, age and chemical
composition of voleanic rocks changed. This regularity has no counnection with
the thickness of the Earth's crust, Stratula indicates that: a. All
volcanoes which started their development in the Holocene time are located on
“supmits” of the echelons, 1.e., on the longest distance from the Mid-Kurile
deep-geated fault; b. Among known 20 volcanic centers which stopped their
development in Pleistocene, only one {8 located on the summit of an echelon;
c. Among Holocene volcanoes about 40-50% are located on the “summits” of
echelong, and only 1-5% on the "bage” of 1it.

Among 37 historically active volcanoes of Kuriles 18 (about 50%) are
located on "summits” of echelons and only 7 (25%) on the "bases™ of 1t.

In order to illustrate changing of the average chemfcal composition along
achelons, Statula indicates that following the chain Golovnin ~ Mendeleev -
Tiatia volcanoes from bzse to summit, the average silica content changes from
61.4 to 57.6% and gt last to 52.2% accordingly. At the same time along the
chain Ushishir-Rasshua-Matua—-Ralkoke the same figures are: 60.4 — 56.3 ~ 53,1
- 51.5% accordingly. Structures of volcances along echelons become more and
more complicated with distance from Mid-Rurile deep-seated fault. So chain
Zavaritsky Caldera—Prevo Peak consist of three volcanoes. Among them

14



Fig. 4 - Scheme of the dynamics of formation of structure of the southern and
central part of the Kurile Arxc.

1. The plate of the crust where stress ls released generated during relative
motions of oceanic and continental plates: a) Zone of mainly upthrust
movements; b) Zone of mainly fault moverents. 2. Zone of stress release,
generated during strike-glip fault movements along the rear boundary of
thrusted plate. 3. Rear basins of marginal seas. 4. Oceanic plates. 5.
a) frontal boundaries of thrusted blocks (teeth cogs indicate direction of
compresgion); b) rear boundary of the thru sted plarte (cogs indicate subsided
wing). ©6. Faults. 7, Subsidary fissures on the wing of the strike-slip
fault. 8, Drag folds. 9. Direction of movement thrusted plate. 10,
Direction of displacement along strike-slip faults, 1l. Orientastion of
compression: a) aud extension; b) on the wings of the main- fault zomes.

12 The main volcanoes.
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Fig. 5 — Subaerial volcanoes of Rariles (by Stratula, 1969).

a - gactive volcanses; b - extinct volcanoes; c - rows of volcances (by
Gorshkov, 1969, 1967 with some connections); d — isolines of the earthquakes
depth in km. .

Volcanoes:

1. Alaid 2. Vetrovoy 3. Ebeko

4, Bordanovich 5. Vernadsky 6. Fersman

7. Chikurachky 8. Tatarinov 9. Lowmonosov
10. Arkhangelsky 11. Karpinsky 12, Fussa

13. Antsiferova 14, Makanru shi 15. Nemo

16. Shestakova 17. Tao-Rusir 18. Harlumkotan
19. Sinarka 20. Ruantomintar 21. Lovushki
22. Ekarma 23, Chirinkotan 24, Ralkoke
25. Matua 26, Russhua 27. Srtedny
28. Ushishir 29. Ketot 30. Uratman
31. Peak Prevout 32, Ikanmikot 33. Zavaritsky Caldera
34, Milne . 35. Gory-aschaya Sopka 36. Broutona
37. Cherny 38. Brat Chirpoev 39. Desantny

40. Volecanoces of the northern part of the Shokalsky ridge

41, Volcanoes cof the  southern part of Shokalsky ridge

42, Volcanoes of the Petr Shmidt ridge

43. Kolokol 44, Tri Sestry 45. Rudakova
46. Volcanoes of the Krishtofovich ridge

47. Volcanoes of the group of Medvezhya Caldera

48, Tsirk Caldera 49, Demon - 50, Kamuy
51. Sibetoro 52. Group of cones - Torny-Golets
53. Vetrovoy lsthmus caldera

54. Volcanoes of the Grozny ridge

55. Chirip 56. Baransky 57. Tebenkov
58. Machekha 59, Grozny 60. Motonopuri
61l. Burevestnik 62. Bogatyr 63, Stokap
64, . Atsonupuri 65. L“vinaya Past” 66, Urbich

67. Beraturabe 68. Tyatya 69. Mendeleev

70. Golovnin 71. Ruruy 72, Smirnov
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Zavaritsky caldera consists of three nested sommas. Within inner caldera
thare are present small extrusive domes. The first somma is of pre-glacial
age. The gecond was formed during inter-glacial time, and the third one is
Holocene 1n age. The second volcano of this chain-—-Ikanminkot was founded
during Inter-glacial time, Data about its structure are absent., The third
voicano of this echelon--Prevo Peak is a single cone of Holocene sge. Within
echelon Grozny group of cones—Demon volcano, several volcanic msgsifs are
known: Group of cones of Grozny Ridge which wag founded in pre-glacial time
and probably continued wesk activity during inter—glacial time, Vetrovoy
Isthmus Caldera, which was formed during inter—glacial time, group of cones
Torny and Golets arc Late Pleistocene volcanoes.

The same increasing complexity of volcanlc structure 15 observed along
chain Golovnin caldera-Tiatia volcano. In the structure of Goiovnina caldera
there are two nested Pleistocene sommas and several Holocene extrusive
domes. Mendeleev volcano has two sommas, one formed during pre-glacial time
and another formed during interglaciael time, and the internal Holocene cone.
Tiatia was formed in Bolocene and hag simple edifice, which 13 composed of a
somma and inner cone.

The same type of changings are observed in other rows (Milne—-Goryaschaya
Sopka and others).

So calderas — the complex and long-lived volcanic centers are located fin
the bagses of echelons — in dependence with degree of subsidary fissures
openings on the wing of deep—seated strike—slip faults. In the case of the
Kuriles, it {s the Mid-Rurile deep—geated strike-slip fault.

' Structural position of caldera-volcanoes on the Aleutian Island arc is
gimilar a8 in the Kuriles--they are located mainly in the bases of echelons.

RKAMCHATKA AND GEOTECTONIC SYSTEMS OF KAMCRATKA TYPR

General tectonic zoning.

Ramchatka and similar geotectonic systems, have several contragting
features in comparison with normal island arcs (Eriich, 1973; Erlich and
Gorshkov, 1979):

1. Earth's crust in general belongs to normal continental type, as by
‘its thickness (40-45 km), so by development of pormal granitic layer.,

2. Helght of pre—-Quaternary tectonic relief averages 1000-1500 m, i.e.
one order more than within normal island arcs.

3. Usual for normal island arcs zonality of structurazl elements here
become more complex. There appear several zones of horst-anticlines, divided
by graben-syneclinal balts, where pre—Quaternary basement is subsided below
exigting erosional level, and as a rule, below gsea level. About 70% of all
Quaternary volcanoes are located within these graben—synclines (Fig. 6).

4, 1In the frontal and rear zone of the gystem are located linear
depressions, filled by thick (8-10 km) sequences of sedimentary (not volcanic)

rocks. Environment of sedimentation in these sediments changes upward the
sequence frow deep watexr (probably oceanic) to sub-aerial, practically
continental. Age of sediments range from Paleogene up to Pliocene. Based on
all these features these depressiong are congsidered as filled by sedimentary
gequences oceanic trench (frontal depression) and deep—water basin of the
narginal gea (rear basin). This interpretation is supported by the fact that
marginal basin, now exigted in the rear zone of Kurile island arc (Kurile
depression of the Okhotsk Sea) disappeared just near southern Kamchatka.



Fig. 6 -~ Map showing the recent structure of Kamechatka ~ from Erlich and
Gorshkov (1979).

! - Ocean floor - thalassocraton; 2 - rampart—-like uplift of the ocean
floor along the outside aof oceanic trenches; 3 - oceanic trenches; 4 — zone of
development of fault dislocations 1o the area of downwarp of M discontinuity
on the contivental slope; 5 - Horst—antieclinal uplift zoues of Preneogene
complexes in submarine topography; & — subaerial horst-anticlinal zounes.
Troughs between the volcanic belt and the geanticlinal belt of the external
arc; 7 - Recent, reflected topography; 8 - Neogene. Sites of advancing
troughs of Oligocene—Jeogene age, analogues of recent trenches; 9 - drawn into
the uplifts of Quaternary time; 10 — zone of continental sedimentation of
Quaternary time; !l -~ being a zone of marine (shelf) sedimentation of
Quaternary time. 12 - relics of central massifs composed of metamorphic
terrains; 13 - anticlinal basement folds. Sites cf Oligocene-Neogene volcaunic
belts drawn into the process of uplift {n Quatemrmary time; 14 - in submarine
topography; 15 ~ subaerial zones of arched uplifts.

Sites of grabens and graben—synclines composed predominately of: 16 -
Quaternary volcanic rocks; 17 - complexes of loose Quaternary sediments; 18 -
pumices and ignimbrites; 19 - recent rear troughs of marginal seas; 20 -
peneplaned zones of rear troughs of Neogene time; 21 - area of ghelf seas; 22
- surface trace of seismofocal zone; 23 - crustal flexure at the ocean-
continent contact in regions where the trench ig absent; 24 = strike-slip
faults with cons{derable ahear component in Upper Pleistocene-Holocene; 25 -
faults, active in Upper Pleistocemne-Holocene; 26 = faults of unknown
displacement; 27 - volcano—-tectoanic fault zomes; 28 - shield-like volcanoes of
basalt~andesitic composition without calderas: a) active, b) extinet; 29 -
caldera-volcanoes: a) active, b) extiunct; 31 - shield volcauoes and
stratovolcanoes of basaltic compositions: a) active, b) extinct; 32 -
submarine volcanoes; 33 - coral reefs; 34 - zones of flood bezsaltic volcanism;
35 ~ vent alignments.
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5. Por Neogene atructure of these tectonic systems ig characteristic
tectonic zonality which is usual for normal {sland arcs (Fig. 7). But in
Quaternary time the situation was changed and there appeared a2 new type of
tectonlic system gimilar by some important features with normal island arcs
(calc-alkaline volcanism, presence of the Benioff zone) but at the same time
different by other important characteristics listed above.

Elements of deep—gesated gtructure.

Important feature of deep structure of eagtern Kamchatka by gravity data
is that frontal zone of linear horst~anticlinal, which coincide with system of
peningulas on the sastern coast of Kamchatka - Shipunsky, Kronotsky, mchatsky
Mys and Beregovoy ridge 1n southern Kamchatka is expressed in gravity field in
the same way as horst—anticlinal belt of the outer arc of Ruriles (Lesser
Kurile chain — submarine Vitifaz Ridge), 1.e., as a zone of very high gravity
anomalies and increasing thickness of the Earth's crust. The rear boundary of
this zone expresged 1in gravity field as a narrow linear high—gradient zone
coincide with geologically expressed fault zone ou the boundary between
graben—-synclinal which control structural pogition of Quatermary volcanic belt
and linear uplift of horgt-anticlinal uplift., As {n Kuriles, 8o in Kamchatka
this zone coincides with Benloff zone rear boundary, expressed as rear
boundary of the field of high—density of shallow earthquakes foci
distribution., So, as in the Kurile's cage, this zone can be called the main
rear deep~gseated strike—-slip fault zome. This deep-seated fault zone haa the
game position and nature as the Mid-Rurile deep—seated gtrike-slip fault
described above. It 18 pogsible to give to this fault in KRamchatka specific
name~—eastern Kamchatka deep—seated strike-gslip fault.

Frontal deep-seated strike-slip fault zone, which coincides with frontal
boundary of Benioff zone lay on the distance about 30 km from the inner
boundary of oceanic trench (Fedotov and otherg, 1966).

Simultaneously also changes geological nature of different geoanticlinal
belts, If in Ruriles, geosnticlinal belt has the single nature--it is
composed of the Upper Cretaceous-Paleogene volcano-sedimentary sequence, in
Kamchatka only one geoanticlinal belt - geoanticline of the eastern ridge is
of the same nature. The outer geoenticlinal belt is formed as a result of
inversion of the frontal linear depression——previously exigted oceanic trenech,
filled by sediments. Due to inversion and uneven uplift along the strike in
gsome places appear anticlinal folds with the Upper Cretaceous deposits in the
core. Angd the westernmost among these geoanticlinal belts along the morthern
part of the Sredinny Ridge appear on the place of Neogene volcaunlc belt.

As In many geotectonic systems of these type within Kamehatka peninsula
there 18 a rigid block, composed of metamorphic terranes and granitic
intruglons, so—called Medlan Massif, transformed during youngest stages of
development of recently active mobile belt in which it is involved 1n
characteristic Z-1like form (Fig. 8).

For Neogane volcanic belts 1t {s characteristic development along the
strike. As a result the age of the youngest and oldest volcanle rocks changes
along the strike of volcanic belts., So along the single east Kamchatka
volcaule belt the oldast volcanic rocks within the southern Kamchatka graben-
syncline belong to Oligocene, In the eastern Kamchatka graben-syncline the
oldest tocks belong to Pliocene,
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Fig. 7 - Scheme of the Xamchatka tectonic zonation {(after G. C. Vlasov,
1964), 1. - boundaries of tectonic regions;

2. — boundaries of structural—-faciles zones;

3. - assumed Central-Kamchatka deep fault;

4. -~ profiles of DSS (I - 1969, II - 1970-1971).
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Fig. 8 - Z-like deformation of the xigid block in Cemtral Kamcharka (Z
structure).
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All these characteristic features including complex structural zouning
appears only in Pleistocene time. During Neogene Kamchatka belonged to normal
island arcs with single non-volcanic geocanticlinal and volcanic belt. The
last stretched from southern Kamchatka along the easternm boundary of the
Median Maasif and which follow the Sredinny Ridge., Part of this volcanic
zone, which stretches along Sredinny Ridge {s called central Kamchatka
volcanic zone (Viagov, ed., 1964),

Changing of the character and scale of volcanisa.

It has been shown previously, that within geotectonic system of Kamchatka
type the type of volcanism is changed—ingtead of andesitic volcanism of
normal 1gsland arc systems here appear bi-modal volcanism with widespread
bagsaltic volcanism in different forms (shield volcamnoes, stratovolcances and
figgure basaltic volcanism) and silicic volcanism—ignimbritic and pumice
covers, dacitic and rhyolitic extrugive domes. Andesites are present here In
subordinate quantities.,

At the same time changes the rate of magma generation: volume of
synchronous voleanoes of the same type in Kamchatka i1s in order more than in
Kuriles. Comparison between diameter of volcanoes in Ruriles (and normal
island arcs in general) from one side, and Kamchatka—-type geotectounlc systems
from another side show, that within systems of the last type rate of magma
production for the certain time intervals increagses in order (Erlich, 1973
Erlich and Gorshkov, 1979). .

Changings of type/rate of magma production of the same type are observed
in 211 places, where normal island arcs enter uplifted blocks of Ramchatka-
type geotectonic systems.,

If one, for example, will trace Ouaternary volcanism along the gtrike of
Sunda 1sland arc, the first place, where great amount of dacitic pyroclastics
will appesar is the strait between Java and Sumatra, where the famous Krakatau
volcano is located. And on the Sumatra there appear from one side graat
fields of silicic ignimbrites on gouthern Sumatra.and around volcano—tectonic
depression of the Toba Lake, and from another side-—large fields of Soekadana
bagalta. When Tonga-Rermadek island arc system enter the North Island of New
Zealand, there appear great Taupo flelds of siliciec ignimbrites and at the
gsame time linear zones of basaltic volcanism in Tarawera region. When
Aleutians enter uplifted block of Alaska, there appear from one side such
great basaltic volcano as Veniaminof, and from another side such centers of
silicic volcanism as Aniakchak and Ugashik calderas. The greatest on the
Aleutiang Vsevidof caldera appears on the Umnak i1sland which in the recent
gtructure belongs rather to Alagka, not to the normal island arc gystem.

Gevaral distribution of Quaternary silicic volcanism on Kamchatka-type
geotectonlic gystems.

In general the distribution of centers of Quaternary silicic volcanism in
Kamchatka—-type geotectonic systems have two lmportant general regularities:

1. General tendency to location in frontal parts of volcanie belts or in
frontal volcanie belt (in case If a palir of volcanic belts is pregsent in the
region),

In Kamchatka centers of Quaternary silicic volcanism are located in the
frontal part of south Kamchatka graben-sycline, or in eastern Kamchatka
graben—syncline (frontal volcanic belt). In central Kamchatka depression
gilicic volcanism is represented by acid andesites and any Quaternary silicic
calderas are absent, excluding small calderas on Zarechny volcano. Here
present great volcano—tectonic structures, coonected with basaltic volcanism -
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Tolbachik volcano—tectonic depression and Hawalian calderas of Plosky
Tolbachik and Plosky volcano. In rear Quaternary volcanlc zone - Sredinny
Ridge centers of silicic volcanism are rare and of a specific type - with them
are not connected any great fields of silicic pyroclastic products, Here also
present calderas and volcano—tectonic depression connected with basaltie
volcanism.

In north—eastern Japan there are two parallel volcanic zones and all
centers of Quaternary silicic volcanism are located in frountal, Nasu zone, but
they are practically absent in rear Chokal volcanic zone (KRawano, Yagi, Aoki,
1961).

Quaternary volcanoes on north—eastern Hokkaido are located in two eu—
echelon distributed chaing, which continue volcanic belt of the Kurile arc and
distribution of different types of volcanoes remind regularities marked in
previous section of this chapter for normal igland arcs. Caldera-volcanoes
are located 1in the base of both chains. So, Shiretoko—Akan chain nearest to
Kuriles volcanoes are represented by noraml strato-cones and in the south-west
part of the chain are located series of great calderag Kutcharo, Akan, Mashu
and all stratovolcanoes are located Inside calderas (Atsonupuri, Me—Akan, O~
Akan). The game distribucion is characteristic for another, Tokachi-Dailsetsu
chain, located in parallel with Shiretoko-Akan chain, but displaced to north-
wegt 1n en—echelon manner. North—-eastern part of the chala congist of series
gtratovolcanoes and in gouth—west part of {t great Tokachi caldera is located
(Ratsui, 1963).

Manifegtations of Quaternary silicic volcanism on the extenion of two
other normal island arcs which enter Japan, are distributed in the same
manner. :

In Kyushu calderas are located in two linear zoneg — Kirishima, with
three great calderas which overlap each other — Ata, Aira and Xakuto., In
parallel 18 located Unzen - Rudju volcanic zone Iin which at least threae
centers of siliclc volcanism are located: Unzen volcano, Aso caldera and
Kudju ring complex of extrugive domes. On the extention of thils zone in
gouth—western Honshu, group of silicle extrusive domes.

In central Japan on tha continuation of Yzu island arc, Ouaternary
volcanoes are located in two zones — northern Fujl and Norikura zones. And
the greatest centar of silicic volcanism—Hakone volcano 1s located in the
frontal part of the northern Fuji zoune. 1In the rear part of this zone,
basaltic Fujl volcano 18 located in great volcano—tectonic depression,
connected with basaltie¢ volcanism. And Iin rear - northern zone calderas are
absent (Minato and otherg, eds., 1965).

Regularities of distribution of gilicic calderas in Alaska also combine
regularities described for normal island arcs and Kamchatka—-type geotectonic
systems.

Regiong of gilicic volcanism are distributed along recent volcanlic helts
in a dotted-line manmer. So, in eastern Kamchatka, all centers of silicic
volcanism are concentrated within central part of the graben-syncline. In the
same time for the southern and northern part of the graben~~gyncline linear
chalns of stratovolcanoes are characteristic (Erlich snd Gorshkov, 1979). In
north-eastern Japan, within Nasu volcanic zone, two subzones -~ northern and
gouthern, different in scale of silicic volcanism are divided. Within
gouthern subzone calderas and asgsociated with them fields of silicic
pyroclasti¢ rocks are absent. In the same time in the northern Honshu and
southern Hokkaido, within northern Nasu subzone are located series of large
Quaternary calderas such as Towada, Toya, Kutcharo and others with formation
of which great outbursts of siliciec voleanic activity is connected (Rawano,
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Yagi, Aoki, 1961). In south—western Japan all centersg of silicic volcanism
are concentrated on Kyushu (Minato and others, eds., 1965).

In Naw Zealand the central volcanic region is divided in two equal in
lengths, continued each other along the strike: the part from the Bay of
Plenty to Taupo Lake (Taupo—Rotorua zone) where all manifestations of silicic
volcanism are located, and the part of the Tongariro National Park within
which andesitic gtratovolcanoes are located (Grindley, Harringtoun, and Wood,
1959).

Now it {s still difficult to explain the reason of such character of
distribution. Partly it 1s the result of some specific tectonic conditious.
But it i8 possible to mark, that in all cases, when Quaternary volcanic belt
inherit position of the ragion of previous great outburgts of silicic
volcanisw, Quatermary silicic volcanism i3 insignificant or absent.

The strongest outburst of Neogene silicic volcanism in Kamchatka is
observed within the Sredinny Ridge volcanic zone——so-called central Kaumchatka
Neogene volcanic belt, and any great manifegtations of Quaternary silicic
volcanligm are abgent there. In southern Kamechatka it is marked displacement
of the centers of Quaternary siicic volcanle centers eastward in connection
with centers of Neogene silicic volcanism.

The same picture is observed in Japan. 1In south-western Honshu after
gstrong ignimbritic and welded tuffs eruptive activity {n Upper Cretaceous time
gilicic volcanism have place neither in Neogene nor in Ouaternary time. In
north-easgtern Japan epigsode of intensive silicic volcanism and granitoids of
the same age have place exsctly in the southern part of Nasu zone, where
Quaternary silicic volcanism is small in scale. On opposite, centers of
8ilficic volcanism in northern Honshu and Hokkaido superimposed Neogene
andegitic sequences or serles of sedimentary rocks of the game age. In New
Zealand Neogene zone of silicic volcanism in the Koromandel peninsula extinct
after an epoch of strong outbhursts of silicic pyroclastics. Reglong of
Quaternary gilicic volcanism are displaced here along the gtrike in southeast
direction, within recently existed Taupo-Rotorua zone.

So it 1s pogsible to mark, that the main catastrophic outbursts of
8i1licic volcanism occurs only once during one cycle of tectonic development.
It is probable, that this outburst is the reflection of the crust
transformation and it trangition to the stable crust of continental type.
After this process of silicic volcanism (and caldera formatioun) is displaced
to another part of the volcanie zone.

Features which govern structural position of certain calderas in Kamchatka.

As it has been wmentioned above, structural position of all Quaternary
volcanic belts algo i3 changed in Kamchatka in comparisoun with normal island
arcs. Ingtead of series of en—-echelon distributed rows of volcanoes,
characteristic for Kuriles, here appear series of linear graben—-synclinal
zoneg within which about 70%Z of all Quaternary volcanoces and all caldera-
volcanoes (excluding Rhangar caldera and volcano) are located.

In order to understand structural position of calderas in Kamchatka one
needs to put in attention two characteristic featuregs of the structures.

The first 18 specific feature of distribution of earthquakes foci of
different depth In connection with graben—synelinal structures.

Benioff zone of Kamchatka is the direct continuation of the gsame zone of
Kuriles. And for its structure the same characteristic features are typlcal
as we B8aw above. Here it 1g important to emphaize that earthquakes foecl with
depth more than 50 lkm are distributed in form of east—west strips, which
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coincide within horst—anticlinal belts with known strike-slip faults (Fig.
9). Amplitude of horizontal displacement along these zomnes i1s equal 3-8 km.
Within volcanic belts on the continuation of such strike-slip faults lay
practically all long—-lived volcanic centers of southern and eagtern
Kamchatka. On the territory of Quaternary volcanic belts such zones are not
expressed in surficlal geology of volcanlc rocks cover, where are observed
only systems of fissures without displacement, or there is seen displacement
of magma chambers in time along these zones {as in the case of Pauzhetka
volcano-taectonic depression), or deformation of ring complexes of extrusive
domes (as 1in case of Ichingky volcano) 1s observed.

Another important specific feature of spatlal distribution of sflicic
calderas in Kamchatka 1s that within graben-synelinals distribution there are
located around large (20-50 km in diameter) negative Bouguer gravity anomalies
with concentric contour lines (Erlich and others, 1972).

In the distribution of silicic calderas and volcano-tectonic depressions
with respect of such anomalies can be distinguished two cases (Fig. 10): In
the first group, e.g., the Pauzhetka, Great Semiachik, Karymsky and Khangar
coincide with gravity anomalies. Depth of gravity centers of the anomaly-
causing bodles for this group 1s equal 8-15 km. The mass deficlency which
deterwines these gnomalies is around 12x1016g for Rarymsky anomaly and
15x1016g for the Pauzheka and Great Semiachinsky anomalies. The depth of the
top margin of the anomaly—causing body appears in all cases to be about 5-6
km. Therefore the computed parameterg of the anomalies of the group under
discugsion are almost identical which itself indicates the identity of their
nature.

Gravity anomalles of the second group have no correspondence with surface
gstructures., It 1ls characteristic, however, that complex volcanic structures
with a highly differentiated lava composition are located around such
anomalier in areas of high horizontal gravity gradients of gravity field.
Moreover such location ig also characteristie of the largest silicic calderas
and other types of centers of gilicic volcanism. So Taunshits, Unana volcanos
and Uzon are located around periphery of Uzon negative gravity anomaly, while
Opala, Gorely calderas and Asacha volcano are located along the periphery of
the Tolmachev gravity anomaly.

The Uzon anomaly occuples an area of 50x45 km and is characterized by
high intensity and considerable peripherie gradient. The depth of the body,
that caused Uzon anomaly has been determined to be 14-18 km and the mass
deficfency 1s about 200-250x10l6g.

For the Tolmachev negative gravity anomaly the depth of the top margin of
the gnomaly-forming body exceeds 12 km. A characteristic feature of magnetic
field is the presence of a positive magnetic anomaly that connects the Gorely,
Opala and Asacha volcanoes forming a closed polygon. The gilicic calderas—
Opala and Goraly are located on the corners of the polygon and are assoclated
with intenge magnetic anomalies.

The similar characteristics of the negative gravity anomalies, thelr
general connection with areas of silicic volcanism, the subgtantial depths of
the gravity-causing bodies and theilr relatively low dengity with absence of
any connection with gsurficial geological features lead Erlich and his
coauthors (1972) to the conclusion that such anomalies are due to the presence
within the crust of magmatic masses mainly silicic In composition. Such a
conclusion ig confirmed by the negative magnetic anomaly of secular duration
in the srea of Pauzhetka gravity minimum. The eastern branch of this anomaly
coincldes exactly with the negative gravity minimum and according to Pudovkin
can be explained by the presence of a high-temperature mass of the depth of
about 10 kwn.
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Pig. 9 - Density of earthaquakes foci with depth mora than 50 km (Zrlich,

1973).

By the data of Tckarey and others (1968, 1970), Fedotov and others (1967,.

1970), and Averiarova (1968). Isolines of earthquakes focl density for
® quadrangles with side 25 %m, where have been marked: 1 - one; 2 - three; 3 -
five and wmore foci. Vectors of compression within earthquakes foci by data of
Zobin: 4 — with depth 60-70 ¥m; 3 -~ with depth 70-100 km; 6 — with depth more
than 100 km; 7 - inferred strixe-slip faulcs on the boundary between blocks
with different seismicity; 8 — supposed direction of compression; 9 - calderas (a);
and volcano-tectonic depressions (b).




Fig. 10 — Distribution of Quaternary calderas and volcano-tectonic depressions

in Kamchatka - from Erlich and others, 1972,

Key: 1: Rawaiilan-cype calderas; 2: Xrskatau-type calderas; 3: Main
volcano~tectonlc disjunctive dislocations; 4: Zones of negative.
gravity anomalies; 5: Tectonic disjunctive dislocstions; 6: Areas of
continuous development of Quatermary volcanic and volcans—-sedimentary
rocks; 7: Pre—Quaternary rocks.

Arablc numerals: Calderas

Latin numberals: Large negative gravity anomalies

Calderas: 1 — Dalnaya Ploskaya sopka; 2 - Plosky Tolbachik; 3 -

Krasheninnikov; 4 — Uzon-Geyser vailey; 5 - Semlachik; €a — Maly
Semfachik; 6 - Karymsky volcano; 7 - Karymsky lake; 8 — Gorely; 9 -
Opala; 10 - Xsudach (Stubel caldera); 1} - Prizrak; 12 - Rurile
lake; 13 -~ Khangar; 14 — Uksichan.

Negative Gravity Anomalies: I - Uzon; II — Bolshe-Semiachik coinciding with

the same name ring-structure; III - Rarymsky anomaly inside the
Zhupanov ring-structure; IV - Tolwmachev; V - Golygin; VI -
Pauzhetka; YII - Khangar; VIII — Ichinsky; IX - Tolbachik volcano-
tectonic depression.




In the same time calderas are abhsent at any other types of volcanic
centers along active faults, which bound graben-gymclinal structures.
Structural position of calderas and volcano—tectonic depressions Iin southarn
and eastern Kamchatka i{s shown on Figures 1} and 12, respectively.

Structural position of calderas inm connection with tectonic 1lines, which
cut voleanic zone is also very typical for other geotectonic systems of
Kamchatka type. So, great centers of silicic volcanism on Kyushu island
(southern Japan) =~ Unzen volcano and Aso volcano are located on the
intergsection of northeast trending volcanic zone and east-west fault zone.
Similar position is characteristic for the Hakone caldera 1in central Honshu
Island, which 18 located on the continuation of axes of east-west fold system
of RKwanto basin with north-west trending volcanic zone of Fossa Magna
(Gaological Map of Japan in Becale 1:5000,000, 1982). Greatest caldera of
Hokkaido — Akan, is located on the intersection of north-east trending
volcanic zone with north-south trending Hidaka folded belt (Minato snd others,
eds., 1965),

Calderas of the Nasu volcanlic zone in north-eastern Honshu which in
general has north-south strike are located on the eastern edges of the east-
west lines of volcanoces (Kawano, Yagi, Aoki, 1961). So, structural
localization of calderas in Nasu volcanic zone combine featues, characteristic
for both types of geotectonic systems——Kuriles and Kamchatka. The same Isg
typical also for giliclc calderas in Alaska, which also are located mainly in
the summits of the volcanic echelons.

GENERAL GEQODYNAMIC FEATURES OF TECTONIC SYSTEMS UNDER CONSIDERATION

All geological, geophysical and petrological materialg now available for
geotectonlc systems under consideration permit to revise some points of views
on important features of geodynamics of island ares and comnnected with then
geotectonic systems of Kamchatka type.

Types of geotaectonic systems and general connection between tectonics and
rate/type of the magma production.

It has beea shown above, that within Western Circum-Pacific there
presents at least two different types of geotectonic systems: norwal 1sland
arcs (Rurile type) and Kamchatka type of geotectonic systems, different either
by the type of volcanism (andesite on normal island ares and bi-modal in
Kamchatka type of geotectonle systems) or rate of magma production for the
certain periods of geological time (volume of the single volcanoes increase in
order in Kamchatka-type geotectonic systems in comparison with normal i1gland
arcs).

Comparison of volcanism with different features of geologlcal structure
of different regions show, that the most sensitive indicator on which react
composition and intensity of volcanism is intensity of the modern (Quatermary
?7) uplift, expressed in the helght of recent tectonic relief. So Iin such
island arcs, where absolute height of tectonic relief is less than sea level,
intensity of volcanism decreased and the main type of volcanic rocks are
represented by basalts, mainly low-potassium tholeiltes similar to normal
pceanic tholeiites (Izu, Bonin, Tonga, Kermadeec, western part of the Sunda
Arc). Within island are systems, which in Quaternary time undergo general
subsidence, volcanlsm and Benloff zone disappear (Yap, Palau, East Melauesian
uplift).
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Fig. 11 - Geolegy and Structure of South Kamchatka.

l ~ rises formed on diglocated Prepliocene deposits; 2 — fields of Pliocene-
Lower Quaternary effusives (the additional oblique shnading deplects the
uplifted blncks of Golyginskie and Datinka Mountains, Nachilkinskava transverse
zone of dislocations ana the stabilized blocks along rhe eastern graben-
synclinal margin); 3 ~ basaltic shield and shield~like volcamoes (Q_3?; 4 -
large, composite stratog-volcanoes of central type of andesitic, andesite-
basaltic and basaltic composition (Qj-4); 5 — ignimbrite and pumice sheets
(QZ—Q4); 6 — extrusive domes (Qp-Qz): &) large groups, b) single domes; 7 -
flows of viscous acid lava; 8 — flows of basalt lava (Q3-4); 9 — basaltic
scoria cones and small shield volcanoes (Qq_,); 10 - zones of accumulation of
loose Quaternary depositg; 11 - deep-seated faults (from gravimetric data):
a) flexure of M discontinuity, b) other faults, including deep—seated strike-
glip faults; 12 - ovserved faults; 13 — large calderas and volcauno-tectonic
depressions; l4 - lines of equal quantity of earthquake epicenters with focal
depth of wmore than 50 km, calculated in squares of 25 km side (according to
data of selsmlc gtations network for 1963-1970).
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Fig. 12 - Structural scheme of the Uzon-Karymeky part of the Eazstern Kamchatka
graben-syncline (frow Luchitsky, ed., 1974). :

1 - horst-anticlinals, formed by dislocated pra-Pliocene deposits; 2 -
uplifts, formed by the combinaton of tectonics and volcanlc accurulation; 3 -
stable blocks on the margins of graben—svnclires; 4 - Eastern Kamchatka
graben-syncline; 5 — large -negative gravity anomalies; 6 — linear zomnes of
shallow earthquakes (depth less than 50 km); 7 - faulcts, inferred by
geophysical data; 8 - ring faults on the boundaries of caideras and volcano—
tecconic depressions; 9 - faulrs, inferred along high-gradient zones in
gravity field, 10 - largest central volcanoes; Il - cinder cones and small
bagaltic lava volcanoes; 12 — extrusive dowes; 13 — maars and blast fuonnels.

s X g
C:]J “n
Es oo
(s Oy

1 6 38 9 vree

31



In the same time, when tectouic relief of geotectonlc systems exceed some
eritical level (about 2000 meters in average) volecanism decreased abruptly or
even digappear at all. This can be seen within north Ramchatka-Olyutorsky
block, south—-western Japan (excluding Kyushu 1sland), Taiwan, north Luson
block of Phillipines, New Guinea, South Island of New Zealand. Within all
these regiong normal for 1sland arcs zonal system of Neogene structures
guperimpose different in age and nature pre-Neogene folded systems. 1Im
Quaternary time these systems were involved-in intensive uplift. Benioff
zoneg aud trenches here are absent. Quaternary volcanoces do not form
independent belts, connected with any kind of specifie structure, but are or
connected with development of adjacent geotectonic systems (for example-—~
notmal island arcs) or are located in the tectooically weak zones, or on domal
uplifts, of tectonic relief of pre~Quaternary dislocated rocks, or within
circular in plan volcano-tectonic depressions (as Khangar within Meidan Massif
of Ramchatka).

Benloff zone — characteristic features,

The wain gpecific feature of geodynamics of island arcs and tectonic
syatenms of Kamchatka type 13 presence of Benloff zone. So, for understanding
of any kind of processes within these systemg it {s extremely ilmportant to put
in attention some specific features of movements within this Benioff zone.

Spesking about movements within Benloff zone it is necessary to mark in
the very beginning, that this zowe not necessary divide plates with oceanic
and continental crust. There exist probably any possible combinations of the
type of the crust within two zones, divided by Benioff zone. Moreover among
these different type of combinations presence of continental crust in
upthrugted plate and oceanic in downgoing plate 1s quite rare. Even in
Ruriles in the rear zone there pregent bagin of marginal sea with oceanic type
of the crust, and for example on Marianas, Izu, Yap and several others on the
both wing of the Benioff zone there pregent identical oceanic plates, In
Eolian Iglands in the fromt of islend arc there lay the Sicilian plate with
normal continental crust, and behind the island ‘arc, on opposite, Tirrenian
plate with typical oceanic crust.

The ezstern part of the Sunda 1sgland arc lay between two plates of
continental shelf--edge of the south-eastern Asian plate and Austrslian
plate. And 1t is important to note, that in the front of island arc there lay
also the plate of continental nature.

Further, it is well known, thrust (or probably more correctly-reverse
fault by the reason of steep angle of the dip of Benioff zone) character of
thege zones. Such character explains very well one among the most
characteristic features of the structure of these systems—zonal digstribution
of the linear belts with different types of movements and presence here pair
system of belts—tectonic (non-volcanic) geoanticlinal belts and adjacent to
it subsided belt of Quaternary volcanisn.

Besides all diversity of geological structure of individual regions,
pregence of the palr system of belts 1is proved to be the single feature, which
18 present everywhere. Two belts, which compose this zonal system are: outer
zone of high compression, which correspond to belt of shallow earthquakes,
connected with Benioff zone. As we saw thils belt is everywhere characterized
by iocreased thickness of the crust, high positive gravity (and magnetic)
gnomalies. In the rear part of this belt lay non-volcanic geocanticline. The
rear belt corresponds with volcanlec zone and 1s characterized by general
extension. Desgpite some difference in structure in different geotectonic
systems it Is represented mainly by linear zone of subsidence, cut by linear
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zones of increased density of intermediate earthquakes focd, characterized by
compression, Thickness of the crust, magnetic and gravity anomalieg within
this belt are decreased.

It is lwmportant to note, that geological terranes, exposed in the outer
belt in different regions are different by all means (age, composition, degree
of metamorphism). So, as we gaw, I1n outer belt of Kuriles they are of Upper
Cretaceous-Paleogene age, in Kamchatks they belong to mainly Tertiary
sedimentary sequence, in north east Japan mainly Paleozolc rocks are exposed
in guch gtructural position. In south~west Japan in the same belt malnly
Juragsic rocks are developed. TIn Phillipines there present Pre—Cambrian
terrains.

Geologically common for all these belts 13 only presence Iin parallel to
them Neogene—Quaternary volcanic belta, So, it 1s possible to conclude, that
all previously mentioned uniformity of geophysical characteristics appear as a
result of crust fransformation during very short period of time and have place
in connection with generation of the Neogene—Quaternary volcanic belt.

In the development of such palr belts decisive role play, as we have seen
for geotectonic systems of Kuriles and Kamchatka, deep—sgeated fault, which
divide this palr belts. It 1s Mid-Rurile and Eastern Kamchatka deep—seated
strike—slip faults. The game deep—seated systems of strike-slip faults are
obgerved Iin other {sland arcs and gimilar with to geotectonlc systems of
Kamchatka type.

For understanding of the nature of island arcs and Kamchatka geotectonic
sygtemg very important are observations on the nature of such lines in
uplifted regions, where geological study i1s possible. 1In thig connection at
least two reglons are important: Volcanic belt of Ryukyu iglands (normal
i1sland arc) 18 continued on Kyushu igland (geotectonic system of Kamchatka
type). And the line, which divide outer belt of non-volcanic geoanticline and
volcanic zone is immediately continued in Shikoku by so—called Median Line of
south-western Japan, The same gituation 13 observed in New Zealand. Here
Taupo volcanic zone in North Island (geotectonic syatem of Kamchatka type)
continue Tonga—-Kermadek igland arc system. In turn the line which divides
Taupo volcanic zone and outer geocanticlinal belt of Rushine-Rimutake Ridge is
coutinued in Alpine fault of the South Island. In both menttoned cases, deep—
seated faults (Median Line and Alpine Fault) divide paired wetamorphic
belts. Outer belt is characterized by high pregssure—low temperature, and
inner by high temperature-low pregsure, facies of metamorphism. For both
these faults strike—alip nature s characteristic.

Speaking about nature of the trench and deep—-seated fault on its inner
boundary, It is {mportant to mark, that northern adge of the centyral America
trench practically enters the mouth of the Bay of Californie, and the last in
turn 1s directly coutinued by San Andress deep-seated strike-slip fault.

Along Ssn Andreas Fault series narrow linesr depressions, filled by very thick
(up to 10,000 meters] sequence of Neogene sediments are located. Such
connections Indicate probably that these depressions represent itgelf treunch,
which superlvpose warginal part of the unorth Americaun continent. Ag we have
seen above, strike-slip fault movements are the most characterigtic for the
deep~geated fault, which go In parallel to the inner trench houndary.

Putting Iinto attention all these data it 15 possible to suggest, that
Benfoff zone 1s represented by series of upthrust-overfault faults, dip of
each separate fault among them is rather vertical by selsmological data. But
the depth on which they appear increased backward the {sland arc geotectoule
system.
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Frontal boundary of the Benloff zone by seismological data do not
coincide with boundary of the oceanic trench, but rather is located in
parallel to it, between oceasnic trench and shore line (Fedotov and others,
1964, 1966, Minato and others, eds., 1965). This is probably indication that
the trench itself is not connected with process of thrusting (or upthrusting-
overfaulting) within Benloff zone but rather 1s a kiond of irndependent
gtructure, .

It is very {important for di{scussion about vegularities of spatial
distribution of different types of geological structures, that the main vector
of compression within earthquake's focl 18 not normal to the strike of the
aystem, but rather is orlented under an acute angle to it. So, for example,
in the Komandor branch of Aleutian Iglands this vector has north-south strike
(Zobin, 1969, 1970) in southern Kuriles it Is of esst—west strike (Averilanova,
1968).

These deviations lead to important congequences for the structureg. To
understand {t let us look at the effect of the forces in one of the points of
the intersection of the frontal part of Benioff zonme with Earth's gurface. 1In
all cases coupresaion along the vector going under some angle to the strike of
Benioff zone can be divided on two componetg, one-—oriented along normal to
the strike and another along tangent of the arc's strike, or, in the case of
linear strike of the gtructure, {n normal and along the strike of tectonic
gystem, There follow from it very important consequence: movements along
Benioff zone has a component, oriented along the strike of island arcs.
Direction of the action of this component in case of oriented in the gingle
direction movements, will change ia dependance of the strike of the tectonic
system (Fig. 13A). So within Aleutian arc in case of uniform north-south
direction of the compression, directfon of the strike-slip fault movements
will be different in Komandor (of northwest strike) and Aleutian (of northeast
strike) branches of the arc.

General uneveness of the movements along Benloff zone lead to the
formation of the system of left-lateral strike-slip faults, normal to the
strike of tectonic system ag a whole (Fig. 13B).

This 1s the way of origin of east-west faultg along which has place
displacement of the shelf blocks between Andreanof and Fox islands and blocks
of Romandor and Rat islands in Komandor branch in Aleutian branch of the
Aleutian igsland arc. Similar type of displacements are obgserved also within
Kyrile island arc system.

Another important feature of the movements along Benloff zone 1s that
they appear withio the plate with finite thickness. Due to this there have to
exist fault zone, which bound the rear part of the thrusted plate. The role
of such rear deep-seated faults play described above zones between outer, non-
volcanic geoanticlinal belt and inner volcanlc zone. Great vertical
displacement along both types of deep-seated faults are out of any doubts. It
1s interegting, however, to discuss pregence of horizontal digplacement along
these zones. To check presence of this kind of movements we have to put in
attention, that if there exigt horlzontal displacement along deep—seated fault
in the front of the Benioff zone, such displacement have to exigt also along
deep—seated fault io the rear part of this zone. Direction of the
digplacement along “rear” deep~seated fault will change on the opposite in
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Fig. 13 -~ Scheme of dynamic movements within Benioff’s zone and its influence
of the crust structures:

A - Generation of strike-slip faults under the ianfluence of the oriented in
sipgle direction compression withi{n Benioff”s zone. B, OGeneration of strike~
glip faults in connection with different degree of seismicity in different
parts of Beniloff”s zone: 1) vector of compression is oriented under an angle
to the horizon; 2) direction of the vector of horizontal compression; 3)
strike~-slip faults. C. Line of intersection of the Benioff”s zone frontal
boundary with Earth”s surface: 4) subaidary fissures on the ridge of the
strike-slip fault with tendeney to opening; 5) drag folds; 6) zone of
increased seismicity.
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comparigon with direction of the movement along the frontal deep-seated

fault. So, for example 1f along frontal zone have place right-lateral
digsplacement, along resar gzone left-lateral displacement will be observed (Fig.
IBA).

Strike-slip character of horizontal displacements along the rear deap-
seated fault zones lead to appearance along it typlcal en—echelon type of
gtructure - systems of drag folds and divided them complementary fissures of
extension, which control position of the Quaternary volcanoes.

In some regions, which pasg 1in their development through the stage of
normal ialand arc and now are involved in process of active uplift and by this
means are accesgible for geologic observations, It ig such regions as Japan,
New Zealand, Phillipires. In soutb-western Japan the rear deep-seated fault
zone coincides with the Median Line, in north-eastern Japan - with so-called
Shirakawa-Moriocka zone, which divide uplifted blocks Kitakami and Abakumi from
the Neogene—Quaternary volecanic belt, In New Zealand the same nature hasg
Alpine Fault in the South Island. In Phillipines - The Great Phillipine Fault
Zone. In Sumutra - Semangko Fault System. In all of these cases, presence of
the horizontal displacement is obvious~—it is discussed only how great 1t 1s—
on geveral tens or on several hundreds km. Faults of guch type in general can
be called deep-seated faults of Median Line type.

Horizontal displacement along rear deep-seated zone generate in adjacent
structures system of dislocactions-drag folds and divided them complementary
fissures, along which Quaternary volcanoes are located. These structures
(drag folds and fissures) are distributed under regular acute angle to the
strike of the rear deep-seated fault zone; which, as we hava seen, coincide
with regularities of distribution of normal subsidary structures on the wing
of the strike-glip fsults. As a congsequence of the development of such
structures along rear deep—-seated fault zone, tectonle sygtem 1s expanded not
only in the frontal direction, toward the ocean, but also toward the rear part
of tectonic system. This tendency can explain why Quaternary volcanic zone of
the Sredinny Ridge overlaps linear western Kamc¢hatkas rear basin, why iIn
Kuriles volcanoes as Alaid or Makanrushi are developed within Kurile
depression of Okhotsk Sea (marginal sea). By the same reason volcanoes of
Bogoslof Island appear in the rear of the Aleutian island arc¢ and volcanoes of
the Banda Sea in thea rear of Sunda arc.

General compression 1n the direction of the main vector can generate
formation of structures orlented in normal to it. This explains appearance on
the Aleutlian arc elevated blocks of east—west strike such ag 18lands Atka,
Amlya, Attu. It is characteristic, that on these islands are located outcrops
of the most anclent complexes for all Aleutiang up to Paleozoic rocks. This
indicates, that 1n formation of these gtructures the role of vertical
movements 18 the most lmportant,

Due to all these features of structural development geotectonic systems
of 1sland arcs and similar with them—Kamchatka-type geotectonic systems can
be defined as tectonic gystems connected with gtrike-glip fault style of
tectonlcs.

Abllity of geotectonic systems, 8imilar with igland arcs, for development
along the strike is resulted in their tendency to expand along the strike. It
i this gbility due to which stable areas of anclent platforms (Canadian and
Antarctic) become involved in recent intensive tectonic and magustic
activization. Due to same procesgs during Quaternary time, Kamchatka-type
geotectonic system was developed in the North Island of New Zealand and Taupo
volcanic zone appear on the continuation of Tonga—-Kermadek jgland arc system.
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This ability also i1s used by author in order to explain specific features
of the Kamchatka geotectonic system itself. By this model this specific
feature appears in the result of development of two similar in nature but
expanding in different direction along the strike geotectonic systems: north
Kamchatka—-Olyutorsky system, expanding southwestward, and Hokkaido—-Kurile
gystem, expanding northeastward (Fig. 14).

It i8 also possible to note that widespread opinion about this type of
geotectonic systems, as about areas of development of exclusively compression
tectonics, is not correct. It 18 possible to say, that extension type of
tectonics in the area of volcanic belt, comnnected with i1sland arcs and
Kamchatka type geotectonic systems is of the same scale as in other areas of
grabens development (stable cratons or mid-ocean ridges). Scale of extension
which have been developed here during Quaternary 1s not less and style is
absolutely the same. As we have seen, compression in such geotectonic systems
i3 concentrated within narrow belts between Benioff zone frontal boundary is
parallel to the trench and Median Line deep-seated strike-slip fault zones.
And within volcenic zone, which are mainly areas of extension, zones of
compression are located along narrow deep—seated transverse strike-glip

_faults, on which central volcanoes and calderas are located.
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Fig. 14 ~ Scheme of dynamic of formation of Kamchatka structures. It 1s seen
forming of specific features of Central Kamchatka due to development along the
strike of two similar but displaced en—echelon tectonic systems: Northern
Kamchatka-Olyutorsky and Northern Kurile — Southern Kamchatke and:

l. Oceanic plate. 2. Zone of prevailing of fault dislocations within
thrusted plate (continental slope and part of the shelf). 3. Zone of
prevailing of upthrow-overfault dislocations within: a) horst-anticlinal
systems connected with Northern Kurile~Southern Kamchatka tectonic system and;
b) Northern Kamchatka Olvutorsky tectounic systems. &. Parts of horst-
anticlinal belts of Northern Kamchatka-Olyutorsky tectonic system, involved in
subsidence in recent time. 5. Zone of wanifestation of stress iIn rear wing
of thrusted plates counected with: a) Northern Kurile-Southern Kamchatka
tectonic system; b) Northern Kamchatka-Olyutorsky tectonic system. 6.
Territory of volcanic zones developed from: a) Oligocene, partly Miocene;

b) Pliocene; ¢} Lower Juaternary time. 7. Tectonically stable zome of
Western Kamchatka rear linear depression. 8. Domal uplifts. 9. Frontal
boundaries of thrusted plates (Zeeth turned in the side of thrusting). 10.
Rear boundary of the thrusted plate (teeth turned in the direction of subsided
wing. 11, Faults. - 12. Direction of the movements of thrusted places
correspond to prevailing direction of compression in shallow earthquakes

foci. 13, Prevailing direction of movements along zones of deep-seated
strike—-slip faults (it is seen, that to in the places of appearances of these
strike-slip faults on the surface there appesr dislocations of North—West and
North-East strike). 14. Axes of lfnear arches.
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CHAPTER II
DESCRIPTION OF KURILE CALDERAS

Degeription of Kurile calderas 1s arranged in accordance with their
geographical distribution (Fig. 15).

SOUTHERN KORILE ISLANDS

1,1. Golovnin volcano and caldera.

Location and general geology.

Golovnin volcano 1s located in the southern part of Kunashir Island, The
volesno 1s a wide, flat cone more than 10 km in diameter (Gorshkov, 1970), It
1s gurrounded by several hills, which probably represent a ring of extrusive
domes around the volcano. On the top of the cone 18 located a caldera 4.0-4.5
km io diameter (Pig. l6a, b), with caldera walls 300~400 m high. Outcrops on
the sooma walls and ingide the caldera are wainly tuffa of hypersthene and
two—pyroxene andesites., Blocks of andesitic lava (56-58% $10,) also occur.
Golovnin volcano ig bullt largely of pyroclastics. Probably this volcano is
characterized mainly by explosive activity. Gorshkov (1970) suggested that
two calderas formed, but it is possible that the outer ring is a result of
emplacement series of extrusive domes along the ring fissure. The northerm
part of the caldera is occupled by a lake | x 2.5 km in diameter. The
southwestarn part of the caldera 18 an uplifted bench 7-12 m (or above the
lake 70-80 m over the bottom of the lake). On the edge of uplifted part is a
gteep radial dip of lacustrine gravel, and radial and concentric filssures
indicating the presence of & resurgent dome.

Post—caldera activity,

Two dacitic domes (64-65% 510,) lie on theé boundary between the lake and
the uplifted part of the caldera bottom, along an east—west line. The western
dome 13 cut by small explosion crater in which ara located active
solfataras. Near the foothllls of the eastern extrusive dome but from the
southern side i1s another explosion crater (350 m diameter) which partly cuts
the slope of the dome and partly cuts the caldera bottom. The bottom of thatr
crater 1s occupied by a hot lake with temperatures between 36-659C. Nearby
solfataras reach temperatures of about 100°C.

Markhinin (1959), also described two other domes~—one near the west bank
of the lake and the other near the south edge of the caldera bottom. Lavas of
the first are andesites, characterized by increased content of quartz
phenocrysts, Hypersthene Is replaced by chlorite, which wight indi{cate an
underwater formation of this dome., Active fumaroles occur on the submerged
slope of this dome. Another andesitic extrusive dowe is located on the outer
slope of the cone.

Deep structure.

The deep structure of Golovnin caldera was studied by seismic reflection
of the earthquake waves (Zlobin and Fedorchenko, 1982). A series of deep-
seated boundaries were identified (¥ig. 16¢). The top boundary (1) is located
at a depth of 0.6~2.8 km, forming a low dome at the center of the caldera.
Another boundary (2) has a complicated configuration. Throughout most of the
caldera it i3 depressed to a depth of 6 km, but {n it forms a dome—-like uplift
to a depth of 2.6 km, coineident with the intra-caldera extrusive domes.
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Fig. 15. Scheme of location of Kurile calderas.

1.1. Golowvnin volcano and caldera; 1.2. Mendeleev caldera volcano; 1.3.
Tiatia volcano; l.4. L°vinays Past“Caldera; 1.5. Urbich caldera; 1.6,
Atsonupuri volcano; 1.7. Calderas of Grozny group of volcances; 1.8,
Volcano-tectonic depression of Chirip Peninsula; 1.9, Vetrovol Isthmus
caldera; 1.10., Tsirk caldera; 1.11., Kamuy caldera; 1.12. Medvezhys caldera;
1.13, Volcano-tectonic depression of Krishtofovich Ridge; 1.14. Berg and
Trezubets volcanoes; l1.15. Caldera of Chirpoy and Brat Chirpoyev Islands;
2.1. Goriaschaya Sopka volcano; 2.2, Milne volcano; 2.3. Zavaritsky
caldera; 2.4. Uratman volcano; 2.5. Ketoi caldera volcano (Pallas Peak);
2.6, Ushishir volecano and caldera; 2.7. Rasghua caldera volcano; 2.8. Matua
caldera (Sarychev Peak volcano); 3.1. Kuntomintar caldera volecano; 3.2.
Sinarka caldera volcano; 3.3. Tao-Rusyr caldera; 3.4. Caldera of
Kryzhanovsky volecano; 3.5. Nemo Peak caldera; 3.6. Xarpinsky caldera.
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Fig. lb6a.

Schene of

the Golovnin caldera (after Gorshkov, 1958).

M \
'L '*‘ }\\ )\\ AN

. " _"I\‘\ '
.\ L\ 1”\\‘?\

4

\ .
\\

Fig. 16b.
1 - inner somma;

Scheme of the Golownin caldera structure (after Gorshkov, 1970).
2 - onter somma.

41




Fig., 16¢. I. Time section of delaying of exchanged selsmic waves from
earthquakes (after Zlobin and Fedrochenko, 1982).

1 — seismic station locatfons; 2 — regions of sparceness of time of exchanges
seismic waves from the gingle boundary; 3 - inferred bouandary of exchange (I-
V); 4 — points on the section siugle meanings of time delay.

|

3 m g 5 3 13 8 8

P )2 2
i

10F e °f ?‘> S~ il
\q\rj .

20 4’@\@\@—-@-——’@”

\@______,..’ o

R 77©~ ,'l’i\

N I \ .
40t ‘0-—; ? o

S0 9 I
’ 1 ) !11. L
2 4 ) 8 Xxn
At , ¢ %
Ex3r (3 F=33

Fig., 16c. 1II. Scheme of Earth”s crust structure Iin the reglon of Golovnin
caldera by data of method of reflected earthquake”s waves.

1l — selsmic station locations; 2 — Inferred regions of the absence of seismic
waves change; 3 - boundaries of the exchange (I-V). Horizontal and vertical
scales are equal. i
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Boundary (3) lays at a depth of 14-17 km. It is depressed 1m the region of
the dome structure formed by boundary (2) and confirms general subsidence of
the crust beneath the volcauno. Roundary (4) lays at a depth of 22-25 km, is
flat and foruws a flexure-like rise to the east from the volcano. In the
region of calderas it forms a general depreasion.

Recent geothermal activity.

The volcano presently shows constant fumarolic activity at 6 points—in
two explosive craterg, two places on the northern bank of the lske, on the
submarine slope of an internal dome and on the shore of Kunashir gtrait near
the youngest dome.

l1.2. Mendeleev caldera volcano.

Location and general geology.,

Mendeleev volcano 18 located on Kunashir Island north of the Golovnin
volcano. The most ancient part of Mendeleev volcano 13 a large caldera about
6-7 km in diameter (Fig. 17a, b). Tts rims are strongly dissected and are
preserved only on the northwest gide; its eastern side 18 completely destroyed
and the gouthern side 15 overlapped by a younger second generation somma. On
the southern side sowe lavas of the ancient caldera rim are exposed beneath
lavag of the second generation cone. Lava flows exposed in the ancilent
caldera rim are mostly of two—pyroxene andesite (sometimes with olivine) and
basaltic anesites. Practically everywhere the oldest cone 18 overlapped by
loose pyroclastics (Golovnin suite of Markhinin, 1956). These pyroclastic
deposits are andesitic to dacitic, and include a thick sequence of dacitic
pumice. Gorshkov (1970) thought that these pyroclastic deposits were
asgsoclated with formation of the large caldera.

The northern part of the second generation cone partially fillg the
bottom of the first caldera. Now only eroded relicts of this second cone's
sloped are presarved. A 3.0 % 3.5 km caldera of this second cone 13 marked by
a series of topographic high points and fumarolic fields. In the northern
part of the first caldera are located two topographic highs~—-probably
excentric domes. The gecond caldera was probably formed by a blast directed
to the north (Gorshkov, 1970).

The second cone 1s composed of monotonous pyroxene—-olivine basalts and
basaltlic andesites. Pyroclastic deposits of two-pyroxene andesite, found in
the firgt caldera, are probably connected with the blast and the second
caldera.

Inside the second caldera with some shift to the north is a central
cone. TPour fumarolic fields are located between the second somma and the
central cone . The northeastern of these fumarolic fields is obviously
connected with an excentric explosive crater, It 1s probable that other
fields are also connected with some excentric explosive fununels. The highest
point of the central cone reaches about 850 m above sea level and about 300-
500 m above the bottom of the second caldera. The based diameter of the cone
about 3 km diameter, and the diameter of the crater is wore than 1 km.
Formation of so wide a crater 1s probably connected with strong blast directed
wegtward, which destroyed western part of the edifice (Gorshkov, 1970). The
breach contains pyroclastic flow deposits, and the destroyed crater of the
central cone contains a well-preserved extrusive dome. The central cone is
composed of two-pyroxene andesites aond basaltic andesites. The young dome is
dacitic in composition (5i05 65.5%).
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Fig, 17a. Structure of the Mendeleev caldera volcano (after Gorshkov 1958).
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Fig. 17b. Structure of the Mendeleev caldera volcano (after Gorshkow, 1970).
1 - central cone; 2 - the second somma; 3 - the firgt somma; 4 — non-divided
sequence (partly Tertiary); 5 - basement; & ~ pyroclastic flow; 7 - boundary
of the ancient caldera; 8 ~ boundary of the young caldera; 9 - young lava
flows; 10 — more ancient lava flows; 1l — cone with the crater; 12 — dome; 13
- scarps (majnly tectonic in origin); 14 — adventive craters; 15 — fumaroliec
fields; 16 — moraine; 17 - ridge; 18 — pyroclastic deposits; 19 - glopes; 20 -
basement; 21 ~ slopes of glacial valleys (troughs).

Signg 9 - 21 are the same for Figures 18 - 44.
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History of volcaniec activity.

Eruptions forming the first cone were of andesites and basaltic
andegsites, later joined by silicic rocks. A gigantic explosive eruptiom of
silicie pumice occurred and a large caldera was formed. All of these events
were in pre-glacial time. Radiocarbon dates indicate that lavags of the first
somma overlap terraces with relicts of plants the radiocarbon age of which is
equal.

Eruptions of the second cone also started by outpourings of mafic lavas
but finished by & northward directed blast of acid andesite. Conditionally
this second edifice grew during interglacial time (39,000-Wurm interstadial).

The central cone is composed of comparatively wafic rocks and practically
f111s all of the second caldera. Around the boundaries of the gecond caldera,
a series of explosions took place and a dacitic dome grew up in ome of the
explosion cratera. Age of this last dome by radiocarbon data is 4200 years
B.P (Gorshkov, 1970).

Historic eruptive and geothermal activity.

The only known historical eruption of Mendeleev volcano occurred in 1880
(Milne, 1880)., It occurred near the northeast solfatara field and probably
consisted of pure gas emission and weak explosions. The volcano shows
constant fumarolic activity in four fumarolic fields around the central
dome. Goriachy Pliazh, a geothermal field, is located on the eastern flanks
of the Mendeleev complex, aloug the ocean shore.

1.3, Tiatia volcano.

Tectonic setting.

Located on the northern part of the Kunashir Island (Fig. 18a), the
volcano is surrounded by an arcuate arrangement of topographic highs composed
of Tertiary and Lower Pleistocene volcanic rocks. Lava of Tiatia volcamno
flowed over escarpments several hundreds of meters in height, and composed by
the ancient volcanic formations. It 1s possible that this circular escarpment
reflects the boundary of a volcano-tectonic depression within which Tiatia
grew,

General geology.

Tiatia Volcano belongs to the Somma-Vesuvius type (Fig. 18b) with a
regular cone within a2 somma. The somma rim is 2,1-2.4 km in diameter, and has
a height of 50-80 m. The somma rim is best defined In the southern part, but
gsome relicts of it are observed also in the western and northwestern sides of
the flat topped summit. On the east and north the rim of the caldera is
absent and a flat caldexra bottom passes directly onto outer slopes of the
somma. FEroded relicts of an anclent volcanic edifice occur on the northeast
slope of volcano, part of a narrow belt which extends up to the Okhotsk Sea
ghore. Relicts of three small adventive cones are located on the flanks of
Tiatia, including two with lava flows near the western foot of the volcano,
along a supposed ring fault, Several others are located along the southern
flanks of Tlatia.

The somma walls expose layered rocks in which lava predominates over
pyroclastiecs. Rockg in the lower part of the gomma are mainly olivene basalts
and those in the upper part are mafic andesites. Gorsghkov (1970) found no
traces of glacial activity on the slopes of the somma, indicating that at
least the outer surface of Tiatia was constructed in Holocene time.
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Pig. 18a. The scheme of Tiatla volcano (after Gorshkov, 1970). Fault ardund
the volcano added by the author,

1 - fumarolic field of Ruruy volcano; 2 — pyroclastic deposits of Tiatia
volcano; 3 - adventlve craters; 4 ~ relicts of the anclent edifice of Tiatia
volcano; 5 — massif of Ruruy volcano; 6 — massif of Smirnoff volcano; 7 —
bagsenent. Other signs are the same as Fig. 17.
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Fig. 18b. Scheme of the structure of the summit of Tiatia volcano (after
Gorshkov, 1970). Signs are the same as Fig, 17.
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Central cone 1s located in the center of the gsomma. Two explosive
funnels are located on its summit. Lavas and pyroclastics of the central cone
are olivine basalts.

Eruptive activity of Tiatia volcano is characterized by strombolian
explosions with a prevalence of fluid basalts and basaltic andesites. Toward
the end of volcanic activity two-pyroxene andesites joined mafic composition
rocks. Then after a pause in eruptions, a blagt cleaned out the previously
existed feeding channel and the summit of the cone collapsed. Summit craters
and adventive coneg occurred after the blast.

Historic activity.

Before the 20th century only an eruption in 1812 1s knowa (Gorshkov,
1958). By personal communication with C., Newhall In Japanese Bulletin of
Volcanic eruptions N21 there 1s indication of a swmall eruption of Tiatia in
June 1981, which is not mentioned in Russian literature. Another eruption
started July 14, 1973. 1In the beginning two maars were formed on the northern
slope of the cone, and a maar and a crater were formed on the the southeast
slope. Through the upper maar, 40 m in diameter malnly gases were emitted,
through the lower crater 250-300 nm in diameter, gas—saturated pyroclastics
were erupted. Eruption continued to July 28. On July 27, pressure of gases
decreased abruptly and lava fountains began. As a result, truncated adventive
cone with crater 400 m in diameter and 100 m in depth was formed.

l.4. L'vinaysa Past'Caldera.

L'vinaya Pagt'Caldera is located in the southern part of Iturup Island
(Fig. 19) on a tectonic line striking N20°E through Atsonupurl and Beraturabe
volecanoces (Figs. 19, 20). The caldera is located within a typlcal lava
stratovolcano, composed mainly of mafie rocks. The basal diameter of the
stratovolcano 1g 12—-13 km; the caldera is elongated in south-north direction
and 18 7 x 9 km in diameter. The height of caldera walls is about 1000 m and
the inner part of the caldera is occupled by waters of the Okhotsk Sea.
Caldera Bay 1s divided from the sea by threshold only 50 m below sea level.

An absence of traces of glacial activity on the slopes of pre—caldera
cone, suggests8 that the cone was formed after the first glaciation. The
caldera probably formed in Holocene time. About 20 km3 of dacitic punice from
the caldera forming eruption surrounds the caldera and fills lows between it
and adjacent volcanic massives (Melekestsev-in Luchitsky, ed., 1974). Maximum
thickness of pumice reaches 100 m. On the base of {interconnection with
terraces, Melekestgev determined age of caldera formation as approximately
9400 years B.P.

The thick pyroclastic cover includes about 5 pyroclastic units different
in color, degree of deunsity, and size of Fragments. Absence of any other
deposits and any traces of reworking between these horizons suggests that
these were formed within a short time interval,

1.5 Urbich caldera.

The Urbich Caldera is located in the southern pert of Iturup Island, just
north of the L'vinaya Past caldera. The caldera walls expose the pre—-glacial
volcanic Rocco Massif. Diameter of caldera slong the rim is about 6 km. The
helight of the caldera walls 1s about 500 m. Inner walls of caldera have no
traces of glacial activity, so 1t 1g defined as post—-glacial. There i3 no
ind{cation of volcanle activity in this caldera in Holocene time. Dacitic
pumice erupted during the caldera—forming stage. Pre—caldera volcanic complex
rewind forms of linear-cluster group of small volcanoces so widely developed in
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Fig. 19. Active volcanoes of the Iturup Island (after Gorshkov, 1958).
Numbers on the figure indicate position of calderas shown on other figures.
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Fig. 20. Scheme of location of wvolecanoces in the southern part of Iturup
Island (after Gorshkov, 1970).

1 — Roceco wassif and Urbich caldera; 2 - L vinaya Past” caldera; 3 -
Beraturabe volcano. All other figures are the same as on Fig. 17.
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Kurileg. Pumice 13 replaced from the caldera slopes by erosion and
accumulates at a distance from the caldera. The lake inside the caldera 1s
about 3 km 1n diameter. Melekestsev (in Luchitsky, ed., 1974) dated this
caldera at the beginning of the second part of the Upper Pleistocene.

1.6. Atsonupuri volcano.

Atsounupuri Volecano 1s located Iin the southern part of Iturup Isiand on
the Okhotgk shore, on a north-gouth tectonic line. Gorshkov (1370) shows a
circular scarp (Fig. 21) around the volcano, which reflects existence of
circular in plan volcano~tectonic depression. Composition and structure of
volecano 1s unknown. The volcano 1s of the Somma-Vesuvius type, and composed
of andesltes and basaltic andesites. Remaing of the somma are pregerved in
the eastarn half of the cone. The western part of the rim is overlapped by
voleanic products of the young cone, The diameter of the somma 18 about 2 ku,
and the height of {ts walla ig ouly 20-30 m. Smooth, undissected slopes of
the cone indicate a young age. From the morphology of adjacent shores 1t
gseems that lavas of the volcano overlap & 140 m deep submarine terrace, so the
gomma voleano 1s not older than Upper Pleistocene. The northwest part of the
sommas 15 broken by a major fault. Gorshkov (1970) related formation of the
caldera and movements along this fault, but direct evidence of this relation
is lacking. He spoke also about explosive origin of caldera.

Volcanic activity .
There exigt uncertain indications of eruptions in 1812 and 1932, Now the
volcano is dormant. .

1.7, Calderas of Grozny group of volcanoes.

Location and general geology.

The Grozny group of volcanoes iz located in the central part of Iturup
Island, and spans 45 km along the Pacific coast of the island. The basement
of the group 18 formed by pre-glaclal volcanoes. In the southwestern part of
Gorzny chain are the Teben'kov and the Grozny volcanoces (Fig. 22).

The cone of Teben'kov volcano is located in the southeast part of a 2 km—
wide caldera-like depression that is open to the east. Lavas of Teben'kov
cone are two-pyroxene andesitegs., To the gsouth of Tebeun'kov cone is the north-
gouth trending depression of Machekba volcano. Lavas of Machekha volcano are
andesites and basaltic andegsites; its depression was formed by the erosion of
a large exploslon crater. To the southwest from Teben'kov cone is the Grozny
volcano group. A caldera rim is preserved in the northwest part of the Grozny
group; other parts of the caldera rim are destroyed or overlapped by young
volcanoes, The helght of northwestern wall of the caldera reaches 200-240
meters, and the diameter of the caldera is about 3.0-3.5 km. The Grozny
caldera was formed during the Upper Pleistocene or Holocene. In the northern
part of the caldera probably wag located a great lake. On the southern edge
of the caldera extrusive dome Grozny. To northeast from Grozny dome is Drakon
dome. To the west of Grozuny adjoin effusive dome Yermak, to the west of which
Yermak volcano 18 located.
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Fig. 21. Scheme of location of Atsonupuri volcano (after Gorshkov, 1970).
1 - Pleistocene lavas. Other signs are the same as on Fig, 17.
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Fig. 22 Scheme of the structure of Chirip peninsula (after Gorshkov, 1970).
1l — Tectonic faults. Other signs are the same as on Fig. 17,
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Historlical activity.

The last eruption on Ivan Grozny formed an extrusive dome. The volcano
now shows c¢onstant fumarolic activity. The last prehistoric eruption on
Teben'kov was of the Bandai-san type, a purely phreatric laterally directed
blast. Now there 1s constant solfataric activity in the Machekha crater.

1.8. Volcano—tectonlc depression of Chirip Peninsula.

The Chirip peninsula is8 located in the center of Okhotsk shore of the
Iturup Island. Pre-glacial Quaternary rocks are exposed mainly along the west
coast (Fig. 23), but a narrow ridge of pre-glacial rocks is located in the
central part of peninsula. Tertiary rocks are exposed in the southern and
western parts of the peninsula.

The central part of the peningula 18 cut from the west by a 4 km wide,
500 m deep depression. This depression cuts not only pre-glacial forms, but
also post-glacial relief, and so is probably of Holocene age. But Gorshkov
(1970) does not exclude the possibility that Holocene movements only renewed
previously existing structure. Relicts of an old cone and a ridge couposed of
two partial extrusive domes divides the depression into two parts.

According to Gorshkov, this depression was formed mainly by tectonie
movenents. But he did not exclude also role of great explosions., In his
opinion, these explosions deposited a thick layer of welded tuff exposed in
the northern part of the depression.

Historical activity.
There are uncertain indications of explosions In 1843 and 1860. At
pregsent only weak solfataric activity exists.

1.9, Vetrovol Isthmus caldera.

The Vetrovol Isthmus Caldera is located south of the Medvezhy peninsula
of Iturup Island (see Pig. 19). Here, bounded by a north-gsouth graben, are
relicts of a caldera rim with a diameter of about 6-7 km. This rim i8 open to
southeast, and on the northwest it joins the north-south fault and is partly
buried by pumice. Gorshkeov (1970) speaks about caldera-volcano, but what he
described is a pumice cone, formed during or just before the caldera—-forming
eruption. Thick pumlice deposits In the region of Vetrovoi Isthwmus are
probably from the maar of Tayny Lake. Tephra of this eruption 1lies in the
upper part of the soll-pyroclastic cover of all Upper Pleistocene terraces,
including the youngeat 35~40 m high terrace, Tephra horizons in the region
immediately adjacent to the Vetrovol Isthmus are 1,0-1.5 m thick. The calders
appears to be the result of strong submarine eruption in inter-glacial time.
The total thickness of pyroclastics in the region of Vetrovei Isthmus 18 not
less than 200 m. These thick pyroclastic deposits older topography over in
great areas. Center of eruption 18 not expressed in relief. Pyroclsatic
material 1s repreaenged by dacitic pumices about 65-67.1/5 S107. Total volume
i8 equal to 30-40 km> (Bent, 1962). Welded rocks are absent in spite of the
fact that temperature in the moment of eruption were much higher than Curie
point (Melekestsev and others, 1970).

The graben 18 an average of about 10 km wide. It was formed during the
first glaciation (Gorshkov, 1970). With interpretation of air-photo, it is
possible to gsee a large caldera,
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Fig. 23. Scheme of the structure of Grozny volcanic group (after Gorshkov,
1970).

1 — effusive domes; 2 - pyroclastic and mud flows. Other signs are the same
as on Fig. 17. o
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1.10. Tsirck caldera.

The Tsirk Caldera lies to the west of Medvezhy caldersa in the northern
part of Iturup Island (Fig. 24). The caldera is well-expressed in relfef, but
pyroclastic deposits connected with it are not preserved. The caldera cuts
volcanic edifices of Middle-Upper Pleistocene age and is overlapped by small
lava volcanoes of Upper Pleistocene age. The diameter of the caldera rim 138
about 6 km. Tt is possible that the caldera was formed at the end of the
first glaciation, or in the interglacial time., On the inner wallg there are-
traces of the second glaciation activity. The caldera cuts a shield-like
volcano of probable Lower Pleistocene age. At the end of the Plelstocene time
two gmall post—caldera lava cones Torny and Golets were formed on the southern
s8lope of pre-caldera edifice.

1.1} Kamuy caldera.

The Kamuy Caldera is located on the northern edge of Iturup Igland (see
Fig. 24), It 18 formed on the top of a shield-like Lower Pleistocane volcano
10%x18 km in diameter. Now it 18 preserved only in the form of a arcuate ridge
or scarp along the east and northeast side of the caldera. According to
Gorshkov it was formed in pre-glacial time. In the inter-glacial time a
serieg of volcanic cones formed inside the caldera. Some of these conesg (in
particular the highest among them—--Kamuy) were still active at the time of the
second glaciastion (Gorshkov, 1970). 1In the Holocene volcanic lavas filled a
trough of the second glaciation, and built a new large cone Demon was formed
on the last stages of development and was destroyed by a directed blast.

1.12. Medvezhya caldera.

The Medveghya caldera is located In the northern part of Iturup Island
eagt—goutheast of Kamuy caldera. The caldera 18 8 km in diameter and the
calders walls are about 300 m in height (Fig. 25). 1Inside the caldera are a
series of post-caldera cones and domes, formed along an east-west line during
Holocene time. Lavas of these cones are basalts, basaltic andesites and
andesites, Around the caldera is a lot of dacitic pumice.

There are no significant changes in composition between pre-caldera and
post—caldera volcanoes. The caldera was destroyed by erosion, including
glaclstion (the first glaciation). Clear traces of the second glaciation are
abgent, It is possible that two small extrusive domes in the southern part of
the caldera belong to interglacial time. Ostapenko (1969) likened the pre-
caldera edifice of Medvezhya to Rawailan type volcanoces. In the western part
of line formed by post—caldera domes is located a kind of effusive dome with
which are connected series of large lava flow,

Higtorical activity.

Goxrghkov (1958) indicates explosions in summit crater of Kudriavy cone
took place in 1778 or 1779, and May-June 1883. A preheatic explosion was
obgerved in 1946, WNow there is intense golfataric activity in both summit
crater and Kudriavy cone.

1.13. Volecano-tectonic depression of Rrishtofovich Ridge.
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Fig. 24. Scheme of location of volcanoes on Medvezhy peningula (after
Gorshkov, 1970).

1 - Kamuy massif; 2 — Dewon volcano; 3 — Medvezhy volcano; 4 -~ Tsirk caldera;
S = Torny cone. X - Quaternary lavas. Other signa are the same as on Fig.
17. :
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Fig. 25. Scheme of the structure of Medvezhy caldera (after Gorshkov, 1970).
1 - Medvezhy cone; 2 — Sredny cone; Men“Shoy Brat dome; 5 — effusive dome.
Other signs are the same as on Fig. 17.
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Position and general geology.

An unnamed volcano-tectonlc depression occurs in the central part of Urup
Island in the region of Krigshtofovich Ridge (Fig. 26). It is located in area
of most contrast relief. This 1s about 9 km in length, and is covered by
lavag overlain by laundslide deposits and moraines. Presence of lavas in the
southern part 18 uncertain.

The walls of the depression expose pre—-glacial lava flows and cones.
Ingide the depression series of post—glacial lava cones grew inside the
depregsion (Fig. 27). Height of scarps on the boundaries is about 600 m. No
recent volcanic activity has occurred ingide the depression.

1.154, Berg and Trezubets volcanoces.

Location and geology.

Berg Volcano is located within a group of volcanoes, together with
Trezubets and Kolokol volcanoes, on the southern end of Shokalsky Ridge, Urup
Island (Fig. 28). A 600 m high somma rim, 2 kw in digmeter, i3 located on a
cone composed of two pyroxene andesites. An extrusive dome is located inside
the caldera above the crater floor, or above sea level,

Both volcanoes are strato-cones composed by two—pyroxene andesites. The
crater diameters are about 2 km and Ingide are located extrusive domes.

Historical aetivity.

One of the volcaunoes 1o this group erupted in 1770-~1780, and in 1845,
Gorshkov (1958) mentioned eruptions of Berg volcano in 1894, 1924, and in the
winter of 1951-1952., Now both valcanoces show strong fumarolic activity.

1.15. Caldera of Chirpoy and Brat Chirpoyev Islands.

Subaerial and submarine relief around the Cherniye Brat'ya Islands
indlcate two large overlapping calderas 8-9 km in diameter. Central part of
the calderas 1s occupted by the complex volcanic edifice of Chirpoy Island
(Fig. 29). Another volcanic island - Brat Chirpoyev is located southwest of
Chirpoy Island.

Chirpoy 1s the largest of 6 volcanic edifices on Chirpoy Island. It
appeared in the first half of the Holocene, as did another cone immediately
southwest of it., The other four adifices were formed in the second half of
Holocene, Lavas of the youngest cones — Snow and Cherny are two-pyroxene
andesites with 59-602 S10,. Brat Chirpoyev is a fragment of Early Holocene
(probably Late Plelstocene) volcano and {s composed of olivine-pyroxene
basalts,

CENTRAL KURILE ISLANDS

General distridution of volcanoes within this region {s indicated on Fig.
30. Volcanoes of the Simughi Island are shown on Fig. 31.

2.1. Gorlaschaya Sopka volcano.

Location and general structure.

Goriaschaya Spoka 1s located just to the northwest of Milne volcano on
the continuation of a northeast fault which cuts both volcanoes. It 1s a
volcano of the Somma-Vesuviusg type. The older cone i3 a typical
stratovolcano. In the northwestern part of the amphitheater the somma is a
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Pig. 26. General location of volcanoces on Urup Island (after Gorshkov,
1970). Position of calderas indicated on separate figures is shown by
quadrangles and figures.

I. Mt, Desantnaya massif; II. northern part of the Shokalsky Ridge; III.
gouthern part of the Shokalsky Ridge; IV, Petr Schmidt Ridge; V.
Krishtofovich Ridge. 1 - Holocene lavas; 2 inter—glacial lavas; 3 - eroded
part of Quaternary (mainly pre-glacial) edifices; 4 - the basement. Other
signs are the same as on Fig. 17. Number of insertions coinclde with aumbers
of figures.
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Fig., 27. Scheme of the Ivao volcanic group - part of Krishtofovich Ridge"
volcano-tectonic depression (after Gorshkov, 1970). Other signs are the same
as on Fig. 17.
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Fig. 28. Scheme of the Kolokol volcanic group structure (after Gorshkov,
1970).

1 - Berg volcano; 2 ~ Trezubets volcano; 3 - Kolokol volcano.
the same as on Fig. 17,

Other signs are
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Fig. 29, Scheme of the structure of Chirpoy (I) and Brat Chirpoyev (II)
Islands (after Gorshkov, 1970, with small additioms).
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Fig. 30. Scheme of the gsoutherm part of Central Rurile group of Islands
(after Gorshkov, 1958),

Position of calderas, located on separate figures is
shown by guadrangles and figures.
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dome with a diameter of about ] km (Fig. 32). Numerous lava flows are exposed
beneath the dowe, they are probably from a pre~dome veant in the crater. The
dome 18 composed of two—pyroxene andesites,

Historical activity.

Data regarding eruptions of the volcano before the middle of the 19th
century are absent. An eruption in 1842 marked the beginning of a new cycle
of aetivity. Another eruption took place in 1849 and in September 1881,
outpouring of numerous lava flows was ohserved. Gorshkov (1970) suggested
that the present-day dome did not yet exist in this period. It probably
formed during eruptions of 1883, as the final stage of an eruption started in
1881, Formation of the last lava flow and explosive crater on the summit of
the dome took place at an unknown time. Weak explosive eruptions took place
in 1914 and 1944. Now on the summit of the dome and near its foot there
continues weak fumarolie activity.

2.2, Milne volcano.

Milne Volcano forms southwestern part of Simushir Island. It is a
typical Somma-Vesuvius type volecano. Milne is a typical stratovolcano with
basal diameter of about 10 km. On the summit of volecano is a caldera with a
diameter of about 3 km, and 250-300 m high walls. The northwestern part of
somma 18 broken by a fault which extends to the Zavaritsky caldera, TInside
the caldera a small come 1s located. Lavas of somma and the young cone are
very similar--both are pyroxene andesites and basaltic andesites.

The basement of volcano 138 altered leucocratlc lavas with reversed
magnetic polarity. The caldera, according to Gorshkov (1970), was formed
during the second glaciation (Upper Pleistocene). The caldera itself became a
center of strong glaciation. The volcano is now dormant.

2.3. Zavaritsky caldera,

Location and general geology.

Zavaritsky Caldera is located in the southern part of the Simushir
Island. The volcano has a complex ediflce with two nested calderas, a partial
blasted central cone, and a caldera filled by the lake (Fig. 33).

The first caldera does not signify a single volcano, but rather a geries
of merged lava stratovolcanoes. By the data of Bernstein (1952), lavas of the
first astratovolcsno are raversely polarized and belong part{ally to Upper
Pliocene time. The southern part of the first caldera is preserved; its
northern portion is not preserved. The rim of the first caldera on the
northeast joins the rim of the second caldera. The diameter of the first
caldera reaches 10 km.

The second caldera is almost a complete ring 7-8 km in diasmeter, broken
only in the northwest. The height of the caldera walls is 375-400 m. The
second caldera exposes a typlcal stratovolcauno with lavas in the lower part of
the sequence and pyroclastics in the upper part. Lava samples from the walls
of the gecond caldera are pyroxene andesites (Gorshkov, 1970), and
pyroclastics in the upper part of the sequence are dacitic pumice. A"roof” of
strongly welded tuffs covers the caldera rim. Formation of the second caldera
belongs to interglacial time. 1In the beginning of post-glacial time the
northwegt part of edifi{ce subsided below sea level along a fault and a bay was
formed inside the second caldera.

63



Fig. 31. Scheme of location of volcanoes on Simushir Island (after Gorshkov,
1970).

1 = Uratman volcano; 2 - Prevo Peak; 3 — Ikanmikot volcano; 4- Zavaritsky
caldera; 5 — Milne voleano; 6 — Gorlaschaya Sopka volcano. Other signs are
the same as on Fig. 17, ’
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Fig. 32, Scheme of Milne (I) and Goriaschaya Sopka (II) volcano (after
Gorshkov, 1970). Other signs are the same as on Fig. 17,
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Fig. 33. Scheme of Zavariteky caldera (after Gorshkov, 1970).
1. the first caldera; II. the second caldera; III. the central cone with
recent third caldera. Other signs are the same as on Fig. l7.

Fig. 34, Scheme of the structure of the Uratman volcano (after Gorshkov,
1970). Other signs are the same as on Fig. 17,
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A central cone inside the second caldera contains yet a third caldera.
The central come 1s typical stratovolcano with a dominance of pyroclastic
material, cut by numerous vertical dikes. 1Its rocks vary from basalts through
to dacites, The upper walls of the third caldera exposed a layer of strongly
welded tuffs which in places grade into to rheoignimbrites. The third inner
caldera 18 3.5 km from north to south, and between 1 and 2.5 km west to east.

Pogt—caldera stage of activity.

Post—caldera products are mainly dacitic pumice. Along the western rim
of caldera, blocks about 1 km in length and 0.1 km in width have slipped or
subgided about 150 m. On one of the stage of existence of caldera inside it
there constantly exists inter~caldera lake, level of which has been
considerably higher in comparison with level of now existed lake., Over layers
of pumice pyroclastics on the height 190 m over recent level of the lake there
lay suite of lacustine tuffites, which adjoin pumices. In the upper part
these layers lay horizontally but sftrerwsard dip under the angle about 60°.
Level on which lay lacustrine sediments and character of their laying indicate
on resurgent doming processes which took place inside caldera.

Higtorical activity.

Based upon Japanese topographic works, Gorshkov (1970) spesks about
eruptions which probably took place between 1916 and 1931, when a2 new effusive
dowme formed inside the inner caldera. An explosion took place inside the
caldera 1n 1957. During this eruption, an extrusive dome of Santorini type
with lava flows developed inside the lake. Since 1957, strong fumarolic
gctivity continues in the northern part of the caldera.

2,4, Uratman volcano.

Uratman Volcano 1s located on the northeast edge of the Simushir
Islend. It is similar to Somma-Vesuvius, A narrow arc—like somma ridge
bounds the large caldera, 7.5 km in diameter. Wall of the caldera is broken
in the northern part im the direction of the Diana strait, and between central
cone and walls of caldera there i1s a narrow atrio, filled by the sea. In the
southeagt part the rim of caldera 1s overlapped by the central cone. In the
gsouthwestern part lavas of Uratman volcano come to the scarp of Oleny Ridge,
composed of Tertlary volcanic rocks. From the other sides it 1s surrounded by
the sea. The central cone—Uratman——1s & gtratovolcano that is covered by
dense vegetation. Diameter of 1ts base 4g about 4 km.

To the north of the central cone are three adventive edifices: the
westarn among them 1s an extrusgive dome, and two others are cinder cones (Fig.
34). Lavas of the somma are two—pyroxene and hypersthene andesites and
basaltic andesites, The central cone and adventive craters are two-pyroxene
andegites, and the extrusive domes are amphibole—pyroxene andesite., The pre-—
somma edifice is pre-glactal; the central cove is Holocene,

2.5, Ketol calidera volcano (Pallas Peak).

Ketol Volcano forms an island In the central group of Kurile Island Arc,
located just to the north of Ushishir Island.

Most of the island consits of relicts of an anclent caldera-volcano (Fig.
35). The rim of a2 5 km diasmeter caldera ig preserved only in the northeastern
part of the voleano, where its height reaches 720 m. A flat slope of the
ancient voleano 18 bounded on the gsea side by 100 m scarps., Fragments of
{gnimbrites suggest that the caldera formed by an ignimbrite eruption.
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Fig. 35. Scheme of the structure of Ketoy volcano (after Gorshkov, 1970).
Other signs are the same as on Fig. 17.
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The northwestern part of Ketol island 1s a young central edifice with a
height of 1172 m. The eastern part of the island has been intensively
glaciated and no volcanic forms have been preserved.

The northwesterm part of Retol, together with the ancient edifice, is
broken by northeast trending faults that form a graben and adfacent horst. 1In
the base of the horst are exposed horizontally-banded tuff-conglomerates
formed in shallow—sea conditions, overlain by lavas and pyroclastic rocks
emplaced under subaerial conditions,

Northwest of the igland the sea floor 13 faulted to great depth but on
other sides 1t 1s a submarine terrace. Inside the graben there are two
solfatara flields and relicts of a pyroelastic cone. In the central part of
the igsland is a comparatively large depression occupied by a lake 1.5 km in
diameter., According to Gorshkov (1970) it is explosive caldera formed
probably by explosion of ome of several young intra-caldera cones.

The southern rim of the young caldera practically coincides with the rim
of the old caldera and partly cuts an adjacent part of the old volcanic
edifice, This anclent edifice partly overlaps rim of ancient caldera, but in
the eastern part there exists a large atrio in which, due to character of
deposits, there existed a lake. 1In this atrio 1s located a young central cone
- Pallas Peak. In minjature 1its structure is similar to Somma-Vesuvius type
volcanoes., Southwestern, older part with height about 1000 m 1is open to the
goutheast amphitheater in which the young less high cone is located, The
northeastern slopes of the young cone come to the atrio of anclent caldera and
its southeastern slope is poorly expressed. In both the ancient volcanic
edifice and the central cone basalts and basaltic andesites prevailed; recent
lavas are two-pyroxene andesite,

A young extrusive dome 18 located on the eastern edge of Ketol Lake.
Beside 1t are relicts of the second intra-caldera cone with great lava flows
which flowed to the southeast. ’

History of formation. ' T

In the lower Pleigtocene time an eroded Tertiary basement shield velcano
was formed by a gigantic blast accompanied by pyroclastic flows and ignimbrite
formation. A result of this explosion was a large (5-6 km) caldera
eccentrical in connection with volcano with shift to northwest., The first
glaciation do not form any significant traces. During inter-glacial time the
central edifice was formed in the northwestern part of the calders,
overlapping the northwestern caldera wall. In the eastern part of the caldera
a lake was formed.

The second glaciation strongly eroded this central edifice, In the
beginning of post-glacial time the northwest part of the island was broken by
faults. Cinder cones filled a graben, but the main activity was concentrated
eagt of the central edifice approximately along the boundary of the ancient
caldera. A large cone formed near the southern rim of the caldera, and 1ts
formation wag finished by an explosion. Pumice from this explosion covered
lacustine deposits in the atrio. After formation of the inner caldera, a
large extrusive dome formed on the eastern edge of the caldera. Adjacent to
it Pallas Peak grew and erupted a series of lava flows with lengths up to 2.5~
3 km. Lava flowed to the ocean shore and in the north overlapped remalining
part of the atrio and pumice of the inrer caldera.

Historical volcanic activity,
In the firgt half of the 18th century the volecano showed no tracaes of
fumarolie activity. The first reported eruptions were in 1843, when Perrey
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(1864) saw a atrong eruption with outpouring of lava. This eruption continued
up to 1846, An eruption occurred in 1924, but no details are known. On
September 27, 1960, ash falls were noted. At the present time weak fumarolic
activity 1s marked on ocuter slope. Fumaroles are present Iinslde the crater
lake.

2.6, Ushishir voleano and caldera.

Ushishir Volcano occupies an {sland with the same name Iin the central
part of the Kurile Island Are (Fig. 36). It is of the Somma~Vesuvius type in
which a 10 km in diameter somma 13 strongly eroded from previously-existed
shield like volcano, gnd preserved only as two small islands. The Ushisghir
caldera 1§ about 1.6 km in diameter. Its southern wall is cut and an inlet is
formed about 1 km 1in width and up to 58 m in depth. Its walls in northern and
western part reaches 250 m above sea level, and the highest point reaches 400
m. Around the islands is8 a great submarine terrace indicating the age of the
pre—somma edifice 18 pre-glacial. Relicts of Tertiary basement are presenf on
both islands (Markhinin, Stratula, 1966),

In the center of caldera bay there exist two flat extrusive domes, which
together with two other domes on a peningula define g ring with diameter about
0.5 km. They reflect the position of submarine feeding channel. All four
domes are composed of amphibole andesites. By Markhinin and Stratula (1966)
the somma edifice 18 cowposed by augite andesites and basaltic andesites.
Nemoto (1938) described two-pyroxene andesites and andesites with a mixture of
olivine. Gorshkov (1970) described one sample of amphibole dacite from
Ushishir somma. ' :

Near the southwest wslls of the caldera a nest of strong fumaroles and
hot springs are active. Gorshkov (1970) inferred from a journal by Cherny,
that weak volcanic eruptions took place at the beginning of the 18th
century. It 1s possible, that two of the four domes inside the caldera were
formed after Cherny's visit, or after 1769.

2.7. Rasghua caldera volcano.

Location and general geology.

Rasshua Volcano occupies an island with the same name, located 28 km to
the gsouth of Matua Island in the northern part of the central Ruriles,

The volcano is of Somma-Vesuvius type. Relictg of the 6 km diameter
gomma rim form the northern and southern end of the igland (Fig. 37). On the
southern edge of the island Tertiary rocks crop out. The somma underwent
strong glaclal erosion. The western rim of the caldera was located along the
shore of the fsland, eastern was located east of the present Iisland. The
older edifice is composed of two—pyroxene basaltic andesites and andesites.

In the middle of the i{sland a complex central cone almost completely
fills the caldera. The cone is ecceotric ingide the caldera — it 18 shifting
northward. Main part of the central cone 18 gtrongly eroded. Some valleys
resemble cirque and are probably connected with the second glaciation. 1In the
southern part of the volcano is seen the rim of large crater about 2 km
across. On the northwest gshore 18 located another igsolated young cone
probably of the same age. It 1is composed mainly of two-pyroxene andesites.
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Fig. 36. Scheme of the structure of Ushishir caldera (after Gorshkov, 1938).
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Sketch showling the structure of Ushishir caldera.
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Fig. 37. Scheme of the Rasshua calders—volcano (after Gorshkov, 1979). Other
signs are the same as on Fig. 17.
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Fig. 38. Scheme of the structure of Sarychev Peak volcano (after Gorshkov,
1970).

1 - nuee ardente deposigs; 2 — fault line, Other signs are the same as on
Fig. 17, -
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Historicel activity.

A strong erxruption of the volcano occurred in 1846. Probably during this
eruption the eastern cone was destroyed. On November 4, 1946, just before
eruption on adjacent Sarychev Peak, Rasshua volcano increased irs fumarolic
activity, In October, 1957, increased fumarolic activity was marked, possibly
with weak explosions. The volcano now exhibits constant fumarolic activity in
eastern crater gnd in the saddle between the eastern and western cones.

In atrio amphibole dacitic pumice 1s found,

2.8. Matua caldera (Sarychev Peak volcano).

Location and general geology.

Sarychev Peak Volcano 1s located on Matua Island in the northern part of
the central Kurile Islands. The southeastern part of the Island containg
relicts of Matua volcano (Fig. 38), now the somma for the Sarychev Peak
vbolcano. Tertiary volcanogenlc rocks lie beneath Matua volcano. Matua
volcano was a typical stratovolcano with abundent lava flows, formed in pre-
glacial times. The gastern part of Matua joins a 140 m deep gubmarine terrvace
formed during the second glaclation; this terrace disappears beyond the
relicts of the gomma. The northwest part of the igsland is subsided along the
fault of a great amplitude, which cuts the caldera (Gorshkov, 1970). At the
beginning of Holocene a serieg of faultg appeared on the western side of the
Central Kuriles. Gorsghkov (1970) associated the formation of the caldera with
movements along these faults.

Boundaries of the Matua calderaz can be traced only in a small area in the
southwest part of the fsland. All other parts of the caldera are hidden under
rocks of a young cone, Sarychev Peak. The dlameter of caldera is 3-3.5 km.
The northern part of the island subsided and a preserved part of the caldera
appeared in the central cone. 1In the northwestern part of the island,
Sarychev Peak, completely fills the caldera depression and partially overlaps
its rim. That cone is typlcal strato—cone composed of two-pyroxene aundesitesg
and basaltic andesites. An old adventive cone to the south of Sarychev Peak
is compogsed by aphyric basalts. Upper parts of the strato-come slopes ate
armourad by well preserved lava flows: lower parts of slopes are composed of
nuee ardente deposits

Bistorical activity.

An eruption in 1760 was described as an explosion of unknown charactar
and duration. A lava flow occurred in the winter of 1878-79. Explosions of
strombolian and Safnt~Vincent types took place on February 14, 1928, February
13, 1930 (lasting 13 hours), November 9-19, 1946, and in August-October
1954. At the time of the last eruption, the extrusive dome ingside the crater
grew, Since 1954, constant fumarolic activity bhag taken place in the gummit
crater.

RORTHERN KURILE ISLANDS

3.1. RKRuntomintar caldera veolcano.

Kuntomintar Volcano is located in the southerm part of Shiashkotan Island
and 15 a double volcano of Somma-Vesusius type (Fig. 39). The older edifice
composes the eastern part of the magsif. 1Its southeastern part has clear
traces of glacial activity. 1In northeastern part of the massif are relicts of
an ancient caldera with diameter 4-4.5 km. An older calders In this massif is
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Pig. 39, Scheme of the structure of the Kuntomintar volcano (after Gorshkov,
1970).

I. pre~glacial edifice; II. inner cone; III. ignimbrites. Other signs are
the same as om Fig. 17.

8km

Pig. 40. 'Scheme of'the structure of Sinarka volcano massif (after Gorshkov,
1970). )

I, Jignimbrites; 11. nuee ardente deposits; IXII, Inferted contour of the
ancient crater. 1 - Sinarka volecano; 2 — Zheltokamenny dome. Other signs are
the same as on Fig. 17,

6km
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glmost filled by an inner cone and so it 1s not seen in {ts southeagtarn

part. On the western edge of the massif, another caldeva 2-2,5 km in diameter
i3 open to the west. Gorshkov (1970) thought that the latter caldera was the
center of the second glaclation. However, the northern part of the maggif is
covered by {gnimbrites obviously connected with formation of the inner
calders., Along the western coast of Kuntomintar volcano the western part of
volcano has subslded along a linear fault.

Graat -scarps expose the structure of the Kuntomintar gtratovolcano, with
prevalance of pyroclastics, mainly of two-pyroxene andesites. No eruptions
are known to have occurred in post-glacial time, but the volecano shows
constant fumarolic activity along the esstern wall of caldera.

3.2, Sinarka caldera volcano.

Location and general geology.

Sinarka Volcano 18 located inm the northern massif of Shiashkotan Tsgland,
in the southern part of the Northern Kuriles group. The volcanic masgsif (Fig.
40) formed as the result of pre-glacisl eruption of two—pyroxene bagaltic
andesite. Its development was completed by formation of the crater (or
caldera? - note of Gorshkov, 1970) 2 km in diameter which i1s completely hidden
under the young cone and is reconstructed on the basis of relief analysis.
Deposits of welded tuffs in north eastern part of massif are connected with
the formation of thig crater. A central cone of post—glaclal age completely
filled the caldera and upper parts of nearby valleys. The northeastern slope
of the cone have since been destroyed by explosion (or landslides - not
clear). In the young crater 1s located an extrusive dome gurrounded by an
agglomerate mantle. Another well-pregserved extrusive dome is located 1.5 km
from this dome. The young cone and both extrusive dowmes are composed of two~
pyroxene andesites.

Higtorical activity. o

Eruptions of Sinarka volcano took place in the first half of 18th
century, in 1846 and in 1855. 1In 1872 a directed blast which destroyed the
northwest part of the young cone and burled a village. Then a thick lava flow
formed and an extrusive dome started to grow. These eruptions continued up to
1878. Now only fumarolic activity is observed on volcano.

3.3. Tao-Rusyr caldera.

18 located in the gouthern part of Onekotan Island of the Northern
Kuriles (Figs. 41 and 42). The pre-caldera edifice 19 a flat shield voleano
with bagal diameter of 16-17 km, On the summit 1s located a caldera, 7.5 km
in dismeter, 400 m above sea level, in which 1s located a lake with a depth of
wore than 150 m.

Geology of somma.

The pre-glacial edifice has clear traces of glaclal activity in {ts
southern and western partg. In contrast, 1ts east and north western Slopes
lack any traces of glaclal activity. Numerous lava flows have preserved the
gsurface structure and one lava flow came across the trough of the axis
valley. Tt 1s possible to conclude, the shield volcano appeared in intexr-
glacisl time on the relicts of a pre-glacial volcano edifice. Tao-Ruayr
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Fig. 41, Location of volcanoces on Onekotan Island {after Gorshkov, 1970).

1 -~ dome of eruption of 1952; 2 - pyroclastic deposits counected with
formation of the Tao Rusyr caldera; 3 - ignimbrites of the Nemo caldera; 4 -
inferred rim of the Nemo Peak ilnner caldera; 5 - inferred rim of the anclent
Nemo Peak caldara; 6 - anclent (partly Tertiary) rocks of the outer Nemo Peak
edifice; 7 - Mt, Shestakov massif; 8 - relicts of the ancient Medny volcano.
Figure 1 shows Kryzhanoveky caldera volcano. Other signs are the same as on
Pig. l7o
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Fig. 42, Scheme of the structure of Tao-Rusyr caldera (after Gorshkov, 1938).
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Sketch showing the structure and a section of Krenitzyn peak
and Tao-rusyr caldera,

(1 - old lateral crater, 2 - lateral crater of 1962, 3 — dome of 1952, &~ soltataras),
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volcano continued its activity in post—-glacial time. Pre-caldera rocks are
olivine basalts and subordinate quantity of two-—pyroxenme basaltic andesites
interbedded with pyroclastics of the same composition, capped by a layer of
dacitic pumice, and filling thin flows of basalts.

Caldera forming eruption.

Development of the volcano was finigshed by a gigantic explosion which
destroyed the summit and formed the caldera. The explosion was accompanied by
pyroclastic flows which cover a conglderable part of the eastern coast. Their
thickness continuocusly decreases northward. Material of these flows is

andesitic (58.7X S10,). By radiocarbon data, this eruption took place 7040
years B.P. (Gorshkov, 1970).

Post—-caldera volcanic activity.

In the northern part of caldera the central cone Krenitsyn Peak rises
above a caldera lake. 1Its diameter at the level of the lake is 3,5-4 km, It
18 composed by monotonous pyroxene andesites. A summit extrusive dome 1s
characterized by a more acid composition of plagioclase.

Historical activity.

Krenitsyn Peak ghowed weak golfatara field activity in 1846 and 1879, and
in 1952 a strong eruption took place and formed an explosive crater on the
eastern slope of the volcano. The place of the explosion was near to the base
of the volcano, and afterward an extrusive dome was formed. After this
eruption, the voleano renewed its fumarollc activity in three places: on the
rim of summit crater, in an adventive crater, and in the new submarine crater.

3.4. Caldera of Kryzhanovsky volcano.

Kryzhanovsky volcano i3 located to the northwest from Tao—Rusyr Caldera,
on Onekotan Island in the northern group of the Kurlles. The volcano has a
well-preserved summit caldera with a diameter of 3 km open to the west.
Slopes of the volcano have clear traces of glacial activity. The bottom of
the caldera, as noted by Gorshkov (1970), is covered by pyroclastics, of the
caldera—-forming eruptions. The volcsno is composed mainly of basaltg. The
rim of the caldera reaches 550 m high above sea level. No detailed data about
geology of volcano and caldera is available.

3.5. Nemo Peak caldera.

Nemo Peak caldera is located in the northern part of Onekotan Island, in
the northern group of the Kuriles. Here a great depression about 11.5 km in
diameter is open to the west. Mountains around it suggest that two calderas
are present (Fig, 43). All the ridges have traces of glacial erosion and the
small height of these ridges suggests that they were eroded by the first,
stronger glaciation. On the bottom of the depression, to the northeast from
Nemo Peak, are relicts of another younger edifice at about the place where the
two calderas overlap. This younger edifice has been destroyed by explosions
and only relicts of the calders rim remain, with the form of half a moon.
That rim 18 overlapped partly by lavas of Nemo Peak. Lake Nemo fills part of
this caldera.

A flat bottom of the depression to the north and east from the lake is
covered by uniform layer of ignimbrites supposedly Holocene in age, which
overlie moraines. To the south, ignimbrites are overlapped by lavas of the
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Fig. 43. Scheme of the structure of the Nemo Peak caldera (after Gorshkov,
1970).

1 - ignimbrite deposits; 2 — rim of the inner calders; 3 — contour of the
ancient caldera. Other signs are the same as on Fig. 17,
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Nemo Peak. These ignimbrites are silicic andesites or andesite-~dacite (647
3102). Rocks of pre-caldera edifice are basaltic andes{tes; the central cone
18 composed of basaltic andesites and andesites. Short, young flows are
composed of augite andesite (59.3% 5105)-

History of the volcano.

In pre-glacial time a double nested caldera was formed on some anclent
volcanoes. Then the island underwent glaclation. A new volcanie edifice
formed in Iinterglacial times. 1Its cone overlaps glacial relief. Eventually a
gtrong explosion destroyed the cone, accompanied by an outpouring of
pyroclastic flows. The caldera formed during this event has a diameter of
about 5 km.

In post-glacial time a central cone was formed. At first this cone had
two summits, but now eruptions continue through only one crater — Nemo Peak.
The most recent eruptions have fed numerous lava flows, interrupted by strong
strombolian-type explosions. Nemo Peak fills almost all of the caldera in the
south, and in the west it overlaps the caldera rim. The atrio is preserved
only to the north from the central come. On the final stage, an extrusive
dome was formed in the summit crater.

Historical activity.

Eruptions of Nemo Peak took place in the 18th century. The dome might
have formed during the eruption of 1906. Fumarolie activity persists through
explosion funnels located on the rim of the summit c¢rater.

3.6. Rarpinsgky caldera.

Karpinsky caldera is. located in the southern part of Paramushir Island
and is usually not described as a separate structure. Gorshkov (1970) divided
1tg description into two separate parts — an inter—glacial volcanic edifice
and post—-glacial centers of Karpinsky group. )

Gorshkov (1970) concludes that the depression previously described by him
as Karpinsky caldera was formed walnly by glacial eroslon processea. The
structure has rhomb-like form, its walls were formed at various times from
Lower Pleistocene up to Holocene.

The inter-glaclal edifice has three volcanic centers (Fig. 44). Post-
glacial aetivity within Karpinsky caldera is represented by three independent
small cones with extensive lava flows, These cones are composed mainly by
lavas but several funnel shaped craters with strong fumarolic activity are
located on or around the cones. After the earthquake in 1952, there was a
sharp intensification of fumarolic activity.
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Fig. 44.

Scheme of Karpinsky caldera (sfter Gorshkov, 1958)
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CHAPTER TII
DESCRIPTION OF KAMCHATKA CALDERAS

Description of Kamchatka calderas is arranged {o accordance with their
geographical/geological distribution (Fig. 45).

SOUTHERN KAMCEATKA

4,1, Pauzhetka Volcano-Tectonic Depression (Kurile Lake caldera, I1'insky

caldera volcano).

The Pauzhetka depression in southermost Kamchatka is among the largest,
and perhaps the best studied, structure of this type 1in Kamchatka.

Published studies.

Study of the western part of the depression has been mainly due to
exploration for geothermal resources. In contrast, the eastern portion, which
includes the Kurile Lake caldera, has been studied mainly as an example of
volcanigm and structure related to a Xrakatau-type caldera,

The Pauzhetka depression was first described by Aver'ev and Sviatlovsky
(1961), although subsequent work has greatly modified their ideas. The
currently prefered houndaries of the depression were defined by Melekesgtsev
(in Luchitsgky, ed., 1974), who emphasized a volecano-tectonic origin.
Sheimovichy (1974) related formation of the depression to eruption of the
Golygin ignimbrite sheets, which were deposited over a large region around the
depression. The boundaries defined by Melekestsev were accepted by Kozhemyaka
and Ogorodov (1977), who interpreted the genesis of the depression dominantly
as the result of volcanic process and played down any relation to regional
tectonics., 1In contrast, Leonov (1981) interpreted the depression as related
to the main extensional faults of southern Kamchatka, without considering the
role of volcanic processes at all. )

Regional setting.

The Pauzhetka depression {3 at the Intersection of several major fault
systems (Fig. 46). North-south faults define the eastern borders of the
Kamchatksa Median massif with the graben-syncline of south Kamchatka. Near the
Pauzhetka depression, N-§ faults bound the uplifted volcanic rocks of the
Golygin Mountains with displacements down more than 1,000 m to the east. At
the southern margin of the Golygin Mountains, a N-§ fault {8 cut by the E-W
Ozernovaky strike-glip fault, Lesser faults with NW and NE strike occur in
the same region.

Morphology and structure.

The Pauzhetka depression 18 an E-W-elongate subsided block, 20 by 25 km
across; northeast—striking linear grabens join the subsided block on its
eastern and western sides (Fig. 47). The depression is bounded by faults with
total displacement exceeding 1,000 m, and is filled by the "Pauzhetka suite”
of terrigenous volcanic deposits, of upper Pliocene to middle Quaternary age.
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Fig. 45. Quaternary ralderas and great volcano~tectonic depressions in
Kampchatka. |} — contours of great Quaternary volcano-tectonic depressions; 2 -
Quaternary calderas. Roman numerals/volcano-tectonic depressions: I.
Pauzhetks; II. Karymsninsky; III. Zhupanovsky (Rarymsky); IV. Great
Semlachik; V. Tolbachik; VI. Khangar; VII. Ichinsky; VILI. Alney
Chashokondzha,

Arablc numberals denote to: 4,1 - Pauzhetka volcano-tectonic depression
(RKurile Lake caldera, 11 insky caldera volecano); 4.2 - Inkaniugh volcano-
tectonic depression (Zheltovsky caidera volecano); 4.3 - Prizrak calders (Kell”
caldera volcano); 4.4 - Kgudach caldera volcano; 4.5 - Gorely caldera volcano;
4,6 - Opsla caldera volcano; 4.7 ~ Bolshe-Banny (Karymshinskaya) ring
structure; 5.1 - Avacha caldera volcano: 5.2 - Caldera group of Zhupanovsky
(Karymskv) volzano-tectonic depression; 5.2.1 - Polovinka caldera volcanoces
Odnoboky and Akademil Nauk); 5.2.2 -~ Stena-Soboliny caldera (Maly Semiachik
caldera volcano); 5.2.3 -~ Caldera of the Karvmsky velcano; 5.3 — Great
Semlfachik volcano-tectcnic depression; 5.4 - Uzon-Geyzernaya volcano-tectopnic
depresgion; 5.5 ~ Krasheninnikov caldera volecano; 6.0 - Telbachik volcano-
tectonic depression; 6.1 — Plosky Tol»achik caldera volcano; 6.2 - Dal ny
caldera volcano; 6.3 -~ Zarechny caldera voleano; 7.1 - Xhangar volcano-
tectonic depression; 7.2 — Ichinsky volcano-tectonic depression; 7.3 -
Ukslchan caldera volcano; 7.4 ~ Bolshoy caldera voleano; 7.5 — Kekuknaisky
(Leningradets) caldera volcano; 7.6 - Bolshoy Chekchebonay caldera volcano;
7.7 -~ Maly Chekchebonay caldera volcano; 7.8 — Tigilsky caldera volcano; 7.9 -
Perevalovy caldera volecano; 7.10 - Alney~Chashokondzha volcano~tectoric
depression, ‘
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Fig. 46. — Scheme of southern and eastern Kamehatka Ffaults setive in Neogene-
Quaternary time (by keonov, 1981), 1 -~ Svstem of faulks of Nachiki-Kumroch
strike slip faulet, conneeted with grabens of Pauzhetrka volcano-tectonice
depression lacluding: (a) faults without considerable vertieal eompounents; (b)
Faults with amplitude more than 100 m; (e) Thrusts; 2 — Faults bordering -
supposed zone of extension; 3 - Faults of NW (a) and sublaei{tudinal; (b)
strike; 4 - Fanles of latirudinal strike; 5 ~ Kamchatka Median massif; 6 -
Volecanoes (&) and calderas (b); 7 — Hot springs.

20 40 80 80 100km
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Fig. 47. ~ Geology of the Pauzhetka volcano~tectonic depression (Xozhemyaka
and Ogorodov, 1977).
Quaternary deposits:

I.

II.

Iix.

Iv.

1.
2.
3.

4.
54
6.

7.
8.

9.
10-

Blast deposits, Q4;

Scorla, Q43

Blast pumice - scoria deposits, 043

Thick pumiceous pyroclastic flows, Q4;

Redeposited pumices, Q43

Glacial deposits of the second stage of Upper Pleistocene glacliation,
Q4;

G%acial deposits of the first stage of Upper Pleistocene glaciaton,
Q%;

Undivided loose deposits, Q3,

Rhyodacite tuff ignimbrites, Qs;

Sedimentary tuffs of the Pauzhetka guite, N% - Q% M.

Miocene, Pliocene and Lower Plefstocene deposits:

1l.
12.
13.

14.
15.

16.
17.

Plateau~like relicts of strongly eroded shield-like volcarnoes, 01;
Effusive-pyroclastic complexas of large Pliocene centers of volcanism;
Volecanogenlic sedimentary deposits of Middle—Lake Pliocene, N%‘3;
Large intrusive bodies, Ny (7);
Volcagnogenic, malnly lava, complexes of Lower and Middlie Miocene,
N1—-2

1
Tuffogenic sandstones and gravellites of Late Paleogene-Lower Miocene,
P3 = NI;
Undivided deposits of Late Paleogene - Llower Hiddle Miocene, Py - Ni -2
(?);

Genetic types of volcanoes and their morphology:

18,
19.
20.
21‘
22,
23.
24,
25.
26.
27.
28.
29.
30.
31.
32.
33.

Bagsaltic scoria cones, 04}
RBagalitic lava cones, 04,

Large poly-phage extensive complex Diky Graben, Q43
Small extrusive domes of dacites,. Q3 - Q4;
Subintrusive formationsg;

Mainly lava strato—volcanoes;

Large lava-pyroclastic strato-volcanoes;

Mainly pyroclastic strato-volcanoes, Q; - Qy;
Shield~like mainly lava volcanoes, Q) - Qs

Large Pliocene centers of volcanism,

Strongly eroded relicts of pliocene volcanoes;
Craters of strato—volcanoes;

Fault of bounding of the Pauzhetka depression;
Graben of the Pauzhatka river valley;

Horst of the Kambalny ridge;

Calderag with which are counected pumice pyroclastic covers.

Disjunctive tectonic faults;

34,
35.
36.

States;
Inferred
Figsures of pumice eruption, Q.
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Boundary structures of the depression truncate older desposits of varying
age and origin. The western boundarles truncate Mliocene—Pliocene sediments of
the "western Ramchatka rear linear depression”™; south of Rurile Lake, Miocene
terrigenous volcanic deposits are cut. North of the depression and uplifted
Golygin Mountains are composed of Miocene-upper Plliocene to lower Quaterunary
volcanics, overlapped by ignimbreite cover (so called Golygin horizon). To
the southwest are the lower—-middle Quaternary volcanic edifices of the
Roshelev group. )

The Pauzhetka depression coincides with the "Golygin™ negative gravity
anomaly. The mass deficiency is 1.5 x 1017 grams; modelling, based on an
assumed dengity contract of 0.23 cm3, indicates that the top of the low-
density material is at g depth of 5-6 km, with {ts center at a depth of 10-15
km, The low—density material is interpreted as a still partly wmolten magma
chamber (Erlich and others, 1972).

The 1lunner structure of the Pauzhetka depression is divigable into three
main features (W to E): Pauzhetka Graben, Kambalyny Ridge Horst, and Kurile
Lake caldera. The active Il'insky Volcano, on the northeast side of Rurile
Lake, covers the caldera boundary fault; this volcano in turn has a summit
caldera.

Pauzhetka Graben.

Downstepping of the basement along the western margin of the depression
18 complicated by a grabemn occupied by the Pauzhetka River (Figs. 48-49). 1In
this descriptlion as everywhere, author preserved terms used in Russian
literature. But in author's opinion, Panzhetka graben represents itself as a
kind of “caldeva moat™ — topographic and structural low between caldera wall
and resurgent central uplift. The graben is several kilometers wide, strikes
NNE, and has bounding displacements of 250-400 m (Masurenkov, ed., 1980). The
basement congists of slightly deformed and metamorphosed sandstone and
siltstone, interbedded with andesitic lavas (the Rurlle complex of middle-
upper Miocene age) (Fig. 47). Within the graben, the top of the bagsement dips
a few degrees NE and is overlapped by several voleanie sultes of upper
Pliocene-middle Quaternary age: (1) a lava-pyroclastic suite 80-150 m thiek,
mainly lava in Its lower part, overlain by tuff and conglomerate containing
clasts of silicic tuff, diorite porphyry, and andegite; (2) an ignimbrite
horizon 125-190 m thick; and (3) terrigenous volcanic rocks of the Pauzhetka
suite as much as 800 m thick, The Pauzhetka suite changes upward from mafic
tuff breccia (lower gubunit), to coarse tuff of intermediate to s{licic
composition (middle subunit), to silicic pumiceous tuff (upper subunit).

Kambalny Ridge Horst.

Between the Pauzhetka Graben and the Rurile Lake caldera is a elliptical
horst, exposing sedimentary deposits of the Pauzhetka suite, and with
structural relief of 800-1,000 m, formed at the end of the Middle Pleistocene
(Fig. 49). Formation of the Rambalny Horst coincides with intrusion and
extrusion of about 50 km3 of gilicic magma as tuff and lava (Kozhemyaka and
Ogorodov, 1977). Related Intrusions permeate strata of the Pauzhetka suite.
Only small parts of the extrusions and intrusions are exposed in deep
erosional cuts. The largest extrusion is a complex dome called the Diky
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Fig. 45. = Observed and calculated Ag along profile: settlement Ozernovsiky-~
Kurile Lake-Pacific Ocean, along the axis of Pauzhetka volcano-tectonic
depression (by Masurenkov, ed., 1980). a-Model constructed by working of .
direct task by paletka method; b-Model by correlative equation (faults - by
seigmic and gravimecric data); c~Model by method of Berezkin and second
derivatives.
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Flg. 49. — Character of laying of roof of sandstones and rocks of the
Cretaceous basement within the Pauzhetka volcano—tectonic depression by
gravimetric data (by Masurenkov, ed., 1980). 1-Roof of volcanogenic
sandstones of the Rurile complex; 2-Roof of the Cretaceous basement; 3-Deep
drill-holes.
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Graben, that formed contemporaneous with postcollapse activity at the Kurile
Lake caldera., Obviously this horst represents a kind of typical, large
regurgent dome.

4,1.1. Rurile Lake Caldera,

The Kurile Lake caldera is one of the mogt impressive in Ramchatka.
Dacitic pumiceous flows extend 20 km or more from the lake (Fig. SOb%A
shown by satellite photography. The pyroclastic flows have ylelded C of
8,000« 30 and 8,340+40 years (Luchitsky, ed., 1974).

Echo-sounder data permits the lake to be divided into: (1) a flat-
bottomed saucer—-like northern part 5 km across, with a maximum depth of 300 m;
and (2) a southern part about 10 km across, characterized by strafght short—
line segments and an Iirregular rectangular forwm (Fi{gs. 50-51). The two parts
are divided by a marrow ridge about 150 m across. Slopes 1n the southern part
are gteep, up to 60° and with a stepped profile, down to 300 m depth. The
lake floor is greater than 300 m deep and 18 4-5 km in diameter, with a
relatively flat bottom. Several swall islands within the lake are rhyolitic
lava domes.

The Kurile Lake caldera is characterized by a gravity minimum within the
general gravity low of the Pauzhetka depression. Values are low on the
rhyolite Islands in the lake. The low gravity field at Kurile Lake is
Interpreted gs related to a low-density body (probably magma chamber) about 10
km across, at a depth of about 4 km (Zubin and others, 1982).

The magnetic field 18 complex but generally low over the lake. Within
the generally low values, the magnetic field is lowest in the northern part of
the lake, and snother area of low values occurs in the southern part of the
lake. 1In form, these anomalies are simllar to the topography of the lake
bottom (Fig. 50¢-50d). Distinct anomalies also occur at the Diky Graben
extrusive complex in the adjacent Xambaloy Horst, and on a small {sland at the
foot of Il'insky Volcano, both probably related to magnetic lava flows.

The northern part of the lake has been Interpreted as a blast fumnnel,
filled by breccia of siliciec igneous rocks (Zudbin and others, 1982).
Interpreted energy of the blast is 1025 ergs, assuming a socurce depth of 1.5
km. in case of density contrast 0. 49/cm3. The southern part of the lake {s
congsldered a typical caldera (Fig. 50e). All authors describing the lake,
indicate a great amount of dacitic pumice around it, decreasing in thickness
outward from the lake. On alr-photos there are traces of flowing pumice from
the direction of the lake.

4.1.2. Il1'insky Volcano.

I1'insky Voleano covers the caldera boundary fault on the northeast side
of Kurile Lake. It is a typical stratovoelcano about 8 km across at its base,
with its summit 1,578 m above sea level gud 1,470 m above lake level. A
summit caldera contains a young nested cone (Fig. 52).

The precaldera cone is composed of basalt and basaitic andesite flows and
interbedded pyroclastic material; the ratio of lava to pyroclastics {s about
l1:1. The summit cone consists of lava flows and pyroclastic material:
bagaltic agglutinate, scorifa, and tuff; pyroclastlc material is most
voluminous except low on the cone. Compositions change with time: bagaltic
andesite, andesite, andesitic dacite. The youngest flows in the southwestern
flank of the volcano, near Kurile Lake, are silicic andesitic dacite
(63%510, )« Scoria cones on the southwestern flanks are sources of lava flows
and effusive domes; some of these form small islands in Kurile Lake.
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Fig. 50. — Geolozlcal, geophysical schemes of Kurile lLake and vicinity (Zubin,
Nikolaev and Shelmovich, 1982), a=Scheme of geological structure; b-
distribution of pumice-pytoclastic flows (from gspace-photo interpretation); c-
Bathymetric scheme; d-Scheme of magnetic field; e~Elements of geological
interpretalon of the lake”s bottom by geophysical and bathymetric data. 1-
Miocene-Pliocen volcanogenic formation; 2-Quaternary volecanites: a-Lower
Quaternary basalts; b-I1"insky strato-volcano; 3-Holocen pumice pyroclastic
flows; 4-Holocene rhyolite extrusive domes: a-stated; b—supposed; 5-Holocene
lake deposits; 6-Faults} 7-Zones of increased jointing; 8-Position meanings of
magnetic fleld; 9-Borders of collapse caldera; 10-Pogitive meanings of
magnetif fileld; l1l-Negatlive meanings of magnetic fileld; 12-Isolines of

. magnetic field, hundreds; 13-Borders of the blast crater.
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Fig. 51. - Bathymetric profiles across Kurile Lake (Zubin, Nikolaev,
Sheimovich, 1982).
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Fig. 52. - Scheme of the geological structure of I17insky volcano (by
Masurenkov, 1980). I1-Basement of the volcano (Miocene-Pliocene deposits); 2~
pre—caldera edifice; 3-summit cone; 4-separate lava flows; 5-~scoria cones; A-
blast funnel; 7-boundary of the Kurile Lake caldera; 8-pumice-pyroclastic
deposits; 9—undivided Quaternary deposits.
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A blast funnel, 1,000 x 800 w acrose and 450 m deep, is located on the
east gide of the summit cone. The blast removed part of the precaldera
edifice and part of the summit cone. Pumice, related to this funnel, thickly
blankets the northeast slopes of tha volcano and has a volume of 10-11 kw3,
Pumice compositons are similar to the youngest andesitic dacite flows of the
summit cone (63—6523102). Abundant anorthositic blocks 0.1-1.0 m in size are
present on the northeast slope, between caldera wall and the summit cone,
Well-rounded vein quartz boulders of uncertain origin, but presumably related
to the blast oceur on the upper glopes of the volcamno.

Geothermal activity.

Geothermal springs are present at several of the volcanic structures.
For example, surface hot springs occur along the northeastern gshore of Kurile
Lake, and underwater springs may be present along faults which border the
southern part of the lake and bound the inferred caldera (Zubin and others,
1982). Pauzhetka is the only geothermal field in the USSR on which a
geothermal plant has been constructed.

The major springs of the Pauzhetka geothermal fleld are within the
Pauzhetka River Graben and adjacent parts of the Kambalny Horst. A northern
group of springs form a thermal zoune with a northwest strike. The direction
of hydrotherms colncides with the strike of the zone, as indicated by changes
of temperature (Fig. 53), piezometric levels and concentrations of chemical
components (Fig. 54). Hydrothermal fluids from this zone flow into the
Pauzhetka River along the border of the depression, where Palogene~Neogene
basalt and tuff breccia form a natural barrier which causes underground water
to surface. Total present surface heat loss from this hydrothermal system 1s
25 kcal/sec; assuming a heat content of 170 kcal/kg, the inferred total heat
capacity is 178,000 kcal/sec.

Recent volcanic activity. _ .

Because of the distance from populated areas and transportation
facilities, settlement in the region of the Pauzhetka depression began only in
the 19508 and historic observations of eruptions are limited. Strong,
apparently phreatic, eruptions occurred in the laternal northwest crater of
Il1"ingky Volcano in 1901, and tephra were digpergsed widely (Vliodavets and
Pipp, 1959).

Seigmicity.
Seigmic data are also limited and nature of earthquakes is uncertain.

Although seismicity was weak during 1973-1977, seasonal swarms tended to occur
March-April and July-August (Levina and otherg, 1980). Pauzhetka earthquakes
are characterized by increased seigmic moment in comparison with average world
data, a feature typical of volecanic earthquakes.

The eplcentral region of local earthquakes (Levina and others, 1980)
appears to coinclde with a system of NE-striking tectomnie faults (Pilg. 55).
Focal-mechanism solutions for two earthquakes are left-lateral strike-slip,
with steep dips. Exteunsional strain 18 prevailed, what documents the rift
character of the regional structure (Levina and others, 1980). One possible
reason for activation of the regional tectonic structures is the exploitation
of the geothermal field; another is the influence of volcanism.
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Fig. 53, - Connection between the temperature field and relief of the roof of
the basement (by Masurenkov, 1980).
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Fig. 54. — Trends of conceatracions of the Pauzhetka deposit thermal water
components (by Masurenkov, 1980).
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Plg. S5. - Scheme epicenters of earthquakes within Pauzhetka geothermal fileld
(Levina, Firstov, Zobim, !980). 1-Seismic statlous: Pauzhetka (Pcht),
Kambalny (Rmb), Ozetrnaya (Ozx); Epicenters of earthquakes, defined by recotds
of seismo-stations; 2-Pauzhetka, Ozernaya, Kambalny stations; 3-Pauzhetka,
Kambalny; 4-Pauzhetka, Ozernaya; 5-Reglon of epicenters defined by average
gtatistical Sp and parameters; 6-Region of epicenters of strongest
earthquakes defined by regional network data; 7-Region in which more than 70%
of eplcenters are concentrated by data of field stations,
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Origin of structure.

In the most part of papers which discuss the origin of Pauzhetka volecano-
tectonlc depression, its subsidence is connected with the eruption of
ignimbrites of Golygin horizon. Slight difference in interpretation depends
on the determination of the age of these ignimbrites. Aprelkov (1962) date 1is
as Pliocene, now are avallable radiometric dates of the same ignimbrites from
drill holes within the Pauzhetka River Graben (0.22-0.0! Ma, in Masurenkov,
ed., 1980). Volcanism of post—caldera stage in this depression 1¢ represented
by numerous extrusive bodies in Kambalny Ridge Horst, which caused resurgent
doming in thls area. Simultaneously the Pauvzhetka River Graben wag formed.
Later (about 8,000 years B.P. by radiocarbon data) in the easternmost part of
the depression, Kurile Lake caldera was formed and great amount of pumice,
connected with this caldera was erupted,

Post-caldera stage of development of the last caldera is represented from
one side by a serfes of siliclc extrusive domes inside the Kurile Lake and
great Diky Graben extrusive dome in Kambalny Ridge, and from another side by
basaltic I1l'insky volcano with a caldera on the summit with which & lot of
pumice flows are associated. So 1t 1s obvious that magma chambers (or maybe a
series of magma chambers) beneath Pauzhetka volcano-tectonic depresalon
constantly migrated eastward during Ouaternary time. Another point of view
hags been pregented by Ogorodov and Kozhemiaka (1977) and in Masurenkov, ed.,
(1980). They deny any connection between ignimbrites of Golygin horizon and
subgidence of Pauzhetka volcsno-tectonic depression, Their arguments against
these connections are: (1) absence of colncidence between volume of gilicic
volcanic material, which they estimate fn 45 km3 and volume of depregsion
(about 400 km 3 by their estimstion); (2) on opposite — astonished coincidence
between volume of depression and volume of Pliocene volcanites; (3) presence
of the centers of ignimbrites eruption ocutside Pauzhetka volcano-tectonic
depression in Golygin Mountains.

This polnt of view was developed due to misunderstanding of some
important stratigraphic problems. 1In particular Ogorodov and Xozhemiaka
thought, that ignimbrites of Golygin horizon are widegpread only to the north
from the depression and do not correspond with the ignimbrites in the drill
bole inside the Pauzhetka River Gradben. So, they follow the ides that
Pliocene age of these ignimbrites and that is why neglect their own data on
radiometric age of ignimbrites, indicates om the Upper part of the Middle
Pleistocene.

4.2. Inkaniugh volcano—tectonic depression (Zheltovsky caldera volcamo).

For the first time under this name bas been described by Aprelkov and
others (1977). It 1s also indicated without description on the structural
scheme 1in the paper of Ogorodov and Kozhemyaka (1977).

General structure and possible mode of origin.

Strucutre is represeated by subsided block elongated in N 45° E direction
12 km in diameter (Aprelkov and others, 1977) infer subsidence of two nested
segments. The more elevated outer segment consist mainly of andesitic flows
and tuff cut by diorite porphyry, and asssoclated with it wide zones of
polymetalic ores. The inner gegment, bounded by acurate faults assoclated
with intrusions and barren veins, consistgs mainly of silicic tuff cut by
diorite porphyry. Withln the most subsided area of the sgtructure, Zheltovsky
volcano is located. Most of the volcano—tectonic depression's bottom 1s
covered by dacitic pumice connected with the eruption of the Zheltovsky
volcano's summit crater.
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Mode of the origin of the depression 1s unclear. Aprelkov and others
(1977) without any kind of discussion of the facts postulate that it was
formed in Miocene time. But on the structural scheme, presentad by Ogorodov
and Kozhemyake (1977) 18 seen that {ts boundaries cut different in age
volcanogenic complexes the youngest among which belongs to the Middie
Pleigtocene (Fig. 47). Absence of any kind of silicic pyroclastics
gpecifically timed to the moment of volcano-tectonic depression gemeration and
nermal fault on its boundary indicate on gradual gsubsidence of the block of
depression bottom. Author thinks, that depression probably was formed as a
regsult of subsidence caused by decreasing pressure within magmg generation
zone during outpouring of basaltic magma of Zheltovsky volcano.

Zheltovsky caldera volcano.

According to XKhrenov and Ogorodov (1973), Zheltovsky volcano was formed
in three stages (Fig. 56): (1) An upper Pleistocene shield volcsano, composed
of olivine basalt and containing a summit caldera 3 km across. (2) Formation
of & younger cone within the calders, composed of basaltic audesite.

Explogive eruptionsg increased during this stage, but without observed
differentiation of magmatic materfal. Lava flows 3-5 m thick, 2.5-3.0 km
long, and up to B00 m wide, are interbedded with layers of gcoria, pumlce, and
tuff up to 1 m thick. Late in this stage basaltic dikes were emplaced
centrally within the cone. (3) At the end of the Holocene, after a long
qulescent period, a paroxizmal blagst destroyed the upper cone and created
summit caldera 1.6 km across. Assoclated with the blast, and agglomerate flow
formed on the southeast slope, followed by extrusion of four andesitic domes
within the crater. The largest, in the southern part of the crater, forms the
summit of the present volcano. A flow assoclated with this dome wmay have
erupted in 1923 (Novograblenov, 1932).

Rounded blocks of diorite and snorthosite, 0.5-1.0 w in gize, are present
on the slopes of the volcano. Many appear to be xenoliths, but goume
inclusions are texturally transitional to the host lavas. They are composged
of anorthite, olivine, pyroxenes, and glass, and are similar in composition,
size, and position to similar inclusions on the slopes of Il'insky volcano.

Historical activity.

Vliodavets and Piip (1958) mentioned a strong explosive eruption lasting
two months during Pebruary—April 1923, ejected ash and incadescent gases. The
possible lava flow associated with this eruption has already been noted
(Novograblenovw, 1932).

4.3. Prizrak caldera (Rell’ volcano).

The Prizrak caldera is located immediately north of Zheltovsky volecano on
the continuation of the strike—slip fault which cuts (with horizontal
diaplacement) the deepseated fault on the eastern boundary of the southern
Kamchatka graben—-syncline (see Chapter 1. Pig. 11), This caldera is located
in a remote reglon that is almost inaccessible and therefore, most geological
data about this reglon have been obtained by air-photo interpretation.
Accotrding to Melekegtsev (in Luchitsky, ed., 1973), this caldera consists of
at least three large (3 to 5 km ip diameter) depressions, at least partially
nested (see photo, Fig. 57). The innermost structure is cowplicated by the
pregence of small stratovolcanoes composed mainly of lava. The largest of
thege 13 called Kell' volecano. Extrusive domes are also present, The age of
this depression 1s thought to be upper Pleistocene, and there are no traces of
recent volcanic or hydrothermal activity within this caldera.
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Fig. 56. - Geological wap of the Zheltovsky volcano (Khrenov and Gorodov,
1873). 1-Deluvial deposits; 3~agglomerate deposits; 3-basalts; 4-dacites; 5-
andesites; 6~pumlces: 7-georia; 8-walded scoria; 9-basement; 10~scoria cones;
ll-crater of the voleano: 12-dikes; 13-ancient crater: l4-boundary of lava
flows; 15-boundary of the pyroclsstic material development; lé-extrusive
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4.4, Kseudach caldera volcano.

Structural Positilon.

Ksudach caldera volcano 1s well known for its great eruption in 1907,
which was obgerved from a great distance at Petropavlosk, Kamchatka, and from
ghips. Because of its location, there has been limited studies of the Ksudach
caldera except for a few expeditions.

The caldera lies within the eastern part of the southern Kamchatka
graben-gyncline at the intersection with a major strike—sliip fault. This
fault, which trends N45CF, offsets the graben-syncline. The caldera Is
located on the gsummit of a shield-like, pre-caldera edifice, which reaches
altitudes of 950-1080 m. The pre-~caldera shield 18 composed of alternating
layers of basalt lavas and dacitic pyroclastic deposits. On the basgsis of
Interpretation of satellite imagery, Aprelkov and others (1979) described an
arcuate fault southeast of the shield that displaces volcanogenic deposits of
Pliocene to early Pleistocene age. The vertical displacement along thig fault
exceeds 1000 m. These authors conclude that the pre—-caldera shield of Ksudach
caldera itsgelf 1ies within a huge anclent caldera.

Melekestsev and others (in Luchitsky, ed., 1974) find Rsudach caldera was
formed of several nested calderas of a successively smaller slze. The older
caldaras are of late Pleistocene age, the youngest is Holocene. Only the
southwest part of the oldest caldera is preserved. Other parts were destroyed
during the formation of a younger calderas. The main Ksudach caldera 1isg
circular, has a dlameter of about 7 km, and has walls from 0-200 m high.
Several calderas (3-5 km across) are nested in the northern part of Rsudach
caldera (Fig. 58b). A small, gently sloping stratocone with an active crater,
so—called Stidbel cone, liezs in the northernmost caldera.

In contrast to the ring-iike pattern of subsidence during caldera
formation, post—caldera deformation has been dominated by subsidence along
north-northeast-trending faults. Holocene and historic volcanic phenomena are
agsociated with this fault zone. These include extrugsion of black vitreous
dacites into the loose deposits of the caldera floor, hot springs, and the
formation of Stidbel cone, which last erupted in 1907.

A positive gravity anomaly, located somewhat eccentric to the caldera,
extends far beyond the caldera (Erlich and others, 1972). Direct methods of
interpretation define a depth of 5-7 km for the upper margin of the anomaly-
cauging body. )

A linear chain of small basaltic lava volcanoes and cinder cones cut the
northern part of the pre—caldera shield. Similar volcanoes are located around
the margin of the pre—caldera edifice. Thege are thought to mark a sygtem of
ring fractures asgoclated with a huge anclent caldera within which the pre-
caldera edifice was built.

The formation of the Holocene caldera was associated with a great
outburst of dacite pumice. This pumice covers a broad area around the
volcano, but is most abundant on the north slope where is f1l1ls a depression
that was probably formed by sector collapse. A system of basgaltic ring dikes
surrounding the caldera rim were probably emplaced late In the caldera-~forming
Btage.

Eruptive Activity and Geothermal Manifestations.

The great eruption of 1907, during which Stidbel cone formed, hag not been
studied sufficiently. Vlodavets and Pilp (1959) describe it as a phreatic
eruption; however, it 1s obvious from observations that It probably begarn with
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Fig. 58b, - Sketcn of the summit of Ksudach volcano (from Vliedavets and Piip,

1958).
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eruption of juvenile dacitic pumice. The pumice contains many anorthositic
inclusiong of the gsame type as have been mentloned previously in degcription
of Il'insky and Zheltovsky volcanoes. These inclusions range in size from 1-3
cm to blocks more than | m across. StiUbel cone, by the recent data of
Solovieva (personal communication), 1s composed of basaltic(?) scoria and
lava, and was probably formed after the dacitic pumice eruption. Therefore
this single eruption was characteristic of the entire history of the Ksudach
volcano, showing an abrupt change in eruptive produets from dacitic tuff and
pumice to bassltic lava and scoria.

At present, Stilbel cone is still the main focus of activity. The cone is
low and gently sloping with a steep funnel-shaped crater with a diameter of
1.5 km that 13 open to the northeast. Fumaroles of the mofette type with
temperatures up to 80° C lie at the southern bage of the Stibel cone.

4.5. Gorely caldera volcano.

Structural position and innmer structure.

The Gorely caldera 1is located in the northeast corner of the southern
Kamchatka graben-syncline at the intersection of several deepseated faults
(see Chapter 1, Fig. 11).

The Gorely caldera 1s located in & characterigtic location of the margin
of the great negative gravity anomaly known as the "Tolmachev gravity
anomaly™. Several major centers of acid volcanism are located around the
periphery of this anomaly including the Gorely and Opala calderasg, and the
Asacha volcano, with its vast volume of acld extrusive domes. The depth of
the upper margin of the anomalous mass responsible for this anomaly 18 about
12 km. The characteristic feature of the magnetic field in the vicinity of
the Tolmachev gravity anomaly is the presence of a single positive anomaly
with a polygonal form, which apparently is related to the Gorely, Opala, and
Asacha volcanoes. The linear character of the sides of this polygon, the
coincidence of the positive magnetic anomalies with high gradient zones in the
gravity, and the high intensity of the magnetic anomalies suggest that the
marginal faults are deepseated, and that the depression 1s filled with highly
magnetlc magmatic rocks., Krakatau-type calderas are characteristically
located in the apexes of the polygon, at the Intersection of linear zones of
magnetic anomalies.

The Gorely caldera has an elliptical form, is about 13.5 by 9 km in
diameter, and has an area of about 100 km?2. In the center of the caldera is
an upllifted area known as Gorely volcano which is also elongated in plan, with
the long axis orlented in a north-northwest direction (Fig. 59). The height
of the scallop—shaped caldera wall ranges from 150-200 m down to 0 m in
places, where it 18 buried under younger lava flows. Around the margins of
the caldera remnantg of an extensive ignimbrite sheet of upper Pleistocene age
i8 preserved. The area of this ignimbrite plain is about 600 km? end it has a
volume of about 120 km3 (not including pyroclastics removed by erosion) (in
Luchitsky, ed., 1974).

The gravity anomaly assoclated with the Gorely caldera is generally a
negative one, but it has a complicated structure. These structures may be
explained by different elevations of the roof of basement blocks within the
caldera. The depth to the upper marginsg of the anomalous blocks is about 2
km. The voluwme of the caldera i8 greater than the volume calculated from the
mass deficlency suggested by the gravity anomaly (200-~250 kw3 and 160 km3,
respectively). '
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- Sketch of the Gorely caldera (Gorely Khrebet) (Vlodavets and
Piip, 1959).
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Sketch of the caldera of Gorely Khrebet.
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Higtoric eruptive activity.

The Gorely volcanic cone, located within the caldera, is a shield volcano
of the Hekla type, compogsed of basaltic-andesite and augite, hypersthene
andesite. The volume of pyroclastics in the section is subordinate to lava
flows, and represgents only about 10-20Z. As a rule, eruptions of Gorely
volcano have been observed from Petropavlovsk, Kamchatka at a distance of
about 150 ko away. Vlodavets and Piip (1959) have describad a series of
normal Vulcanian explosions in 1828, 1832, 1855, 1929-1930, and 1931, and
strong solphataric activity in 1947.

4,6, Opala caldera volcano.

Structural positionm.

The Opala caldera volcano is located in the northwest part of the
southern Ramchatka graben—syncline (see Chapter 1, Fig., 11). The position of
the calders 18 defined by two deep-seated faults. The first major fault is
the nearby sast-west fault of the northern boundary of the southern Kamchatka
graben—-syncline. The second deepseated fault is the northward continuation of
the north—trending fault along the eastern boundary of the Golygin Mountaln
bloeck. It must also be emphasized that the Opala calders is located on the
margin of the great Tolmachev negative gravity anomaly, a feature which is
circular in plan view (see Chapter 1, Fig. 10).

Caldetrs gtructure,

The caldera is 10-12 km 1in diameter (Fig. 60-I), and cuts a group of
shield volcanges that are Middle Pleistocene in age. The caldera walls range
between 200 and 250 meters high and the floor of the caldera {s covered by
lacustrine and alluvium—colluvial deposits. Formation of the caldera was
assoclated with the eruption of pumiceous ashflows, which with their
assoclated fluyvial depositse, covered an area of about 1500 kn?. The maximum
thickness of these deposits 1s 30 to 60 m. Asguming that the average
thickoess of the ashflows from this eruption is about 50 m, the estiwmated
volume of pumice 1s about 90 k3. Stratigraphic data suggesat that the caldera
formed near the end of late-Pleistocene time. Melekestev (in Luchitsky, 1974)
suggested, based on the radiocarbon age of organic fossils 1n deposits covered
by tuffs assoclated with the caldera—forming eruption, that formation of the
Opala caldera took place between about 31 and 39 thousand yrs BP, during an
upper—Plelstocene Interstadial. The Opala caldera 18 characterized by a
negative gravity anomaly (Fig. 60-I11), which has been interpreted as a
consequence of the low-density caldera £ill,

Postcaldera volcanic activity.

During Holocene time, Opala stratovolcano, with a height of 2475 m, a
diameter of 8.5 km, and a volume of about 35 km3 formed within the Opala
caldera, overlapping the north wall. The early stage of formation of the
gtratovolcano is repregsented mainly by basalts; later stages in {its
development were character{zed by eruption of aundesites and dacites. The
summit of the volcano consists of a dacite neck, with assoclated dikes that
are connected directly with lava flows. Other volecanlc activity assoclated
with this late stage of development are a series of small extrusive andesitic
volcanoes and a series of rhyolite extrusiong on the eastern rim of the
caldera.
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Fig. 60. - Geologic structure of the region of Opala caldera (Sheimovich dnd
Patoka, 1979). 1. 1-Quaternary fluvioglacial deposits; 2~lower-middle
Pleistocene volcanics:basalts, andesites; 3-Holocene Opala volcano; 4-
andesite—dacite lavas of Opala volcano; S~Holocene basalts aund scoria cones
connected with areal volcanism; 6-Holocene andesitic and rhyolitic extrusive
domes and assoclated lava flows; 7-Directed blast deposits and rhyolite
pyroclastic flows connected with the Amphitheatre of Barany crater; 8-scarps
of the caldera; 9-scarps of the Barany Amphitheatre crater; 10~-approximate
boundaries of the sector of spreading of the pyroclastic formationsg of the
Barany Amphitheater crater; ll-the buried charcoal locality. 1II. Gravity
profiles across Opala caldera is added from work of Erlich, Melekestsev,

Tarakanovsky and Zubin (1972),
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Near the southeast foothills of the Opala stratovolcano 18 a large
crater, known as the Barany Amphitheater. The diameter of this "biast fummel”™
ig 1,3 by 2 km. The height of the inner walls relative to the bottom is about
200 m. The funnel is filled by a series of small rhyolite domes. An eruption
of pumice with a volume of about ome to ten km3 is associated with formation
of the Barany Amphitheater crater. The eruption has been radlocarbon dated at
1490470 yrs BP (GIN 1034). Indirect data suggest that pyroclastic eruptions
have occurred at thisg crater very recently. Lavas from the Opala volecano are
characterized by numerous inclusions of partly remelted granitic xenoliths.

Historic volcanic eruptions.

Eruptions of Opala volecano have been observed from Ust' Bolsheretsk on
the western shore of Kamchatka, a digtance of about 100 km from the volecano.
An explosive eruption in 1776, and strong solfatarlc activity in 1827, 1834,
and 1894 have been described by Vledavets and Piip (1959).

4.7. Bolshe-Banny (Karymshinskayaskaya) ring structure.

Previous studles.

Initial gtudies of this ring structure were associfated with exploration
for the Bolshe—-Banny geothermal field, one of the largest in Kamchatka. This
ring structure, first described by Erlich and Trukhin (1969), has now become
widely recognized. More recently, Lonshakov (1979) proposed that the Bolghe-
Banny ring structure i3 a part of the much larger Karymshinskaya volcano—
tectonic structure (Fig. 61). :

Structural pogition and intermal structure. .
This ring structure 1s located unorth of the northern boundary of the
gouthern Kamchatka graben—-syncline (see Chapter I, Fig. 11)., The position of

the gtructure 1s controlled by the intergection of a geries of differently
oriented deep—seated faults along the boundaries of adjacent structures. On
the northeast 1s the Nachickingkaya folded—block zonea which has a general SE-
NW strike., On the west of the volcano—taectonlec structure, is the southeast
edge of the central Kamchatka anticlinorfum. The southern boundary of the
structure coincldeg with the east—west oriented, deep—seated fault gystem
along the northern boundary of the south Kamchatka graben-syncline. WNarrow
grabens filled with unconsolidated Quaternary sediments are located along the
margios of the volcano—tectonic structure which 1s bounded by vertiecal faults
with observed digplacements of about 1000 m.

The basement of the depression 18 composed of terraln that i3 Oligocene
to lower Miocene in age. The basement cao be divided into two suites:

The lower sequence has a thickness of about 800 m and 18 composed of tuffs of
basic to Intermediate compoaition, siltstones, and tuffaceous sandstones;
these units are intruded by dikes and 3ills of porphyry. The upper sequence
ig about 700 m thick and is composed mainly of black argillites interbedded
with siltstones. The upper part of thls sequence contains layers of dacitic
tuffs,

The contact between these two sultes of rocks {s not sharp and is
expressed by a gradual upward disappearance of tuffs and the appearance of
argillites in the gection. Both the upper and lower sequences in this
structural complex are cut by intrusiouns of diorite-granodiorite., Rocks of
this complex are characterized by intense block dislocations that sometimes
dip at angles that are less than 30 to 40 degrees.
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Fig. 61. - Karymshynskaya volcano-tactonic atructure (Lonshakov, 1979, with
additon). l-unconsolidated Quaternary deposits; 2—Quarternary basaltic cones;
3-rhyolite extrusive dowmes and assoclated lava flows; 4~upper Miocene-Pliocene
volcanles of mixed composition; S5-6-middle-Miocene rhyolite-dacite

formation: a-ignimbrites; b-lavas and tuffs of intermedifate and Intermediate-
silicie composition; 7—lower Miocene tuffaqous sediments; B-Miocene
intrusions; 9-upper Miocene instrusions; 10-12-framing structures: a-
southeastern edge of the Central Kamchatka anticlinorium; b-Nachikiuskaya
folded block zone; c—part of Quaternary overlapped volcanic belt; 13-ring
fault systems; l4a-lfnear tectonic faults; !5-the main structure-forming
faults: 16-fault bounded depressions, filled by unconsolidated Quaternmary
deposits; l7-hot springs (upper Pavatunka, Karymehinsky, Karymshinky, Banniye,
Bolshie and Malie). '
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Rocks of the upper structural complex, which £111 the volcano-tectonic
depression (Lonshakov, 1979), belong to middle Miocene and upper Miocene-
Pliocene volcanic complexes.

The lower psrt of this complex 1g composed of thick tuffs that are
silicic to intermediate in composition, interbedded with layers of aundesite
lavas. The upper part 1s composed of andesite, basalts—andesitic, and dacite,
and a subordinate volume of pyroclastic debris. Both units are cut by small
rhyolite bodles with characteristic flow banding.

The Quaternary volcanle complexes are represented by remnants of olivine
bearing plateau basalt effusives that atve assoviated with small volcanoes and
scoria cones dispersed over the area. Relictg of the plateau basalts have
been extensively eroded by glacial processes. Thege basalts are thought to dbe
lower Quaternary Iin age. A younger complex of compositionally monotonous
large extrusive dowmes with short flows of viscous lava are also present; they
form ring complexes that are 5-12 km in diameter (e.g. the region of
Barkhatnaya sopka, Goryachaya sopka in the Paratunka River graben, Babily
Kamen, and finally, the Bolshe-Banny ring complex). In some places, these
domes are connected with ignimbrites. These domes crosscut the plateau
basalts, but thelr eroded fragments are common in upper Pleistocene glaclal
moraines. The youngest volcanoes within the structure are represented by
small basaltic scoria cones and flows of olivine basalt. These young basalts
sometimes overlie rhyolitic extrusionsg, and they are absolutely undisected and
are very well pregserved.

The inner structure of the depression 18 not homogenous. According to
Longhakov (1979), it is characterized by a combination of linear and ring-
shaped elements (Fig. 6l). In comblnation they form a ring structure about 25
km across. Large upper Miocene-Pliocene volecanic centers are located in the
northern part of the structure. On the opposite side of the structure, on its
southern border. 18 a horst~like block couposed primarily of middle Miocene
volcanics. The total thickness of depogits filling the depression reaches
2000 m. .

Middle Pleistocene extrusive domes in the regionm of the Banny River form
a ring structure that is 12 km in diameter. Shemedogan volcano 1a located on
1ts west boundary (Fig. 62)« On the east it 1s bounded by Nachikinsky Lake
graben. On the south and south-east it 1s bounded by an arcuate graben which
contains Nachikinsky Creek and Bannaya River. The strike of the faults on the
8ides of the graben changes from northeast in the region of Nachikinsky Creek
to east-west Ia the region of Bolsh-Banny Hotsprings and from there to the
northwest. Abgolutely no displacement has been observed along the zones that
control the locations of acid extrusive domes. Basaltic volcanoes and scoria
cones are located along the same joint gystem. The amplitude of displacement
on faults on the boundaries of the arcuate graben ranges from 50-100 m up to
250-400 m (Xrayavoy, Kovalenko, and Evtukhov, 1971).

Geothermal activity.

In the reglon of Bolshe-Banny Springs superheated waters with
temperatures of 137-171.5° C. are located along part of the valley for a
distance of 2.5 km. Hot springs can be found along 1.8 km of the valley. At
depths of 25-500 m, drill holes have reached thermal waters with temperatures
of 68 to 90° C.
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Fig. 62, Bolshe-Bannaya volcano-taectonic structure (Erlich, Trukhin,

1969), l-uvncomsolidated Quaternary deposits in recent river valleys
(Nachikinsky Creek Valley, Bannaya River Valley); 2-Holocene basaltic scoria
cones; 3-~olivine basalt lava flows, counected with scoria cones; 4-rhyolite
and obsidian extrusive domes; 5-pyroclastic flows, connected with these douwes;
6~lower Quaternary scoria cones and small basaltic shield volcances; 7-lava
flows, connected with them; 8~field of development of Upper Miocene - Pliocene
lavas and pyroclastic depesits; 9-extrusive domes of andesite and andesite-
daclte; 10~edifice Shemedogan central volcano of Pliocene age; ll-Lower
Miocene volcanogenic deposits; 12-Upper Oligocene, Lower Miocene voleanogenie,
and sedimentary deposits; |3-series of Quaternary deposits; lé4-granodiorite
intrusion; 15-faults: a-with uncertain direction of displacement; b-with
stated direction of displacement; 16—thermal springs (Bolhiye Banniye, Mallye
Banniye).

EE [F)2 (7 B4 [ls [(Be 77 E=s
(@ 550 Y 1\ChoBE=haF 2 ha 15[ s

113



The positions of springs are controlled by the presence of shields in the
form of massive granodlorite intrusions (e.g. Bolshe-Banniye Springs).
Heatflow for Bolshe-Banniye Springs (considering underground and surface flow)
18 equal to 8400 kcal/sec; for Maly Banniye Springs heatflow ig 118 kcal/sec;
for Karymshinsky geothermal heatflow is 11000 kcal/sec (Rrayevoy, Kovalenko,
and Evtukhov, 1971).

EASTERN KAMCHATKA

S.1. Avacha caldera volcana.

Previous studies.

Avacha volcano 13 located clogse to Petropavlovsk, the largest clty on the
Kamchatka peninsula. Because of its location, it was described by the
earliest travellerg and first geologists to visit the penninsula,
Krasheninnikov (1775) and Bogdanowitsch (1904). The detalled petrography of
the Avacha rocks was first described by one of the earliest Soviet
volecanologlisatg, Zavaritsky (1935, and based on thig description, publighed in
1977). The first director of the Institute of Voleanology, Academy of
Science, USSR, B, I. Plip, organized a geophyslcal group to Investigate Avacha
volcano and to predict its eruptions, This group produced the first complex
geophysical investigaton of the volcano (Steinberg and others, 1966). Because
of 1t8 convenient location and access, Avacha volcano has been very well
studied by seismological methods (Fedotov and Farberov, 1966). Avacha volvano
ig algo the first volcano in Kamchatka where plang have been made to drill for
geothermal energy from its magma chamber, based on the regults of geologlical
and geophysical investigations (Fedotov, and others, 1977). Baged on all"
these fovestigative techniques, Avacha volcano has become the most intensively
studied volcano of the gomma-vesuvius type in 3ll of the Kurile—Kamchatka
region,

Structural positiomn.

Avacha volcano 135 located in a linear row of stratovolcances that has a
northwest trending strike (Chapter 1, Fig. 11). According to Steinberg and
others, (1966), this row of volcanoces is located along a sharp flexure of the
Moho discontinuity. Deep seismic sounding data suggest that the Barth's crust
under Avacha volecano has anomalous structure (Figs. 63, 63a2). The thickness
of the crust in comparison with adjacent areas 1s thin and {s estimated to be
only 20~22 km., The thickness of the granitic layer is also thin, and is
estimated at about 6 km. The basaltic layer has an estimated veloeity of 7.2
km/sec and is located at a shallow depth of 9-10 km. The basement of the
volcano 1s composed of a highly disrupted upper Cretaceous volcanic-
terrigenous complex that is metemorphosed to greenschist facies. Seismic and
gravity data suggest that the basement forms & linear graben with a northuest
trend that coincldes with the trend of the overlying volcanic chain.
Geophygical data suggest that the displacement of the basement ranges from 300
m up to as much as 2,5 km (Fig. 64). On average, the roof of the basement {s
located at a depth of 1600-2000 m below sea level. A fault bounded graben ig
located about 15 km gouthwest of, and parallel to, the volcanic chain. A zone
of weak positive gravity anomaliles is located along the central part of the
graben (Fig. 65); seismic data indicate that these anomalies are not connected
with any recognizeable basement uplift. The coincidence of thege positive
anomelies with zones of extrusive domes suggests that these gravity anomalies
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Fig. 63. - Map of the geologic structures of the Koriaka—-Avacha volcanipg
region (Fedotov and others, 1977), 1-flood plains of rivers; 2-glaciers; 3-
loose volecanogenic~terrigenic deposits; 4—-andegite ~ bagalt lava flows of
Roriaka volcano and cone of the Avacha volcano; 5~scoria cones of basalt and
andesite~basalt; 6-extrusive domes of andesite and dacite; 7-scarps of somma
and craters; 8-dacite, andesite and basalt of lower part of volcanic coneg; 9~
cover of aandesite and basalt of Upper Pliocene age; l10-sandstone, phyllite,
siltstone, flinty slate, tuff and porphyry of the Upper Cretaceous complex,
l1l1-contour line of the roof of the Upper Cretaceous basement.
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Fig. 63a. Geogological-geophysical profiles of the region of the Avacha
volcano (by Fedotov and others, 1977).

1 ~ volcanoclastic deposits; 2 — crystalline rocks of the Cretaceous basement;
3 -~ "granitic" layer; 4 - "basaltic'" layer; 5 ~ feeding channaels of extrusive
dowes; 6 - reflecting horizons; 7 - axis of the shallow magma chamber in its
widest part; 8 - center of gravity of the anomalous masses; 9 — suggested form
of the magma chamber; 10 - feeding magmatic zone beneath the Avacha voleano.
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FPig. 64, — Position of the peripheric magms chamber under Avacha volcano
based on geophysical data (Steinberg and others, 1966).

! - basement with density 2.55 g/cm’; 2 — magma chamber where densiry is 2.85
g/cm3; 3 - magma chamber where rock density is 3.135.
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Fig. 65. — Map of the local gravity anomalies near Avacha volcanic group
(Steinberg and others, 1966).

Pogitive anomalfes: ! - weak; 2 — intermediate; 3 - intensive. Negative
anomalies: 4 - weak; 5 - intensive.
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can be explained by the gresence of a large volume of extrusive lava with a
density of 2.5-2,56 g/ewm’, which i{s more dense than the unconsolidated
fragmental host deposits. Fedotov and others, (1977) suggested that within
the roof of the upper Cretaceous depogitg, concentric ring-like depressions
change into an uplifted region toward the center of the structure. According
to these authors, Avacha volcano {s located above the deepest part of the
depregsion (Fig. 64, 65). The core of the ring—shaped depression ig composed
of Miocene volcanlc and intrugive rocks, In the region of the Avacha volcanic
group, the Miocene rocks are buried under 2 sequence of younger Pliocene-lower
Pleistocene andesites, andesitic-basalts, and basalts, which form the
immediate basement of the Quatermary volcances.

Structure of the volcano,

Avacha volcano {8 a typical volcano of the Somma-Vesuviug type, with a
height of 2751 m. The volcano has a summit caldera that is about 4 km
acrosg. A young cone with a relative height of about 500 m 18 located off
center within the crater. The somma i{s composed of interbedded andesites and
andesitic-basalts and thelr agglutinates. The uppermost part of the somma
gection 18 represented by basalts. Rocks of the gomma are cut by bagsaltie and
gndegitic dikes. FKozelsky volcano i1s located on the eastern slope of the
somma (Fig. 66) which is partly comparable in age to the upper part of the
gomma, The somma 15 also cut by a series of young extrusive dowes composed
nainly of andesite: Mounts Odinokaya, Bulka, Dvugorbaya, Mesa, and
Perevalnia., The northwest part of the gomma is broken by a series of
northeast striking faults. The somma is open to the southwest; it {s
Iinterpreted as a down-dropped block which forms a depressed sector with a
central angle of about 120°, The subsided block 1s bounded by radial faults
and has a dip reversal toward the center of the caldera.

The early gsomma eruptions occurred in the upper Pleistocene epoch during
the last major glaciation. Formation of the calders was assoclated with a
strong directed blast toward the southeagt. The rasulting blast deposits
formed a vast plain with an area of about 400 km2, The thickness of these
deposits reaches about 300 m. Based on the relationship between blast
deposits and marine terraces the blagst took place during the second half of
the upper Plelstocene interstadial at a time interval between deposition of
terraces that are 50-60 and 28-30 m high respectively, Melekestsev (in
Luchitsky, 1974) guggested that the blast probably occurred about 30 to 35
thousand years ago.

The radiocarbon age of pyroclastic flows that immediately preceded
formation of the young cone 15 between 5480470 yrs BP (GIN- 122), and 5455448
yrs BP (GIN J19). Pyroclastic deposits related to the earliest eruptions of
tge)young cone have a radiocarbon age of 3300%35 (GIN-120) and 3110425 (GIN~
121).

The young cone 1s composed of lava flows of pryoxene andesite, covered by
pyroclastic flows of andesitic lapilll and ash. The length of wost lava flows
does not exceed 4-~5 km; thelr thickness 1s about 10-15 m. There are at least
15 known lava flows on the slopes of the young cone. Oue of the pyroclastic
flows on the glopes of the young cone contains large angular blocks of
peridotite and pyroxenite up to one meter in size, that have sharp contacts
with the host rocks.
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Fig, 66. — Geologic structures of Avacha volcano (Zavaritsky, 1977 with:
8ddition3)a

1 — sonma of volcanoes Avacha and Kozel“sky; 2 - volcanic and volcano-tectonice
gcarps (caldera of Avacha volcano, boundaries of landslide block); 3 - crater
of the Kozel“sky volcano; 4 — recent cone of the Avacha volcano; 5 — crater:
- lava flows; 7 — glaciers; 8 ~ boundarles of volcanoces Avacha and Kozel “sky;
9 -~ channels of dry rivers; 10 - summits of single rocks (wainly on extrusive
domes); 11 — contours of the volcanic group.
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Struetuyre of the volcano root zone.

In the reglon of the Avacha volcano there is s poaltive gravity anomaly
with an intensity of several willigals that is circular in plan. This anomaly
greatly exceeds the anomaly associasted with the upper Cretaceous bageument.

The anomaly is8 apparently associated with a body of material under the volcano
that is dense (mere than 2.65 g/cm3) relative to the density of the upper
Cretaceous basement. Assuming density contrasts of 0,2 and 0.5 g/ cw’, this
body can be modeled as a biaxial ellipsoid with axes: a= 5.2 km, b= 2.5 km and
a= 3.5 km, b= 1.5 km respectively. The upper boundary of thig body is located
at a depth of 1.5-2.0 km below sealevel for both cases, i.e. practically at
the level of the upper Cretaceous basement, Assumiug a dengity of 2.85 <G<
3.15, this body could correspond to basalt or to ultrabasic rocks, but both of
these rocks types are characterized by high magnetic susceptibility. The
aeromagnetic gurvey flown st a height of 3000 m shows a positive anomaly over
the volecano which can be completely explained by the 1nfluence of the volcanic
edifice (Fig. 67, 68). Thus, a residual anomsly caused by a deep—seated
gource was not found. The nature of the body which 18 respongible for this
gravity high under the volcano could be interpreted as a magmatic mags with a
temperature higher than the curie point for ferromagnetic minerals (> 600° C.)
(Steinberg and others. 1966). A study of the distribution of seismic waves
from nearby earthquakes in the region of Avacha volcano (Fig. 69; Fedotov and
Farberov, 1966) shows that shear wave amplitudes are diminished (absorbed) in
the region of the lower crust (20-35 km) under Avacha volecano by the value
0.039x%0.014 km'I (baged on the data from 22 earthquakes) and by a value of
0.039:0.012 km~ I (based on data from 2] earthquakes) for the upper mantle at
depths of 35-80 km, This exceeds by approximately four times the absorption
of shear waves in the upper mantle under the southern Ruriles. At the same
time, however, complete abgorption of shear waves does not occur, i, e. there
is no great 1iquid filled magms chamber under Avacha volcano within the depth
interval between 20—80 km. The observed Increase in absorption of shear waves
can be explained by dissipation of elastic energy-in small pockets of liquid
magma, Such pockets could form up to 20Z of the volume of a vertical column
up to 25 km in diameter in the depth range of 20-80 km.

Volcanie eruptions

Vlodavets and Piip (1959) noted in thelr literature complete descriptions
of volcanic eruptions at Avacha volcano in 1737, 1779, 1827, 1855, 1894-95,
1901, 1909, 1926, 1938, and 1945. In three cases, (1772, 1878, and 1881)
dates of eruptions are indicated without full descriptions. Eruptions were
either too weak to be of interest, or they were noted as eruptions by
mistake. Eruptions are mainly of the explosive type and are always
accompanied by small avalanches of loose material and often are followed by an
eruption of short andesitic to basaltic-andesite lava flows whose lengths
rarely exceed 5 km. As a2 rule, the eruptions are short in length, lasting for
several hours to several days. Occasionally, several paroxysms have occurred
within a single year. In these instances, the duration of individual
eruptions 18 increased to several months.

The activity of Avacha volcano 1s episodic, with 1 to 3 century-long
periods of intensive eruptive activity separated by 2 to 15 century long
perlods of relative quiescence (Melekestsev and Kiryanov, 1984). Holocene
activity of Avacha volcano was characterized by violent pyroclastic eruptions
of relatively siliciec composition (andesite to dacite). Following a repose
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Fig. 67. — Isolines of AT in the region of Avacha volcanic group,
aeromagnetic survey at an altitude of 3,000 wmeters (Steinberg and others,
1966).
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Fig. 68. - Distribution of magnetic field AT in the vertical plane
(Steinberg and others, 1966),
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Fig., 69. - Generalized vertical section along cross section AB (Fedotov,
Farberov, 1966). Earthquake foci with different meanings of K :1 = 0,73 '-
0.50; 2 = 0.50 -~ 0.30; 3 = 0,30 - 0.10; 4 = less than 0.6, Earthquake focl of

® different energy classes K (energy within earthquake foci E jowles 10): % -
Rel2; 6 — K=11; 7 — K=10; 8 - X=29; 9 - volcanoes; 10. region of the magma
upwelling; 1l. probable region of the magma generation, 12. earthquake ray
paths, 13. water; l4. basalt, lower layers of the Earth”s Crust.
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interval lasting 1! to 1.5 thousand years, Avacha volcano entered a new stage
of intensive volcanism about 6.7 to 7 thousand years ago (cyecle 1, Table 1).
This cycle had a duration of 3 to 4 centuries and ended about 6370 radiocarbon
years ago., This eruption began with a blast, followed by an huge (about 5
km3) outburst of andesitic pyroclastics. The unext 2 to 2.5 thousand years of
Avacha's activity were characterised by relative quiescence; during the first
thougand years after the blast, probably no eruptions occurred at all. Medium
and strong eruptions characterized the second half of this period, layefs of
tephra (andesite and basaltic-andesite) with an age probably younger than 3970
yr B.P (ITI and III eruptive cycles). Light colored juvenile material, which
wag characterigtic of the first half of the Holocene, i{s absent in the
eruption products younger than 2000 yrs B.P.

The next period of intenge activity of Avacha volcano began about 3600
yrs. B.P. when a series of 6 eruptions occurred, culminating with a gtrong
blast and outburst of juvenile andesitic pyroclastica. Part of the latter
form a considerable pyroclastic cover in the southern sector of the foothills
(eruptive cycle IV)., Within the deepest river valleys, the thickness of this
cover reaches 50-6- meters. The approximate volume of juvenile pyroclastics
of thig stage (pyroclastic flows plus tephra) is 1.5 km”. The averagae
radiocarbon age of this catagrophlic eruption 18 3200 yrs. B.P. One of these
eruptions ejected a great quantity of olivinite and peridotite blocks with a
K/Ar age of about 1 x 108 years (Skripko, Parberov, Shanirm, 1969).

From 4900 yrs B.P. until the present (eruptive cycles II to X), the
chemical composition (pyroxene andesites and bagaltic andesites) and the
ghapes of the pyroclagts have not changed. The similarity between the
products of thege eruptions snd rocks of the younger cone suggest that the
young cone did not start to grow earlier than 4500-6000 yrs. B.P.

Construction of this cone after a period of long (about 1500 yrs.) quiescence
after a catastrophic eruption of the final phase of Holocene stage of silicic
volcanism and more compogition of its volcanic rocks witness about beginning
about 4500-500 yrs. B.P. a new stage of Avacha volcano activity.

The ninth eruptive cycle of Avacha volcano lasted from about 1100 to 1200
yrs. B.P.; the tenth (last) cyecle started in A.D. 1737. The latter colnceded
in time with the strongest historical earthquakes, which Krasheninnikov (1949)
said continued throughout Kawchatka from the end of A.ND. 1738, and were
accompanied by degtructive tsunamis with waves up to 65 m high. 1In all there
were 12 or 13 eruptions, the gtrongest of which was in A.D. 1737, 1779, and
1945. Mosgt of these eruptions were explosive, only in 3 or 4 cases were there
aleo small-volume lava flows. Based on the thicknesses and distributiouns of
the tephra deposits, the maximum tephra volume was erupted during the eruption
of Pebruary 25, 1945 (about 0.25 km3), The volumes of tephra erupted in 1737
and 1779 were around 0.05 to 0.1 km3; all other eruptions ylelded around 0.05
km3. The total volume of all solid products etugted during the last cycle do
not exceed 0.6~0,7 km3; their weight i1s about 10” tonnes. The average
intensgity of volcanle products discharged for the last 800 years have been
equal to only about 1.2 x 10° tonnes per year. This 13 lesg than the rate of
discharge for the young cone: about 2,2 x 106 tonnes per year for the period
3000 -~ 5000 yrs. B,P. and about 2.5 x 108 tonnes per year for the first half
of the Holocene. Avacha volcano's decreasing discharge rate may be related to
its Iincreasing age. This may also explain (?) the long repose between
eruption cycles IX and X. With such digcharge rates, the next eruption should
occur within 30 to 400 years, or perhaps more., FEach eruptive cycle culminated
with g strong eruption. The same was observed during the last historical
cycle of activity (1737-1945).
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TABLE I

ERUPTIVE CYCLES OF AVACHRA VOLCANO IN HOLOCENE TIME*

Cycle Age of Repose clé-gge data
activity duration
interval (yrsg.) (yrs.)
X A.D. 1945-1737
550
1X A.D.(?)1200~-1100
200
VIII A.D.(?2)900-700 12404100, IVAN 4000

1490470, GIN 1039
1420+250 GIN 2911

ak 300
VII 400%
300
Vi 100+
300
v 3300 B.P.%
1400
v 3500-3700 B.P. 3300435 GIN 120
311020 GIN 12}
500
II1 4900 B.P.%
700
4900 B.P.% ' 5555%45 GIN 119
548070 GIN 122
1500
6400-6700 B

R '
Indicates exact interval is unknown

Modified from Melekestsev and Kiryanov, 1984

125



Constant volcsnological monitoring of Avacha since 1945 has shown np
significant changes. In the pregent reposa the heat capscity of the voleano
is estimated as 75 thousand kilowatts (Fedotov and others, 1977) on the basis
of heat discharge in the crater and ag 60 thousand kilowatts on the basis of
the height to which a plume ascends from the crater. This value coilnecides
with the value for the last 800 years (about 60 thousand kilowatts),
calculated on the basis of the heat discharge by eruptive rocks.

Geothermal manifestations.

Thermal hotgprings are absent in the vicinity of Avacha volcano.
Nevertheless, there 18 a matked {ncrease in the temperatures in drill holes
that 1s thought to be connected with the presence of a magma chamber &t
comparitively shallow structural levels. Based on these data and the
distribution of temperatures within the crater of the volcano (Fig. 70),
Pedotov and bis collaborators (1977) calculated heat resourceg within the host
rocks and proposed construction of a geothermal power station,

5.2. Caldera Group of the Zhupanovsky (Karymsky) volcano-tectonic depresggion.

History of study.

Study of the calderas of this group have been concerned mainly with the
most active volcano on Kamchatka, i.e., Raryumsky volcano, and geothermal
manifestations of another active volcano, i.a., Maly Semiachik.

The impressivenesgs of these volcanic features, and their relative
accessibility, have made them among the most studied volcano-tectonic
structures in Xamchatka.

The firgt description of volcanoes of this region was made by Vlodavets
(1947). 1Ivanov (1970) produced a monograph concerning Karymsky volcano.
Steinberg and Zubin with the game Ivanov (1971) described geophysical data
from the Rarymgky volcano caldera., Chirkov (1970) studied the radon content
in geothermal waters of the region; in later work (1971) he correlates radon
contants with volcanic activity,

A voleano obgervatory was constructed in the late 1960's for the purpose
of continuously monitoring the activity of Karymsky volcano. A series of
studlies were conducted from the late 1960's until the early 1970's on Maly
Semiachik volecano: a cowmplex geologlcal-petrological gtudy by Sellangin
(1977), a geophysical study by A.P. Gorshkov (1976). Detailed
tephrochronological studies were first conducted in this regioom in the mid-
1970's (Seliangin and others, 1979; Braitgeva and others, 1978). These
studies really opened a new page in the study of Quaternary volcanism in
Kamchatka. Because of aerial photo interpretations and regional atructural
analysis, Erlich (1966), it was first suggested that the calderas of this
reglon are elements of nesting volcano-tectonic¢ ring structures. Because of
this work, the nawe Zbhupanovsky volcano-tectonic depression has been
inferred, 1In the late 1970's a monograph was complled concerning the
volcanoces of this region (Magurenkov, ed., 1980a). Following the previously
developed 1deas of Erlich (1966), the authors of this monograph considered the
entire group of volcanoes and volcano-tectonic structures to reflect a single
great center.
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Fig. 70. - A. Distribution of temperature under Avacha volcano (Fedotov and
others, 1977): stationary distribution temperatures; isotherms 250° C after
20,000 years. B. Resources of heat in the reglon of Avacha volcano as
function of the depth and distance from volcano: under stationary heat flow
conditions, 2-20,000 years after magma chamber generation.
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Terminology accepted.

Details of geological development, names of some certaln structures in
the region and even their quantity are gtill unclear and are described ir
different ways in works of different authors.

Here we follow matiuly the most recent collective monography on the
subject (Masurenkov, ed., 1980a).

By the data of this momograph, within Zhupanovsky (Rarymsky) volecano-
tectonic depression on the background of a dome (or shield) two great nested
calderas are developed: (1) Polovinka caldera (with Odnoboky and Akademi{
Nauk caldera-volcano inside) and (2) Stena-Soboliny caldera (with Maly
Semiachik caldera volcano iuside). By the data of Seliangin (1977) here also
present Krayny caldera-volcano. These two calderas are divided by stable
blocks within which the caldera volcances Dvor and Karymsky are located (Fig.
71). Of the many calderas in the region, only the caldera of the Karymsky
volcano is comparatively well described.

The name Zhupanovsky was proposed by Eriich (1966). 1In collective
monography edited by Masurenkov (1980a2) the name has been changed to
Karymsky., Here we follow the first given name because the name Karymsky is
too often uged for different structures and volcanoes and could produce
undesirable confusion.

Structural position.

The Zhupanovosky (Karymsky) ring structure is located withim the Eastern
Kamchatka graben~syncline, immediately to the north of the Avachinsky-
Zhupanovsky groups of volcanoes. The exact positien of the KRarymsky ring
structure within the graben-syncline is determined by two factors. First, it
coincides with a large ring-shaped (about 40 km in diameter) negative gravity
anomaly (see Chapter 1, Fig, 10). This anomaly is exactly the same—in size,
shape, intensity, and correlation with different geological structures——as
anomalies in Southern Kamchatka. Second, deep—-geated east—west strike-slip
faults cut across the central part of the Zhupanovosky (Karymsky) ring
structure. This system of deep-seated faults conincides with a zone of
earthquake focl with depths of more than 50 km (Erlich, Melekestsev in
Luchiteky, ed., 1974) (see Chapter 1, Fig. 12). The highest gradients of the
gravity field coincide with the zone earthquake foci. A system of east-west
faults, with lengths of up to 20 km (average length 8 km), 18 visgible at the
ground surface above the zone of earthquake foci. Along this 6 to 8
kilouweter-wide zone, structural elements of the northern part of the ring
structure have undergone right-lateral digplacement about 5 km to the east.
This fault 2one marks the contact between sectors in which two different
volcano—~tectonic processes are operative: volcano~tectonic depressions of the
Stena-Soboliny volcanoes to the north and Polovinka caldera to the south.
Masurenkov states that this zone divides the Akademfical and Semiachik sectors
of the structure slightly differeat In geologlcal history. The Dvor and Pra-
Karymsky and the caldera of Karymsky volcano are located within relatively
stable blocks which follow the fault zone,

General internal structure,

Inside outer boundar{es of Zhupanovsky (Karymsky) volcano-tectonie
depression 18 located on a flat shield about 40-60 km across. The genesis of
this shield 18 still unclear; different authors have interpreted it in
different ways. Erliech (1966) and Seliangin (1977) suggested that it is
mainly the product of volecanic accumulation. Masurenkov (1980) thought that
most of the ghield formation was due to tectonic processes and, therefore,
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Fig. 71. Scheme of faults and intetnal structure of Zhupanovsky (Karymysky)
volcano~tectonic depression (Masurenkov, ed., 1980a).

Linear Faults: 1} — without visible displacement; 2 -~ ring faults of caldera
boundaries with visible displacement; 3 ~ Middle—Pleistocene faults; 4 -
Upper Pleistocene——UHolocene faults; 5 - axis of longitudinal rife (in process
of formation). I. Polovinka caldera; Il. Stena-Soboliny caldera; IIIL.
Caldera of volcanoes Xarmysky and Dvor; IV. Calderas of Odnoboky and Akademii
Nauk (Karymsky Lake) volcanoes; V. Caldera of Maly Semiachnik volcano.
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that the shield 18 a kind of tectonic or volcano—tectonic dome. In any case,
the dome (or shield) 1s composed of volcanic rocks of Upper Pliocene-Lower
Quaternary age, which form the basement of the Quaternary volcanic centers.
Rocks of the shield are mainly lavas of basalt and basalt andesite and dacitic
ignimbrices of different ages. All of these rocks show reversed magnetic
polarity. Two concentric fault gystems are present on the shield. One of
these 1g along the outer border of the shlield, along the Zhupanova and
Semiachik rivers. Locally, recent river valleys follow narrow grabens in this
outer system. The second concentric ring—fault system is formed by boundary
faults of the two greatest volcano-tectonlc depressions, nested calderas,
within the Zhupanovsky (Karymsky) ring system——Stena and Soboliny to the north
and Polovinka to the south., The depregsions are geparated by narrow linear
stable blocks which coincide with the previously mentioned east-west system of
deep—-gseated strike-slip faults., Inside these two large volcano-tectonic
depressions are the calderas of Maly Semiachik, Karymsky, and Akademii Nauk
(Rarymsky Lake) volcanoes. The displacement along the concentric fault system
bounding Polovinka and Stena-Soboliny calderas is not less than 300-400 m, but
probably not more than 500-600 m (Masurenkov, ed., 1980a). In addition to
concentric fault systems, the shield is broken by a series of linesr faults.
Quaternary volcanoes are located along aowe of the linear faultgs. Faults of a
north-gouth trending system are not very well expressed in surface fissures or
faults, Nevertheless, Quaternary volcanoes ingtide volcano-tectonic
depregsions are located along north-south trends. Narrow (2-3 km wide)
northeast and northwest striking grabens (Fig. 71) are located just north of
the east-west gystem of deep~seated strike-slip faults. A system of
northeast-trending faults define the position of Maly Semiachik volcano and a
linear chain of volcanic centers within it caldera. Especially intense
faulting has occurred in a narrow strip trending 25-30° east to north. These
faults typically exhibit vertical displacements of 100~200 m. The width of
this gtrip is about 10-20 km (it averages 12 km). In the southern part of the
ring gtructure, along the main east-wegt system of deep—seated strike-slip
faults, this strip 1is ghifted approximately 5 km westward. As is evident from
Fig. 71, the faults of thig system are younger than faults of the concentric
system$, In general thisg linear system of faults which bounds the largest
calderas is directly analogous to faults which cut many other calderas; for
example, Krasheninnikov and Ksudach. This pattern reflects intense
extengional processes in Holocene time in eastern Kamchatka. 1In each case it
the faulting was developed after caldera formation.

Volcanism and gstructural developwment.

Early stages of volcanism development within Zhupanovsky (Karymsky)
volcano-tectonic depression 1s unlcear. By the data, described in Masurenkov,
ed., (1980a), Upper Pliocene volcanic rocks are represented by several
suites. Marine sedimentation in this time gradually gave way to subaerial
continental sedimentation, including sowme coal deposition. The uppermost part
of this sequence contains up to 457 volcanogenic material, including
trachybasalt flows. These flows yield a radiometrie age 3.8 - 4.2 million
years B.P. The upper part of the sequence is composed silieie pyroclastic
rocks thst cover an area about 3000 km?. The age of this ranges from
Uppermost Pliocene to Lower Pleisgtocene time. Ignimbrites of this complex are
characterized by stable reversed magnetic polarity.
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According to Seliangin (1977) and Masurenkov, ed., (1980a) volcanic
process 1s developed in the form of several great rhythms, divided by
paroxismal eruptions of silicic volcanic rocks and caldera—-forming processes.

Eruptive centars of this complex are probably located in the region of
the Maly Semiachik, Soboliny, Dvor and Karymsky volcanoeg, l.e., in the
northern part of Zhupanovsky (Rarymsky) volecano-tectonic depression. This
location is indirectly confirmed by the presence of limnic deposits in the
basin of Zhupanova river, Diatomic flora from these deposits indicate fresh-—
water sedimentation, 8o thls paleo-basin was isolated from the ocean (Fig.
72). The vigible thickness of gilicic pyroclastics, Including itgnimbrites,
totals 70-100m. This composition ranges from andesites to rhyodacites (58-68%
SiOZ)- All the rocks of this pyroclastic blanket belong to one of two
digcrete groups: rhyodacites and andesites, A gap on 8102 countent of 6%
consistently separategs these two groups. It is thought to be resultsg of
gynchronous eruption of heterogenous melt composed of two unmixed wmagmuas—
andesites and rhyodacitic. Volcanic rocks of intermediate and mafic
composition occur to the east from the Zhupanova river, near Razlaty and Dvor
volcanoes. According to Magurenkov, ed., (1980a) the completion of this stage
of gilicic volcanism and the simultaneocus sedimentation of the limmic
environment was accompanied by formation of a series of stratovolcanoes
composed of basalt andesite (48-55Z S10,) at the beginning of Lower
Pleistocene, This rhythm of volcanisw was suppodedly complete by the end of
Pllocene-beginning of Lower Pleigtocene t{me. Volcanlc rocks of this rhythm
have beeu leveled by eroision regulting in a great flat plain that is slightly
inclined toward the ocean. It is supposed that, betwean the end of the first
and the begianing of the second rhythm, there existed a short repose interval
during which this plain was formed. The surface of this plain is overlain by
lavas of Zhupanovskiye Vostriaky volcano and loose glacial deposits.

During the gecond rhythm bagalts and the basaltie andesites with total
volume of about 375 km3 were emplaced, These eruptions were characterized by
the construction of strato— and shielf volcances and, to a lesgser extent, by
flesure—zone eruptions. The ring complex of central volcanoes was formed
during this stasge (Pig., 73). Characteristically, the sverage composition of
rocks in this complex vary systematically outward from dacitic at the center
to basaltic at the margin (Fig. 74, 74a). On this basis, it was suggested
that this pattern reflects the compositional zomation of magma body located
within an underlying basement structure (Masurenkov, ed,, 1980a). The end of
the gsecond rhythm was marked by the period of repose during which erosion of
Early-¥iddle Plelstocene volcanics occurred,

After this repose period, the formation of two great calderas = Polovinka
and Stena—-Soboliny occurred, associated with an eruption (about 280 km3)
containing ignimbrites and pyroclastic material.

The next rhythm of volcanism began at the end of the Middle
Pleistocene. It is characterized by the formation of basalt and basaltic
andesite volcanocea: Odnoboky, Bellankina, Pra-Semiachik, Dvor, Akademidi
Nauk. Cyclicity 18 characteristic of the evolution of these volcanoes.
Typically the chemlstry of the volcanic rocks varies from basalts and basaltie
andesites to dacites and rhyodacites. Development of all of these voleanoes
was completed by tha next astage of silicic volcanlsm when three young calderas
formed: Akademii Nauk (Karymsky Lake), Maly Semlachik and calderas of
volcanoes Dvor and Rarymsky. This stage of the caldera formation took place
at the end of Upper Plelatocene and beginning of Holocene time., Unweldad
pyroclastic deposgits, pumice and agglomerate tuffs, are associated with each
of these calderas.
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Fig. 72, Facles of Upper Pliocene volcanogenic and volcano-sedimentary rocks
in the region of Zhupanovsky (Karymsky) volcano-tectonic depression (after
Magurankov, ed., 1980a).

1 - the first pyroclastic cover (tuffs and ignimbrites); 2 ~ lacustrine
deposits; 3 - wmore (a) and less (b) probable contours of volcano~tectonic
depression; 4 — lava facies of Upper Pliocene volcanogenic complexes.
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Fig. 73. Reconstruction of the domal surface of Early Pleistocene and strato-
volcanoes located on it (after Masurenkov, ed., 1980a).
1 — Isolines of the Upper Pliocene roof surface; 2 - strato-volcanoes.
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Fig. 74. Concentric zonal digtributfon of average chemical composition of
strato~volcanoes in connection with intensity of vertlcal movements
deformation of the domal surface (after Masurenkov, ed., 1980a). Deformation
of the domal surface is shown in plan, distribution of oxides on profiles: 1
- lines of equal uplift, drawn on the basis of the difference between basal
surfaces IV-V (A) and V-VI (B) (constructed as surface of equal downcutting of
valleys for rivers of IV, V, and VI order); 2 - distribution of average
concentration of iron oxides (A) and and silica (B); 3 - distribution of the
sum of alkalies; 4 — strato-volcanoes.
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Fig., 74a. Correlation between average coutent ¢f some oxides in strato-
volcanoces and the distance from the center of the structure (after Masurenkov,
ed., 1980a). A - for average contours of domal structure (on the basis of
whole set data of morphometric analysis); B — for depression on the summit of
the dome for Middle Plefstocene time (on the bagis of difference betweean IV
and V tasic surface).
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5.2.1. Polovinka Caldera (caldera volcanoes Odnoboky and Akademii Nauk).

Subsided block of Polovinka caldera 19 located to the gouth of east-west
fault system, divided Zhupanovsky (Rarymgky) volecano-tectonic structure (Fig.
71).

Formation of this casldera is accompanied by formation of a cover of tuffs
and aggloperates andegitic end dacitic Iin composition, mixed with some amount
of resurgent material (not more than 5-10% of their total volume). They
completely f111 the caldera and form a cover south—-southeast from it.

Composgition of products of caldera forming eruptions and their time are
about the same on Polovinka and Stena—Soboliny calderas. Both structures were
formed simultaneously in the second half of the Middle Pleistocene. These
facts support the l1dea regarding the close genetlc connection and single
gource of their magmas. Total volume of silicic volcanic products, connected
with both calderas is estimated at about 280 km3.

Post—calderxa stage of activity.

Inside Polovinka caldera are located three post-caldera volcanoces
composed by basalts and bssaltic andesites, stratovolcano Beliankina, strato-
cone composed by andesites and basaltic andesites and caldera volcanoes
Odnoboky and Akademii Nauk (Fig. 75). These volcanoes overlap litificated
tuffogenic sequence represented by dacitiec and andesitic tuffs in which some
layers of sedimentary (lacustrine?) deposits are present. Due to a variety of
differences in the genesis and composition of the rocks present in these
tuffs, they are named "dikiye” (wild) tuffs. Odnoboky volcano is composed
mainly by basalts and basaltic andesites. Akademii Nauk volcano 1s formed by
sequence of interbedded andesitic lava flows 13-=15 m thick and 300-400 m in
length and agglomerate tuffg of the same composition 5-35 m thick. The upper
part of the sequence on thig volcano 1is cowposed by roughly-stratified
gravelitic tuffs and grey pumice with a mixture of volcanie ash. The final
stage of volcano development 1s characterfized by the emplacement of a series
(not less than four) dacitic extrusive domes located along arcuate fissure.
Probably along thls fissure a series of blocks are subgsided during the caldera
forming stage. As a result of this development, Odnoboky caldera volcano
which 18 5 x 4 km in diameter and Akadewiil Nauk (Rarymsky Lake) caldera which
18 3 x S km 1n diameter were the last volcanic centers formed. The
emplacement of extrugsive domes and the formation of Akademii Nauk calders were
accompanied by an eruption of pyroclastic flows, which filled a trio between
Odooboky and Akademii Nauk volcances. Sillecic volcanic rocks, associated with
Akademil Nauk caldera have been dated by different radiometric methods at 80
thousand to 17.8 thousand years B.P. (Masurenkov, ed., 1980a)., In the upper
part of the sequence, pumice associated with Akademii Nauk caldera are
overlapped by the Holocene pumice and lapilli. At thig time the caldera of
Akademii Naguk volcano 1s filled by Rarmysky Lake. Around the lake low—
temperature geothermal activity has taken place.

5.2.2. Stena~Sobaliny caldera (caldera of the Maly Semiachik volcano).

This structure is represented by a subsided block 20 x 15 km across,
located in the northern part of Zhupanovsky (Karymsky) volcano-tectonic
depression. It has an irregular oval shape with a long axis stretched
northwegt—southwest-goutheast. Faultyg dbounding this structrure are cut over
partg of a volcanic plateau which is partially overlapped by ignimbrites and
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Fig, 75. Geological map of Polovinka caldera (after Masurenkov, ed., 1980e).
! - recent lacustrine deposits; 2 ~ Holocene lava flows from Lagerny coue -—
Holocene; 3 =~ Holocene pumiceous tuffg; 4 — tuffs and pyroclastie flows from
Akademi{ Nauk volcano — Uppermost Pleistocene; 5 — lava flows and edifices of
Akademit Nauk veolcano — Upper Pleistocene; 6 — lacustrine deposits — Upper
Pleistocene; 7 — pumiceocus tuff from Odnoboky caldera, fourth pyroclastic
cover-lower part of Upper Pleistocene; 8 — pumiceous tuffs-Upper Plelstocene
and Holocene (undivided probably from caldera-forming stage of Akademii Nauk
caldexa); 9 - lava flows and edifices of Beliankin volcano - Middle and Upper
Pleistocene; 10 - lava flows and edifices of Odnoboky volcano - Middle and
Upper Plelstocene; 1! — lacustrine deposits of the first stage of
sedimentation - upper part of the Middle ?leistocene; 12 = "Dikiye" (wild)
tuffs — Middle Pleigstocene; 13 - pre-caldera formations; l4 ~ landslide
deposits; 15 - ring faults, observed; 16 - scarps along caldera boundaries (a)
and along explosive forms omn strato-volcanoces (b); 17 - center of eruptions.
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central volcanoes of a pre-caldera complex., Amplitude of displacement along
these faults near Stena volcano 18 not less than 400 m, northern and western
boundaries of the caldera are overlapped by younger volcanlic formationa. The
southern boundary is hidden under lava flows end partially by pyroclastics of
the younger gtages of the caldera formation and is Inferred conditionally
along east—west faults in the central part of Zhupanovsky (Karymsky) volcano—
tectonic depression. Tuff-ignimbrites cover connected with formation of this
caldera ig up to 200 m thick, It was formed at the end of Middle Pleistocene
time during several strong eruptions, started after a period of erosion of the
ring volcano—tectonic complex.

Caldera of Maly Semlachik volcano.

This caldera 13 located in the northeastern part of Stena-Soboliny
caldera. Agglomerates associated with Maly Semiachik calders overlap moraines
of Upper Plelstocene glaclation., By uranium—thorium method they have a
radfometric age of 10-12 thousand years B.P. (Masurenkov, ed.,, 1980a). The
time surface of the area was leveled and relief was represented by a flat
plain with low hills. Walls of the Stena—-Soboliny caldera were strongly
aeroded at thilsg time.

Products of caldera forming eruptionm,

Agglomerates connected with the caldera formiug eruption of the Maly
Semiachik volcano covers an area about 300 km? , which filled the depregsion of
the Stana—-Soboliny caldera and spread north and esstward from it. Thickness
of agglomerates in some places reach 100 mw, but as a rule is equal 10-20 m.
Thelr total .volume ls estimated at 6 km3. In the northern wallg of Maly
Semiachlk caldera a sequence of rocks connected with the caldera forming
eruption looking upward is as follows:

1. BRorizon of weakly welded red scoria and pumice (63.5% 5102) 2 m thick;
2. Layer of red obsidan (60.8% $10;), 1 w thick;

3. Layer of black obsidianm (61.9% SiO ), 1-2 m thick;

4. Lilac—grey stratified ignimbrites 15 m thick;

S5« Loose agglomerates about 12 m thick.

The caldera connected with the eruption of these rocks is located
supposedly ou the site of the previougsly existing Pra-Semiachik volcano. Then
practically all traces of this volcano collapsed and was overlapped by
agglomerates. The followlng accumulation completely hide part of the caldera
boundaries. Consequently its gize 1s stated at approximately 7x6 km and the
ares of a subsided block 1s estimated as 35 km2.

Pogt—-caldera stage of volcanism.

Inside the caldera Maly Semiachik a volcano 1s located. It ia
represented by a volcanic ridge composed by basaltsg and consigting of three
cones, composed by basalts and basaltic andesites. Cones congistently become
younger in a gouthwestward direction (Paleo~, Meso~ and Xaino~Semiachiks).
The youngesgt among them has a Hawallan-type caldera on the gsummit (Seliangin,
1977). According to Gorshkov (1976) this caldera 1s characterized by positive
gravity and magnetic anomalies, caused by the preseunce of bagaltic Intrusion
inglde the volcanic edifice (Fig. 76). Vlodavets snd Piip (1959) noted the
changing of the character of the lava gtreams on the volcano. Ancient lava
streams were ropy, the younger ones are blocky.

138



Fiz. 76, Scheme of location of gravity and magnetic anomalies on the Maly
Semiachik volcamo (Gorshkov, 1976),

Gravity maximums: 1 - {ntensive; 2 - intermediate, gravity minimoms; 3 =~
intensive; 4 — intermedlate, magnetic anomalies; 5 — {ntensive; 6 -
intermediate; 7 - magnetic minimums; 8 - decreased gravity fileld; 9 -
relatively increased gravity field; 10 - craters.

Areas of intensive gravity anomalies are ioterpreted by A. P. Gorshkov as
teflection of magma chambers inside volcanic edifice.
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Historiec activity of Maly Semiachik volcano.

Vlodavets and Piip (1959) described the series of eruptions as mainly
volcanian type. The atrongest took place in 1804 and was accoumpanied by the
collapse of the volcano summit. Another eruption took place 1n September
1851, spring and July of 1852, autumn 1945, spring 1946 and the latest in
December 1952. Fore runnings of these eruptions were early melting of snow in
the southern part of edifice, and local earthquakes. In the active crater
with a8 diameter of 500 m and 170 m in depth, a hot lake with an area 0.25 k2
is located. On the banks of the lake and on the inner walls of the crater,
fumaroles with temperatures of up to 90°C (in 1946) are present.

5.2.3. Caldera of the Rarmysky volcano.

The caldera of the Rarymgky volcano (5 km in diameter) 18 approximately
located in the central part of the Zhupanovsky (Rarymsky) ring styructure.
Thig location coincides with the crest of the shield that uunderlies the
Karymsky ring structure. Its position is contyolled by the strip of east-west
deep-seated strike—slip faults that cut the Zhupanovsky (Karymsky)
structure. The walls of the caldera expose relicts of the anclent voleanic
edifice (Pra-Karymsky volcano) (Fig. 77). This complex edifice had an
absolute height estimation of about 1800-2200 m (Ivanov, 1969), and covered an
area of about 25 km?, The best preserved outcrops were located in the
western, northern snd eastern caldera walls; exposures ranged in height from
10-15 m 1n the southern part of the caldera and up to 250 m in the northern
part. The slope of the walls ranged from 30° to nearly vertical in the
northern part. The caldera occuples an area of about 12 km2, In the
northern, western and eastern caldera walls the lava flows dip to the north,
weat, and east respectively. This proves (Ivanov, 1970) that the lavas belong
to the anclent Karymsky volcano rather than Dvor volcano, as was suggested by
Vlodavets (1947). The western and eastern slopes of the caldera are covered
by pyroclastic deposits from the most recent eruptions. These deposits mantle
the flanks of the volcano., The anclent Karymeky volcano was a typical
gtratovolcano that formed at the beglinning of the Upper Pleistocenea, The
caldera of Karymsky volcano formed at the beginning of the Holocene, after a
gseries of catastrophic explogions. The lower part of the ancestral Karymsky
volcano 1s mainly composed of lavas that are dominantly andesitic in
composition. The characteristic feature of rocks of the ancestral Rarymsky
volcano 18 the absence of olivine phenocrysts, which allows them to
differentiated from lavas of the adjacent Dvor volcano. The terrain adjacent
to the caldera of Rarymsky volcano 18 mantled with light-yellow, £ibrous
dacitic pumice. The area covered by these pumice total about 60 kmz;
thickness range from 100-165 o within 1-3 km from the western caldera rim to
1-1.5 m 10 km northeast of the caldera rim. Thus, tephra thickneases
regularly decrease outward from the caldera. This deposit was produced at the
monent of the caldera formation. Within the csldera, the modern Karymsky
volcgno 1s a typical stratovolcano with a helght of 1530 m. It consists of
interbedded two—pyroxene andesites and andesite—dacites and assoclated
pyroclastics. The total volume of the young cone and the lavas which fill the
bottom of the caldera is about 2 km3,
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Fig. 77. Geology of the Karmysky volcano (after Ivanov, 1970). 1 - recent
loose Quaternary deposits on the slopes of the cone; 2 - two—pyroxene
andesite-dacitic flows of 1964; 3 - two-pyroxene adnesite~dacitie flows of
1963; 4 ~ two—pyroxene andesite dacite flows of 1962; 5 - agglomerate flows of
1962 - 1963; 6 - dacite lava flow of 1908; 7 — two-pyroxene endesites of the
northern lava complex (Q77%); 8 - two pyroxene dacites of the southern 1aVa
complex (Q7); 9 - two—pyroxene andesite dacites of the southern complex (Qz)
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Geophysical data concerning cthe deep structure of the caldera.

The caldera of Rarymsky volcano is expregsed In the gravity field by a
flat maximum about 15 km across, and by steep gradients over the caldera rims
(Zubin, Ivanov, and Steinberg, 1971). According to geophysical data the
maximum lava thickness within the caldera is about 300 m. If we assume that
the gravity anomaly is a consequence of the lava gsequence in the inner part of
the caldera, the total lava thickness must be at least 3 km (70-82% of the
section composed of pyroclastic mesterials). However, the probability of such
a thickness 18 very small. Calculations show that the center of gravity of
the anomaly-forming mass lies at a depth of 4.5 km. Zubin and others (1971)
congider this mags to be a significant silicie (dacitic) magma chamber (Fig.
78). The density contrast between this mass and the host tuff-lava complex
ranges from 0 to 0.3 g/cm3. The volume of such a magma chamber could be from
50 to 170 km3. If the chamber was gpherical, it would have a radius of from
about 2.3 to 3.5 km; the depth of the upper margin would be 1 to 2 km below
sea level.

Considered together, gravity and magnetic data lead to the conclusion
that a considerable part of the magma chamber must have a temperature below
the Currie point, because of the observed magnetic anomaly. Marginal parts of
the shallow magma chamber have already crystallized.

Two explanations have been suggested for the genesis of the Karymsky
volcano caldera. Vlodavets (1944) thought that it was purely the result of a
collapse. Gorshkov (1962) thought that blasts playaed a considerable role in
the caldera formation. According to Zubin and others (1971) the caldera is
the product of both processes, explosion and collapse. Zubin and others
(1971) think that the Rarymsky volcano caldera is not associated with the
development of Dvor volcano, as has been suggested by Viodavets (1944) and
Sviatlovgky (1959), but rather i a consequence of the development of an
independent ancestral Pra-Karywsky voleano. This point of view 13 supported
by structural and mineralogical evidence.

Volcanic activity.

A radiocarbon age of 7800-7900 B.P. was obtained from the soll that
underlies pumice from the caldera—forming stage of Karymsky volcano. This age
igs In agreement with the age data obtained from pumice lapilli from basgal
deposits of the caldera forming eruption. A somewhat older age was obtalned
from charcoal - bearing deposits (8400-8000 years B.P.), perhaps due to
contamination by carbonic acid. The caldera formation stage on Karymsky
volcano coincided with a period of quiescence on Maly Semiachik volcano. The
duration of the whole caldera forming process on Karymsky caldera was
extremely short, not more tham 200~300 years. In reality the duration
probably did not exceed several tens of years.

On the basis of radiocarbon data and detailed tephrochrological studies,
the first eruptions of the post—caldera cone of Karymsky volcauno occurred
about 5300 yrs. B.P. Karymsky volcano reached its modern height about 2200
yrs. B.P. (Masurenkov, ed., 1980a). Within the time interval 2200-500 years
B.P., a few minor eruptions occurred. After 500 yrs. B.P. Karymsky volcano
entered a regime of short-period pulsations (Masurenkov, ed., 1980a).
Masurenkov thought that it was probable that a large crater or summit caldera
would form in the near future, perhaps during the next pulsation. A drastic
decrease in the helght of the volcano would accompany the crater or caldera
formation.
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Fig. 78. Latitudinal gravimetric and magnetic profiles across caldera of the
Karmysky volcano (Zubin and others, 1971),

1l ~ % Inferred contours of wagma chamber in case of density excess 0,1 and 0.3
g/cm?,
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Recent volcanic activity.

The first uncertain reports about eruptions of Rarymsky volecano are from
1771, 1830, and 1852. Data for the period 1852 to 1908 are absent. During
the 110 years from 1852 and 1962 two effusive-explosive eruptive perilods
occurred on Karymsky volcano. The first started approximately in 1908, when a
dacitic lava flow was eru ted on the eastern slopes of the volcano. This flow
had a volume of 3 X 108 m The secound peroid began on October 17, 1962.

Ivanov (1970) reviewed all of the historfcal activity of Karymsky volcano
" up to 1965, and divided 1its activity into two stages: explogive and effusive-
explosive. Both stages consisted of several eruptive cycles, Each eruptive
cycle continued for several days to 5 years, and the duration of the euntire
explosive stage was 40-60 years., Periods of repose between different eruptlive
cycles lasted from 1 to 6 years or more. These periods were characterized by
fumarolic activity. The effugive—explosive gtage was always ghorter than the
explosive stage. After the eruptive cycles reach itg limit of intensity, the
paroxysmal (effusive-explosive) stage began; this was characterized by the
extrusion of lava flows accompanied by moderate explosive activity. The
duration of the effusive-explosive cycles on Karymgky volcano were not more
than 3-7 years., Twenty-two eruptions occurred during the 110 years from 1852
to 1962. Ivanov (1970) combined the eruptions in the time interval from 1909
to 1962 into the following eruptive cycles: (I) 1909-1915; (II) 1921-1925;
(ITIY) 1929-1932; (IV) 1934-1935; (V) 1943-1947; (VI) 1952-1962; (VII) growth
of the inter-crater extrusive dome, from August until October 17, 1962,

Ivanov (1970) divided the eruptions that occurted within the period 1962
to 1965 into nine cycles:

(1 paroxysmal vulcanian eruptions on October 17—20 and 27-28, 1962;

(II) moderate vuleanian eruptions from November 10, 1962 to January 1, 1963;

(III) paroxysmal eruptions on January 1-30, 1963;

(1v) moderate to strong vulcanian eruptions and, on May 11, 1963, a
culminate explosion;

(V) paroxysmal vulcanlan eruptions on May 11-19, 1963;

(VI) moderate vulcanian eruptions from May 20, 1963 to January 20, 1964;

(VII) paroxysmal vulcanian eruptions from January 21 to May 20, 1964;

(VIII1) moderate to strong mixed vulcanian-strombolian eruptions from May, 1964
to January 196S;

(IX) paroxysmal mixed vulcanian-strombolian eruptions from January 10-15,
1965.

After January 15, 1965, only moderate vulcanian eruptions have occurred.

The period between 1965 and 1970 was mainly quiet; weak eruptive activity
might have occurred in 1967 (data from Smithsonian volcano file). Starting in
1970 a new cycle of volcanie activity began., Activity for the 1970 to 1980
period has been divided into nine stages:

(1) paroxysmal vulcanian and mixed vulcanian-gtrombolian eruptions on May
11, 1970, lava flows with volume of 6 X 106 m3 were extruded;

(II) rmoderate vulcanian eruptions from May 20, 1970 to January 25, 1971;

(I11) paroxysma) vulcanian eruption on January 26, 1971,

(IV) moderate to strong vulcanian eruptions from January 26 to July 16,
1971;

(V) paroxysmal eruptions from July 16 to October 26 1971, accompsanied by
extrugion of lava flow with a volume of 8 X 106

(VI) weak explosive activity from October 26, 1971 to Match 16, 1976;

(VII) paroxysmal mixed vulcanian-strombolian eruption at the end of March,
1976

(VIII) moderate to strong mixed vulcanian—strombolian eruptions from August,
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1976 to August, 1979 and, from the middle of August, 1979, swsll lava
flows;

(IX) paroxysmal eruptions from August, 1979 to December, 1980, accompanied
by lava flows of unknown size.

Repeated geodetic surveys on Rarymsky volcano from 1972 to 1981 have
revealed a general subsidence of the volcano relative to the stable block
between the calderas of Karymsky volcano and Akademii Nauk (Magug'kin, and
others, 1982). Subsidence has been symmetrical relative to the volecano
crater, and has been restricted to within 3-4 km of crater. At a distance of
1.5 km from the crater, subsidence totals 3-4 cm. The subsidence is probably
related to effusive activity. The syubsidence over the entire nine year period
produced a volume change of 0.038 km3: 1,e., approximately three times more
than the volume of the lava discharged in the same period.

Impulses of uplift occurred within this period of general subsidence and
was related to explosive activity on the volcano.

Horizontal displacements around Karymsky volcano occurred during swarms
of volcano—tectonic earthquakes and during stress changes within the magma
supply system. After some earthquake swarms, sudden horizontal disgplacements
of 5-10 cm occurred in a goutheasgt-northwest directionm., Vertical
digplacements near the Karymsky volcano were gatisfactorily explained by an
igometric or axial-gymmetric pressure source, the upper limit of which was no
closer to the surface than 1-~1.5 kn.

Periodic sampling of spontaneous volcanlic gas emissions from the hot
springs near the foothills of Karymsky volcano begun 1n 1966 (Chirkov, 1973;
Firstov and Chirkov, 1978)., The Rn concentration in the gas emissions
fluctuate sud increase in direct proportion to the veleano activity. Six to
seven months before the strong eruption of May, 1970, pressure in the magma
chamber/volcanic conduit increased leading to the destruction of crystal
lattices in minerals, and consequent release of Rn. The same mechanlism way
have cauged the Rn concentration to increase during the growth of an inter-
crater extrugsive dome in September, 1970. That extrusion was preceded by
frequent volcanic earthquakes In July-August, 1970.

During the period of lava extrusions in July—-August, 1971, the
concentrations of Rn in spontaneous gas emissions from hot springs was
unstable. As a rule, increasing Rn concentrations have been observed 1-2 days
before an increase of volcanic activity. The Rn content in spontaneous gas
emissions reached a maxima doring the period of aiximum lava digcharge
(Firstov and others, 1978).

5.3« Great Semiachik Voleano—tectonic Depressgion.

History of the study. :

Interest in this structure 1s motivated by the extensive geothernal
activity withio it, which 1s assoclated with Bol'shoy Semiachik and
Burliastchy volcances. The existence of a greet volcano-tectonlc depression
in thig region was first suggested by Erlich (1966), mainly on the basis of
aerial-photograph interpretation and regional structural analysis. Some
authors, while not denying the existence of a volcano—~tectonic depression in
this region, reinterpreted its boundaries (Melekestsev in Luchitsky, ed.,
1974). Possible boundaries were inferred on the basis of airborne radar
images as shown in Figures 79 and 79a.

145



Fig. 79. Geological~Geomorphological scheme of Great Semlachik volcano~—
tectonic depression (from Luchitsky, ed., 1974).

Volcaunic formation of post—caldera comwplex: 1 ~ basaltic stratovolcances,
Holocene; 2 - basaltic scoria comnes and connected with them lava flows,
Holocene; 3 ~ basaltic andesites extrusive domes and connected with them lava
flows, Holocene; 4 — basaltic stratovolcanoes and their lava flows: (a)
preserved parts, (b) destroyed parts——Upper Plesitocene — Holocene; S -
andesitic stratovolcanoes and their lava flows: (a) preserved parts, (b)
destroyed parts, Upper Plesitocene — Holocene; 6 — dacitic stratovolcanoces =
Upper Plesitocene; 7 — dacita-rhyolite extrusive domes, Upper Pleistocene-——
Holocene; 8 — andesite~dacite extrusive domes, Upper Pleistocene; 9 — pumice
cones, Upper Pleistocene——Holocene; 10 - andesitic and basaltic effisive
domes, Upper Pleistocene; 11 — small andesitic lava volcanoes (a), and
connected with them lava covers (b)—Upper Pleistocene; 12 ~ basaltic lava
plains—Upper Pleistocene; 13 - pumice covers—Upper Pleistocene; 14 -
ignimbrite covers, connected with Great Semlachik-—Upper Plesitocene; 15 -
layered tuffs, deposits of the Uzon”s III intra-caldera lake, middle part of
the Upper Pleistocene; 16 - layered tuffs, deposits of I and II Uzon“s {ntra-
caldera lakes, lower part of the Upper Pleistocene; 17 - dacitic and
rhyolithic extrusive domes, Middle—Upper Pleistocene.

Volcanic formations of the caldera—-forming stage: 18 - Ignimbrite covers,
counected with Uzon—-Geyzernaya volcano-tectonic depression, Middle Lower Upper
Pleistocene; 19 ~ ignimbrites of the Semliachik river valley, Middle - Upper
Pleistocene; 20 -~ ignimbrite covers, connected with Great Semiachik volcano-
tectonic depression, Middle Pleistocene.

Volcanic formations.of the pre-caldera complex: 21 — basaltic stratovolcanoes
(a) preserved, (b) destroyed, Middle Pleistocene; 22 - basaltiec lava and
cinder cones, Middle Plelstocene; 23 -~ basaltic lava plateau, Middle
Pleistocene; 24 - lava plateau and relicts of volcanic edifices (shield and
malnly lava stratovolcanoes) composed by mainly mafic volcanic rocks, Upper
Pliocxene--Lower Pleistocene; 25 - lava plateau and underlied it tuff-lava
sequences mainly solicic in composition — Upper Pliocen—Lower Pleistocene;

26 - lava plateau and underlied it tuff-lava complexes of the mix compositon.

Other signs: 27 - alluvial deposits, Holocene; 28 — deluvial proluvium
fanglomerate deposits, Upper Pleistocene——Holocenz; 29 - morains of the second
stage of the Upper Plelstocene glaciation; 30 - blast”s funmels; 31 - ring
faults of caldera rims; 32 — faults; 33 ~ tecronic fissures without
displacement; 34 - fault zones, marked by rows of volcanoes; 35 ~ faults drawn
by geophysical data; 36 — recent thermal manifestations; 37 - zones of
hydrothermally altexed rocks.

NOTE: Signs 15 and 16 belong to the Uzon-Geyzernaya caldera, located just to
the north of the figure”s northern boundary.

146



>

=N
—~ R,
~Cn,
o . -~
- -
S =
G2 A% TANEN
VL TARGE WA SEAT NI i
4 . ; - ~ .
J a2 a2 ? 37 {220 N A M n e /
.. ; . 2 . Te———
s 13 3 A° 2 e <
. , A etc n 3 [\ A
3,7 4 1 ) A\~ A by JE ) > ~ {
\_E a4 \ :@;G —
»
._rbgk. a “ b My s ~ i3 ./
> : * - Jtigszeaer
-
: » x » -_
g - - . M
< e
R -~ \
-~ <> < < -
~— P -
- - -~
e — -~ |
==/ bin— == = ~ -
A . * !
P
N - /V
P < —




Fig. 79a. Alrborne radar image of the Great Semiachik voleano~tectonic
depression (Eastern Kamchatka).
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Structural pasition.

The Great Semiachlik volcano-tectonic depression i1s located between the
Zhupanovosky (Karymaky) ring structure and the Uzon-Geyzernaya volcano~
tectonle depression, within the eastern Kamchatka graben-gyncline. The
gpecific position of the Great Semlachik volcano-tectonic depression 1is
defined by two factors: (1) a pronounced gravity anomaly which coineides with
this depregsion and (2) an east-west zone of deep—seated strike-glip faults,
which goes practically through the center of the depression. This fault Is
also expressed by a series of earthquake focl with depths of wore than 50 km
(Luchitsky, ed., 1974).

General structure.

Bounding ring faults cut a complex volcanic plateau composed of basalts
and silicic volcanic products of Upper Pliocene and Lower Plelstocene age, and
gome relicts of Lower to Middle Pleistocene basaltic and bagsaltic—andesite
voleanoes. The total digplacement along these bounding faults 1s 300-400 m.

Ignimbrite covers.

Pumice and ignimbrite sheets assoclated with the Great Semiachik volecano-
tectonic depression are exposed along the shore of the ocean——in the so-called
coastal sectlon., These deposits overlie unwelded airfall pumice, fluvial
deposits and buried soils. This sequence overlies plateauy—ignimbrites. Thus,
the Great Semlachik depression formed significantly later than the-main phase
of ignimbrite formation in the region. Soll which divides two ignimbrite
horizons in this section 1s of the gawe age as soil that divides moraines of
two stages of Upper Pleistocene glaciation. Ignimbrites are slso overlapped
by moraines of the second stage of the same glaciation. These facts suggest
that ignimbrices were formed during the Interstadial time of the Upper
Pleistocene glacilation,

Post—caldera stage of volcanism, )

Data concerning the intermal gtructure of the volcano-tectonle depression
and the stages of its post—caldera volcanic activity are aparse. But it is
important to mention that Melekestsev (in Luchitsky, ed., 1974) desgcribed the
outcrops of pre—caldera rocks (Upper Pliocene-Lower Pleigtocene) in the
central part of the depression. The reagson for thelr occurrence within the
central part of the caldera is unclear and could be an indication of the
presence of a resurgent dome. Post—caldera volcanoces ingide the depression
are of dlverse types and sizes—ranging from mainly basaltic stratovolcanoes
to complexes of extrusive domes of silicic andesite to rhyodacite.
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5.4. Uzon-Geyzernaya Volcano—-Tectonic Depression.

Previous Studies.

The Uzon-~Geyzernaya volcano-tectonic depression is composed of two
calderas, Uzon gnd Geyzernaya, and is well known for its fields of ignimbrites
and impressive geothermal features. As access 1s comparatively difficult, it
has been studied only during occassional expeditions. The Uzon hot springs
were described First by Piip (1937). The hot springs in the middle of the
Geyzer Valley were described by Ustinova (1946).

Piip (196]1) first speculated on the existence of the Wzon caldera. He
thought that the caldera occupiled the summit of a large stratovolcano, called
Uzon Volcano, and that the caldera was the source of all the ignimbrites in
the Kronotsky region. The Geyzer Valley was not included within the caldera
limits. After this time, other authorg denied the existence of a caldera.
Belousov and Ivanov, (1967) considered the region to be a geries of diffearent
types of volcanic centers located along a riug fault. Fine—-grained lacustrine
deposits exposed in the center of the caldera were thought to be the most
ancient rocks in the reglon, and were thought to underlie the lavas and
pyroclastic deposits exposed 1n the walls of the caldera. W#Without any
supporting evidence, they considered the fine-grained deposits to be marine.
From their marine origin and their maximum altitude they concluded that the
region had been uplifted 1000 m. On the basis of aerial-photographic
interpretation and structural analysis, Erlich (1966) and Melekestsev (1967)
worked out the concept of a large volcano-tectonic depression in which they
included the Geyzer Valley. Later works confirmed this view allowling the
establishment of a reasonably complete geologic history for this depreasion,

In the wid-1960's, an indepth study of the Uzon hot springs was begun
mainly for geothermal-energy purposes under the leadership of V. V. Averiev,
Highlights of this work included a complete description of the volcanie
history of the reglon and a description of interesting assemblages of ore
minerals and hydrocarbong assoclated with the hot springs. The results of
these studies were published in a monograph edited by Naboko (1974).

Structural Position,

The Uzon-Geyzernaya volcano-tectonic depression is located in the Uzon-
Semiachinsky part of the eastern Kamchatka graben-syncline at the intersection
with a deep-seated, east—west fault zone (see Chapter 1, Fig. 12). The east-
west zone is reflected by a steep gravity gradient. The volceano-tectonic
depression ig offset 3-5 km in a left-lateral sense along the fault zone, and
there is marked evidence of strike-slip displacements on eagt—-west surface
faults. A marked serles of earthquake focl also occur along the zone at
depths of 100-120 km (Naboko, 1974).

Another iwportant aspect of the structural setting of the depression 1is
its location on the margin of a large (45-50 km across) negative gravity
anomaly that is characterized by a high intensity and by steep gradients on
1ts margins. The depth of the center of gravity of the anomaly-forming body
1s 14-18 km, JTn addition to the Uzon-Geyzernaya depression, other volcanoes
including Taunshits and Great Semiachik lie on the marzin of this gravity
low. Mass deficlency of this anomaly is 200-250 X 101 g.
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Structure of the Velcano—Tectonie Depregsian,

The Uzon-Geyzernaya volcano—~tectonic depression measures 18 X 7 km and
containg two large calderas (Fig. 80). The Uzon caldera lies in the northwest
part of the depression and the Geyzernaya caldera lies in the southeast part
of the depression. The unity of the entire gtructure is defined by a ring
fault that is mapped around its margin., Geophysical data guggest the fault
has steep inward dips. The marginal ring fault is expressed by searps 300-400
m high. Considering the thickness of the fi1ll in the depression, the
digsplacement on the ring faults is probably twice their height. The ring
faults cut volcanic sequences of different ages and compositions: (1) an early
and middle Pleistocene tuff and lava complex of basic through silicie
composition, (2) Uzon Volcano, a basaltic volcano of middle Pleistocene age,
and (3) younger extrusive domes that are probably coeval with Iignimbrites of
the caldera—forming eruptions.

The western part of the depression, the Uzon calders, 1s formed in pre—
caldera rocks of mostly bagaltle composition. It has good topographic
expression and 1is partly filled by lacustrine deposits. The comparatively
gmall amount of post-caldera volcanism 1s represented by a gingle extrusive
dome and the bagaltic maar of Dal'nyeye Lake.

The atructure of Uzon caldera is complicated by a young explosion—funnel,
which is the focus of a considerable amount of the present hydrothermal
activity. This explosion—funnel 18 superimposed on part of the pre—existing
ring structure of Uzon caldera and was formed by a large explosion and
subsequent collapse. The upper part of the funnel is partly filled by
lacustrine deposits. Gravity data suggest that Uzon caldera consists of
several fault blocks that differentlally digplace basement rocks. Thesge
faults .have east-west and northwest strikes and are expressed by steep
gradients in the gravity field (Fig. 81). The arcuate zone of posgitive
gravity anomalies around Uzon caldera (Fig. 82) reflects the presence of
relicts of the pre-caldera shield-like volcano. .

The explosion~funnel within the caldera {s expresses by a marked gravity
low. In the south part of the funnel 2 local winimum Iin the gravity field is
thought to reflect the position of a buried block of the pre-caldera
complex. The gravity low associated with the explogsion~funnel 15 almost
equidimensional in plan and has a considerable amplitude. Recalculation of
Zubin's (in Naboko, 1974) model of the anomaly provides a mass deficiency of
about 3.2 X 1015 g. The depth to i1ts center of gravity using the formula of
Afanasiev (ref?) i1g about 1.3 km. In the case that its horizovtal dimension
exceeds 1ts vertical one, it's possible to conclude that the depth to its
center of gravity does not exceed 1 km. This is small in comparison with {ts
diameter (6 km) at the surface. The form of the gravity plot permits the
assumption that the gravity low 18 caused by a funnel-shaped depression that
ig filled by low-density material. Calculations made by Zubin (in Naboko,
1974) assuming a density contrast of 0.2 g/cm show a cone with a2 radius of 3
km, a height of 2 km, and a volume of 18 km3. The resulting mass deficiency
1s 3.6 X 1013 g and 18 consistent with other calculationg. This funnel was
probably formed by a single large explosion superposed on a ring structure.
The funnel accumulated a low-dengity fill composed of breceiated basement
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Fig. 80. Generalized geologic map of the Uzon-Geyzernaya volcano-tectonic
depression. Post—caldera complex: 1 — basaltic scoria cones and lava flows;
2 ~ pumice deposits; 3 - pumice cones; & ~ dacitic and rhyolitic extrusive
domes and lava flows; 5 - small andesitic lava volcanoces aund lava fields; 6
—layered tuffs, deposits of the third lake; 7 ~ layered tuffs, depasits of the
first and second lakes. Deposits of the caldera-forming stage: 8 - dacitic
and rhyolitic extrusive domes and lava flows; 9 ~ ignimbrites of the Uzon and
Geyzernaya caglderas; 10 - ignimbrites of the Semiachik volcano—tectonic
depression. Pre—caldera volcanic complex: )l — basaltic strato-velcanoes, a—
preserved, b-destroyed; 12 - basaltiec lava and scoria comnes; 13 - basaltic
deposits; 14 — tuff and lava deposits of mainly basaltic compositionj 15 -
tuff and lava complexes mainly of dacitic composition. Other deposits and
structures: 16 - sandy, pebble—bearing alluvial deposits; 17 — blocky rock
debris of zlluvial and colluviel deposits; 18 - moraine of the second stage of
late Pleistocene glaciation; 19 — maar of Dalanyee Lake; 20 - rxing fault of the
caldera margin; 2] - fault that bounds the blasc funnel; 22 — faults and
gstrike-slip faults; 23 - tectonic figsures with no displacement; 24 - faults
drawvn on geophysical data; 25 - aveas of modern geothermal activity; 26 -
groups of hot springs and siongle springs; 27 — zones of hydrothermally alcered
rocks.,
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Fig. 81, Generalized gravity anomalies of the Uzon-Geyzernaya volcano-
tectonic depression (after Naboko, ed., 1974). 1-- zones of positive gravity
anomalies; 2 — zones of negative gravity anomalies; 3 — zones of steep
gradients; 4 - ring faults of caldera margin, (a) observed, (b) inferred.
Increased density of map pattern corresponds with greater intensity of
anomalies.

Fig. 82. Generalized magnetic-field anomaglies of Uzon—-Geyzernaya volecano-
tectonlce depression (after Naboko, ed., 1974). | — zones of positive magnetic
anomalies; 2 - zones of negative magnetic anomalies; 3-ring faults of caldera
margin, (a) observed, (b) inferred. Increased density of map pattern
corresponds with greater intensity of anomalles. .
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rocks, pumice, lacustrine deposits, aund so forth. This model explains the.
gravity minimum very well., If the blast that formed the funnel occurred at a
depth of 2 km, the total energy of the blast would be 1025 to 1026 ergs
(Steinberg, 1960).

Geyzernaya caldera lies in the: southeast part of the volcano-tectounic
depression and occuples a pre-caldera site of siliclc volcanism (Fig. 80).
Dacites of this center are exposed in the Shirokoye Plateau and Geyzers Valley
east and southeast of the caldera. The caldera 18 not well expressed
morphologically because it is nearly filled with deposits of the post-caldera
complex. The boundary of the caldera is accentusted by the valleys of the
Shumnaya and Geyzernaya Rivers, which follow the faults along the caldera
boundary.

Ceyzernaya caldera is characterized by a negative gravity anomaly having
a steep gradient on the north gide which is interpreted as an east—wesgt
fault, Beyond the north boundary of the caldera, the gravity field becomes
slightly positive,

The boundary between the two calderas ig not well located because of
widespread volcanic and sedimentary deposits that obscure the boundary.
Geophysical and remote-sensing data suggest that both the Uzon and Geyzernaya
calderas have been digplaced along a system of east—west faults. One of these
systems follows the upper part of the Geyzers Valley, another cuts the
northern part of the Shirokoye Plateau. Both fault systems are located on the
boundaries of the gilicic and bagaltic fields that form the pre-caldera
complex. A post-caldera pumice cone, called Okrglaya sopka, lies on the
northern of these fault gystems and its deposits bury the fault scarp. These
relations asuggest that the east-—west fault gystems have had a long higtory of
activity, They were formed in pre—caldera time and continue to be active
during the post-caldera stage of development of the volcano~-tectonic
depression.

These east-west faults have little horizontal displacewment and are not
traceable beyond the boundaries of the depression. The faults cut and in
places merge with the caldera-rim faults.

The volcano-tectonic depression is cut by two narrow grabens, One
stretches southward to the Great-Semliachik volcano-tectonic depression., It is
about 4 km wide and ig formed of fault segments with strikes of north to
northeast. As a result, the graben 1s elbow—shaped. The vertical
displacement on the graben faults is about 150-200 m. The graben is £illed
with unconsolidated gsediments and pyroclastic deposits of the post—caldara
stage. The graben faults continue into the western part of the Uzon caldera
in the form of fisgures and faults with small digplacements.

The other graben trends northeast from the Uzon-Geyzernaya volcano-—
tectonic depression toward Krashenlnnikov caldera. The graben is formed by a
system of northeagst~striking faulte with displacements of 10-35 m. Near
Krasheninnikov caldera, this fault zone merges with a zone of cinder cones and
monogenetic basaltic volcanoes,

The inner part of the deprassion is cut by a series of east-west faults
and fissures with branching fissures of northwegt strike. This northwest
system of fissures countrols the position of the main part of the geothermal
flelds within the caldera.
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Bruptions of the casldera—forming stage. ‘

The caldera-forming stage is recorded in a complex sequence of plateau—
forming ignimbrites that 1li{e north and south of the calderag. The direction
of movement of the ignimbrites can be reconstructed from the 3-7° primary
slopes of the plateaus. This analysis suggests that the source of the
ignimbrites lies in the position of the present calderas, Total thickness of
the Uzon—Geyzernaya ignimbrites reaches 100 m. A great variety of ignimbrite
types 18 represented, from gray and pinkish—gray weakly welded tuffs with
lenses of black and white pumice, to gray and red densely welded tuffs with
fiamme and black glags. Prevalent varietieg of flamme range from black,
highly inflated pumice to dense obsidian. The following are the most abundant
forms of Uzon ignimbrites.

1. Ignimbrite breccia often lies at the base of the gsequence. It
consigts of a layer of black glassy lapilli and bombs that grades upward into
light-brown, weakly welded ignimbrites with crude platy jointing.

2. Porous to dense, gray and brown, ignimbrites rich in fiamme contain a
large quantity of black dacitic glassy lenses. The base of each cooling unit
consists of dense, magsive, lava—like ignimbrite that has traces of vapor-
phase alteration and crystallization.

3. Light-gray ignimbrite composed of welded particles of light-brown
dacitic and rhyolitic glass (68% §{0,) with rare, thin (< 5 wm) lenses of
glass. This and variety (2) contaln as much as 107 of small fragments of
andegite and basalt.

The ignimbrite sequence north of the Uzon caldera consigts of several
cooling units separated by thin, unwelded pyroclagstic depogits of airfall ash,
lapi1lli and pyroclastic-flow deposits. 1In neither this nor the southern field
are there any intercalated fluviael deposits or solls which indicates that the
ignimbrites erupted over a relatively short interval of. time.

' Two types of volcanic complexes belong to the caldera-forming stage: (1)
ignimbrites surrounding the depression and (2) silicic domes and related lava
flows.

The lgnimbrites are unevenly distributed around the depression. They
form two fields, one north and the other south of the depression.. The
northern field stretches to the shore of Kronotsky Lake, a distance of 30 km,
and {8 oval in shape with a maxiwum width of 6-8 km. Its exposed thickness
ranges from 10 to 100~120 m. The southern field of igniwmbrites covers the
area between the Uzon and Geyzernaya calderas and the Great Semiachik volcano—
tectonlc depression, a distance of 15 km. The fileld ranges in thickness from
several meters to several tens of meters, but 1ts mean thickness does not
exceed 10—-15 m. Only small relicts of igninmbrites occur east and west of the
caldaras. This distribution of ignimbrites 1s controlled mainly by direction
of the flows and partly by topography.

The stratigraphic position of the Uzon igniambrites is very clear. They
lie on deposits of the pre-caldera stage, the youngest of which dates from a
middle Pleistocene Iinterglacial age. Lacustrine deposits, which partly £111
the Uzon-Geyzernaya depresgsion date from the upper Pleistocene interglacial
age. Thusg, the time of formation of the Uzon ignimbrites dates from the
gecond half of the middle Pleistocene. Temporally and genetically related to
the ignimbrites are dacite to rhyolite extrusive domes and ghort lava flows
that 1ie along the northern and eastern margin of the depression. Thelr
precise relation to the ignimbrites is unknown; however, it is possible that
the domes along the caldera rim were extruded during the last stage of the
igniabrite eruptions, because some of the domes are displaced by the caldera-
rim faults.
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Post—-Caldera Volcanic Activity.

Post—caldera volcanic activity within the caldera is represented by (1)
typical dacite (65-687% 3102) that forms extrusive domes, some with short lava
flows and (2) rhyolite (70-712% §107y that forms smell volcanoces composed of
exttusive domes and lava flows. Groups of these short lava flows form small
lava plateaus. The activity of these rhyolitic volcanoes ended with the
emplacement of summit spines.

All of the pogst—caldera volcanic forms have fresh morphology and have no
trace of glacial sculpture, whereas at simllar altitudes cirques are present
along the caldera walls. Therefore the post—caldera activity cannot pre-date
late Pleistocene glaciation. However, Belousov (1967) and Melekestsev (1967)
think that certain features of these post—caldera forms polnt to their
eruption under thick {ce cover, which suggests that some of the extrusions may
date from the late Plelstocene glaciation. Explogive eruptions associlated
with the growth of the post-caldera domes formed a cover of pyroclastic
deposits that overlies the ignimbrites. This cover is up to 40 m thick and 1s
composed of unsorted pyroclastic material with thin interbeds of stream-
reworked material.

The final stage of post-caldera gilicie activity in the Uzon-Geyzernaya
depression was the formation of the explosion-funnel described earlier. A
thick (up to 40 m) layer of airfall pumice lapilli was deposited on the west
rim of Uzon caldera during the explosions. There is no evidence of reworking
of the material by water during deposition of the pumice layer. Apparently
the pumice was deposited by successive explosive eruptions, This explosive
activity was also accompanied by subsidence.

The youngest eruptive activity wss the formation of the maar now filled
by Dal’'nyeye Lake. The maar has a diasmeter of 1 km. The steep Inner walls of
the maar extend 40-60 m above the lake. The ejecta ring 1s composed of
scoriaceous blocks, bombs, lapilli, and ash of basaltic andesite (54-56%
$104).

2 Much of the floor of the Uzon-Geyzermaya volcano~tectonic depression 1s
covered with lacugtrine deposits as thick as several hundred meters. The site
of the lakes in which these gediments were deposited has migrated from
southeast to northwest, or toward younger parts of the structure. The major
component of the lacustrine fill is airfall pumice that was mostly reworked by
water. Pumiceous pyroclastic flows of considerable thickness were burifed
without significant reworking.

Geothermal Activity.

There are three areas within and near the Uzon—Geyzernaya volecano-
tectonic depression that have evidence of recent geothermal activity.

1. Nuwmerous hot springs are located along northwest—-striking fissures
that 1lie north of the main east—west fault in Uzon caldera. The fissures are
readily seen on aerlal photographs. These fissures displace the caldera wall
100-150 m horizontally. The rectilinear pattern of the northwest-trending
figsures indicateg the dip of the east—west fault i3 vertical. These fissures
aren’t traceable south of the east-west fault. On these and other northwest-
striking fissures and faults are located volecanic centers of different ages,
such as the pre-caldera Uzon Volcano and the maar of Daln'yeye Lake. This
indicates that northwest—-striking faults have been active both prior to and
following caldera formation. Northeagt—striking fissures and faults of small
displacement cause an en echelon offset of the northwest-striking fissures
that feed the hot-springs.
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2, A strip of hyrdothermally altered rocks is locatad along the easterm
end of the east~west fault zone, beyond the limits of the Uzon—-Geyzermaya
depreasion and south of Kikhpynich Volcano. Intense discharge of sulfurous
gases occurs in this gstrip. Both this strip and area (1) above are located on
the ends of the east—west fault zome.

3. The third area of bhydrothermal activity is localized along the
portion of the depression-bounding ring fault that lies between the mouth and
the middle part of the Geyzernaya Valley. All the geysers and most of the hot
springs in the Geyzernaya Vaslley area are concentrated here. All of these
thermal features lie south of the main east-west fault, which cuts the
depression and controls the location of the main zones of hydrothermal
activity and hydrothermally altered rocks. The location of thermal springs in
thig part of the Geyzernaya Valley is probably controlled by the ring-fault
zone drafining hot water from the east~west fault zome; the hot water then
emerges from the hot springs. This hypothesis is supported by the chemistry
of the hot water and by the types of hydrothermal alteratiom of the host rocks
(Naboko, 1974). .This hypothesis also explaing the absence of geothermal
features Iin the large area along the caldera~rim fault north of the main east-
west fault zone.

5.5. XKrasheninnikov Caldera Volcano.

Previous Studies.

Krashenionikov caldera volcano 1s located in the remote, northernmost
part of the Karymsky-Semiachinsky region of the esastern Kamchatka graben-
syncline. Because of poor access the caldera has been studied mainly by
aerial-photographic and airborne-geophysical methods. The first brief
descriptions of the caldera have been published by Sviatlovsky (1959) on the
basis of aerial-photographic reconnaisssnce of Kamchatka volcanoes undertaken
during the late 1940's, and by Ustinova (1955) as a part of her work in the
Kronotsky reservation. Vlodavets and Piip (1959) regarded Krasheninnikov
Volecano, which lies within the caldera, as an active volcano because of 1ts
freshness of form and some gigns of fumarolic activity, Subsequently, the
caldera has been studied using airborne geophysics (Steinberg, 1964) and
aerial-photographic {nterpretation (Melekestsev and Erlich in Luchfitsky, ed.,
1974), 2Zubin produced a gravity profile across the caldera (Erlich and
others, 1972, 1973). Compilations of the caldera's geology were made by
Skorokhodov (1979) and Frolova (1974). Florensky (1984) hag determined the
age of the caldera—forming eruption. Unfortunately, chemical analyses and
descriptions of rocks collected in Krasheninnikov caldera by Yu. M. Dubik are
unpublished.

Structural Position.

Krasheninnikov caldera i{s located at the intersection of the Eastern
Kamchatka graben-syncline and a deep—seated, east-west fault (gee Chapter 1,
Fig. 12). This fault is expressed at the surface as a zone of short linear
fissures which have small vertical digplacements. The fault zone trends along
the northern margin of the caldera. Seismic data for the period 1964-1969
indicate that earthquakes with focal depths >100 km lie along this fault
zone, In addition, the caldera is intersected by & north-south zone of
fi1sgures and small grabens that extend from Kikhpynich Volcano, 12 km south of
the caldera, cuts part of the floor of the caldera, and stretches more than 9
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km further north. Geophysical data (Steinberg, 1964) indicate that this zome
continues baneath Kronotsky Lake as linear fault scarps along the lakeshore
and ag a chain of small {sland volcanoes that are coincident with posgitive -
magnetic anomalies.

Inner Structure and Volcanic History.

The caldera forms a circular depregsion about 9 X 1l km that 1is slightly
elongated an east-west direction. Geophysical data indicate that the caldera-
bounding fault is nearly vertical (Fig. 83). The height of the caldera walls
varies from 400-600 m and the altitude of the highest part of the caldera rim
is about 900 w above sea level.

The pre—caldera complex forms a shield-like structure about 30 km in
diameter. Variations of rock type within the shield suggest that it is
composed of several volecanic edifices. Melekestsev (in Luchitsky, ed., 1974)
degscribed a large stratovolcano on the northern margin of the caldera and
smaller andegsite and basalt volcanoes, extrusive domes, and scoria cones
exposed in other parts of the caldera walls. All of the pre-caldera complex
{8 of late Pliocene to middle Pleistocene age. Within the section of pre-
caldera rocks ave horizong with reversed magnetic polarity, which probably
date from the Matuyama epoch of 0.7 to 2.5 m.y. ago.

Frolova (1974) descridbes two types of sectiong that are characteristie of
the pre-calders complex—one Is found digtant from the caldera along the
foothills of the Kronotsky River valley and the second 18 found exposed in the
caldera walls. The rocks distant from the caldera are dominantly lava flows
of high—alumina bagalt that range from 12 to 50 m thick. 1In contrast, the
rocks of the caldera walls are lava flows, tuffs, and agglutinates; the
quantity of lavas and pyroclastic material is about equal. These are also
dominantly high—-alumina basalts, but Frolova (1974) shows they are enriched 1n
alkalies in comparison with basalts of the Kromotsky valley foothills. S10)
and Al,03 contents of both suites of rocks are approximately egual.

The pre—caldera complex Is broken by a system of radial faults that form
a series of differentially subsided blocks. Blocks on the northwest and
gsoutheast margins of the pre-caldera couplex are especlally deeply subsided.

Systems of radial and concentric dikes of basalt and basaltic aundesite
are a characterisitic feature of the caldera. One element of the concentric
dike system, a great arcuate dike called the Dvuglavy Zubets, forms the
northern and highest part of the caldera wall.

The pre—caldera complex ig overlaln by dacite pumice of the caldera-
forwing eruption. The pumice forms weakly welded ignimbrites (so—called tuff-
ignlubrites) and unwelded airfall pumice that occur mostly in the deeply

158




Fig. 83. Geologlc map of Krasheninnikov caldera (from Erlich and others,
1972), 1 = Holocene stratovolcanoces; 2 = Holocene c¢inder and lava cones, (a)
ghowun 1in scale of map, (b) out of scale; 3 - Holocene and late Pleistocene
extrusive domes; 4 - Holocene pumiceous pyroclastic—{low deposits; 5 -
Holocene lava flows; 6 — late Pleistocene and Bolocene stratovolcanoes; 7 -
late Pleistocene volcanic cones, a-shown in scale of map, b-out of scale; 8 -
middle Pleistocene scoria cones} 9 - fragments of middle Plelstocene partly
destroyed and burifed volcanic edifices; 10 - fragments of late Pliocene-middle
Pleistocene volcanic edifices; ll - late Pleistocane pumice deposits; 12 -
late Pleistocene lava flows; 13 ~ Faults scarps of caldera, (a) have
topographic relief, (b) destroyed and partly buried; 14 - late Pleistocene and
Holocene alluvial plains; 15 - volecano-tectonic faults with small
displacements, solid line—observed, dotted line-inferred; 16 - main volcano-
tectonic faults. Below-gravity profile across the caldera.
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subgsided blocks in the northwest and scutheast parts of the pre-caldera
complex. The volume of the pumice is estimated by Dubik (ref?) to be 6 w3,
Stratigraphic relationships show that the pumice of the climactic eruption of
Kragsheninnikov caldera overlaps ignimbrites from Uzon caldera and 18 the
youngest widespread pyroclastic unit in the Karymsko-Semiachingky part of the
eastern Ramchatka graben-syncline.

Within the caldera (Fig. 84). lies Krasheninnikov volcano of late
Pleistocene to Holocene age. It is compoged of two overlapping volcanoes
whose lavas are interbedded., The highest point of this edifice (1857 m)
towers about 900-1000 m above the caldera wall. Both of these volcanoes are
basalt to basaltic andesite in composition and bath are crowned by collapse
calderas of the Hawalian type. The caldera of the south cone is 800 m in
diameter and 140 m in depth. The structure of the caldera of the north cone
igs more complex (Figs. 84 and 85). An outer calderas with a dlameter of 2000 wm
encloses an inner crater with a diameter of 800 m. Within the inper crater
lies the lava cone called Pauk, which 18 composed of ghort flows of blocky
lava. Aeromagnetic data indicate that both the north and south conesg are
composed mainly of lava (Steinberg, 1964)., Several young monogenetic lava
volcanoes and cinder cones of the same composition ags Pauk are located along
the rim and also 1nside Krssheninnikov caldera. Lavas flows erupted from
these vents £11l the inner part of the caldera.

More than 15 lava volcanoes and cinder cones lle along two parallel
north-northeast—trending fissure zones that cut the pre-~caldera complex.
Distances between vents along this zone are locally as great as 300-300 m, but
typically range from 50-200 m. Scattered along both chains of vents are large
coneg with craters as large as 400 m in diameter. The characteristic
gtructure of this zone ig en echelon grabens and chainsg of vents.

The gravity field within Krasheninuikov caldera is characterized by a
weak positive anomaly that is bounded by the caldera rim (Fig. 848). Zubin
(in Erlich and others, 1972,1973) thinks that this gnowaly 1s caused by lava
flows that £111 the caldera.

Volcanic and Geothermal Activity.

There are no known historic eruptions of voléanoces 1in or immediaCely
around Krasheninnikov caldera. Stelnberg (1964) noted some fumsrolic
activity.

CENTRAL KAMCHATKA DEPRESSION

6.0. Tolbachik volcano-tectonic depression.

The lava plateau that forms the basement of the young volcanoeg in the
southwest part of the Kliuchevskaya volcanic group i1s cut by a series of
faults. The faults are expressed as scarps that are partly overlapped
(buried) by lavas of the young volcanoeg of the group and outline a subsided
area about 40 km across--the Tolbachik volcano-tectonilc depression. Amounts
of vertical displacement on the faults range from 400-700 m. Ag a result, the
surface of the volcanic plateau within the stable blocks om the southern and
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Pig. 84, Shuttle photo of the Krasheninnikov volcano, eastern Ramchatka
(courtesy of C, A. Wood). 1t shows a series of cones one with summit
Bawaiian-type caldera nested inside Krashininnikov caldera, and linear zone of
small basaltic cluder cone and lava volcanoas which cuts across the caldera.
Dark black indicates Kronotsky Lake. Located northeast of Krasheninnikov
caldera volcano is the regular cone of Kronntsky, The wall of the Uzon~
Geyzernaya caldera 13 located to the southwest.




southwestern margins of the Kliuchevskaya volcanic group lies at an altitude
of about 1,000 m snd the top of the subsided block within the volcano-tectonic
depression 1a at an altitude of 300-600 m. Outerops of these plateau lavas
are exposed along river valleys around the periphery of the aubsided block.
All of the central part of this depregsion is occupied by numerous scoria and
lava cones of the zone of volcanigm to the south of the Tolbachik voleano.

On the north margin of the depression lay the groups of Udiny volcanoes
(Bolshaya and Malaya Udiny sopky) and Tolbachiks volcanoes (0stry and Plosky
Tolbachiks volcanoes) (Fig. 85). Both groups are elongated in a2 northwest
direction. Lava complexea of similar age and composition on the north and
northwestern slopes of Bolshaya and Malaya Udina volcanoes overlap the
basement lavas at an altitude of about 1,000 m, the game altitude as the
basement lavas within stable blocks. In contrast, the lavas on the south and
southwestern slopes overlap basement lavas at an altitude of about 600 m, the
characteristic altitude of the basement lavas in the inner part of the
depresgion. This game telatiouship 1s characteristic for the lower horizons
of the lavas of Tolbachik volcano in the eastern part of Plosky Tolbachik
volcano. The reason for this difference in the altftude of the basement lavas
is that Malaya Udina volcano lies on a fault scarp of northwest strike, along
which the basewment lavas are displaced the same amount as beneath the lavas of
the young volcanoegs. It 1is clear that the comparatively young volcanic
edificea of volcanoes Udiny' and Tolbachik's volcanoes are also located on a
fault scarp of northwest strike, which they mask with their lavas. This
buried scarp 1s well expressed in the magnetic field by a steep gradlient of
northwest strike along the southern foothills of the Udini volcanoces.

This zone continues along the valley and north bank of the Studenaya
River, where it 1s represanted by faults with large (up to 700 m) vertical
digplacements along which the southern block is subsided. They form a broad
arc, open to the south, The amount of displacement along these faults dies
out gradually to the west. To the eagt, these fault scarps are buried by
young lavas from numerous gscorla coneg in the upper part of the Studenaya
valley. These gcarps are posgibly extensions of the faults of the depression
boundary. X

Consequently, the depression 1s bounded by a cresgcentic zone of faults
open to the west, which can be traced from the northern edge of Askhachny Uval
to Khapischinsky Dol, under Udiny volcanoes, and finally to the system of
faults along the north bank of the Studenaya River.
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Fig. 85. Schematic geomorphic map of the Xiiuchevskaya volcanic group
(Melekestsev, taken from Fedotov, ed., 1984). 1 — Strato-volcanoes of late
Pleistocene to Holocene age, (a) preserved parts, (b) destroyed parts; 2 -
shleld volcano of the basement of Plosky volcano: (a) preserved parts, (b)
destroyed parts; 3 - cinder and lava cones of Late Pleistocene to Holocene
age: (a) shown to scale, (b) not shown to scale; 4 - Bawaifan—type calderas;
5 - craters; 6 - lava flows and plains of Late Pleistocene to Holocene age; 7
~ deposits of directed blasts and pyroclastic flows of Holocene age; 3 -
Holocene volcanogenic proluvial (alluvial) plains; 9 - Holocene volcanogenic—
proluvial and pyroclastic plains, undivided; 10 - Upper Plefstocene directed-
blast deposits; 11 ~ strato-volcano of Middle to Late Pleigtocenea age, in
different degree destroyed, (a) preserved parts, (b) destroyed parts; 12 -
extrugive domesy; 13 -~ lava plateau} 14 ~ ancient caldera of the shiveluch
volcano; 15 — Upper Pleiocene~-Lover Plelstocene shield-like volcanoes; 16 -
Upper Pleistocene to Holocene accumulative plains; 17 - moraines of the second
phase of late Pleistocene glaciatlon; 18 - area with volcanogenic-tectonic
relief; 19 — area with denudative-tectoule relisf; 20 -~ faults, (a) expressed
by topographic relief, (b) Inferred under cover of unconsolidated deposfits; 21

- earthquake-generated landslides; 22 - contacts between units: (a) mapped,
(b) aproximately located.

Volcanoes identified by Roman numerals: I. Kharchinsky; II. Zarechny; 1YY,
Kliuchevskaya; IV, Kamen; V. Bezymlanny; VI. Gorny Zub; VII. Ovalnaya Zimina;
VIII, Ostraya Zimina; IX. Malaya Udina; X. Bol“shaya Udina; XI. Plosky
Tolbachik; XII. Ostry Tolbachik; XIII. Dal“ny Plosky; XIV. Blizhny Plosky.
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The depression is also bounded by lava complexes of uniform age that dip
radially outward from the depression boundaries except on the west from
Kinchokla volcano to the Studenaya River. It 18 possible to conclude that °
formation of the depression preceded the formation of the young central
volcances—Udinys and Tolbachiks. Around the depression no traces are found
of any silicic pyroclastic material that can be related to the time of its
formation.

6.1, Caldera of Plosky Tolbachik Volcamno.

General position.

Plosky Tolbachik volecano, which has an Hawalian~type caldera at its
summit, {s located in the southwest part of the Kliuchevakaya volcanic group
(Fig., 86). Plosky Tolbachik volcano forms part of Tolbachik massif and
consists of two volcanoes—Ostry and Plosky Tolbachik, which are located in
the northern part of the Tolbachik volcano-tectonic depression (see fig. 1).
These volcanoes are aligned parallel to the east—west fault that forms the
depression's northern boundary.

History of volcanic activity.

The first stage of volcanic activity {n the Tolbachik massif 1s
representad by lavas that form a common platform for both Ostry and Plogky
Tolbachik., Pyroclastic rocks are rare and occur as lenges up to 100 m
thick. On the bagis of overlying moraines of the Upper Pleistocene
glaciation, the age of this platform 1s thought to be as Middle Pleistocene.
The lower lavas are olivine—-pyroxene and augite basalts, replaced upward by
plagiophiric basalts and basaltic aundesites. Their total thickness is 300-400
m; the thickness of the latter group is about 100 m. The thickness of the
individual flows of augite basalt 1g 8-12 m and those of plagiobasalt up to 25
m. The lava flows dip at angles of 3-5°. The volcanic center reconstructed
from these flows 18 a shield volcano with an axlial thickness of about 1,000 m
and a diameter of about 11 km.

Alluvial-fan deposits lie everywhere on thig platform up to an altitude
of 1,800~2,000 m. The thickness of these deposits reaches 800-900 m on the
Plosky Tolbachik volcano. Pyroclastlic rocks in the upper part of this
sequence compose 60-70% of the total thickness. This sequence 1is overlain by
the stratovolcanoes. The stratovolcano partg of the Ostry and Plosky
Tolbachik edifices were formed simultaneously in the Upper Pleistocene,
probably before the first phase of the Upper Pleistocene glaciation. But it
is also possible that the stratovolcanoes were formed partly during the first
phage of the Upper Pleistocene glaciation. The ratio of volcanic versus
alluvial and glaclal deposits near the foothills of the stratovolcances is
10:1 and in the upper parts of the volcanoes is 1:1 - 1:2. The lavas of both
Ostry and Plosky Tolbachik stratovolcanoes are similar and are interbedded.

The stratovolcances were formed during the second half of the Upper
Plefstocene. The digtribution of pyroclastic material within the strato
volcanoes 18 uneven. On Plosky Tolbachik pyroclastic rocks compose 40-45% of
the total thickness. The thickness of individual lava flows is typically 1.5-
7 m and sometimes up to 10 m. The thickness of pyroclagtic layers is from
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-photo of the Tolbachik caldera (after Sviatlovsky,
Ostry Tolbachik strato~cone is seen east of the Tolbachik calderas.
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0.2-0.3 m up to 1.5 m, rarely more. In the lower parts of the sequence
plagiobasalts and basalts without vigible plagioclase phenocrysts are
interbedded. In the upper part of the sequence, plaglobasalts and basaltic
andegites are prevalent.

The summit part of Plosky Tolbachik volcano 1s formed almost exclugively
of lava flows of megaplagiophiric basalts, They form low lava cone about 200-
400 m thick. The height:diamter ratioc of thig come is about 0.08. The
thickness of the individual lava flows ranges from 1-1.5 up to 7m.

An arcuate wall of a blast funnel open to northeast 18 located on the
northeastern slope of Plogky Tolbachik volcano. V. A, Ermakov (Ermakov and
Vazheevskaya, 1973) described blast deposits composed of coarse blocks of
Plosky Tolbachlk volcanlc rocks lying on the wvolcanic plateau near the
foothills of Bolshaya Udina volecano. Lavas of Bolshaya Udina are not present
among the fragments and blocks in these deposits. A dike swarm having a
strike 1s present in the wall of the arcuate funnel, The funnel 1s cut by a
linear zone of small monogenetic basaltic volcanoes and cinder cones with a
strike of N4S5CE.

Two extenglve zones composed of numerous cinder cones and monogenetic
basaltic volcanoes with great lava flows join from the southwest and the
northeast at the caldera of Plosky Tolbachlk. The total length of both these
zones 1g about 65 km; the length of the southwest part 1g about 40 km, The
angle between the strikes of these two zones is about 150°. The southwestern
zone 18 composed of a series of small volcanic centers distributed In en-
echelon pattern. In the opinion of Ermakov and Vazheevskaya (1973) the angle
between the two zones indicates that the feeder dike that underlieg this zome
is inclined at an angle of 70-75° toward the east-southeast.

Structure of the calderas.,

A circular collapse caldera 1s located in the gsummit part of Plosky
Tolbachik volcano. The caldera has a telescope—type structure. Nested 1nside
the 3-km—diameter outer caldera 1s a small caldera about 1.8-2.0 km in
diameter and 20-150 m deep. A crater ingide the inner caldera was 350-400 m
across and 150-200 m deep just before the eruption of 1975. :

As discussed in Fedotov, ed., (1984), the summit of Plasky Tolbachik
volcano wag destroyed and the first caldera was formed in early Holocene
time. 1t 18 still pregerved even though it 13 almost completely filled by
ice. TFormatlon of the caldera was accompained by the first appearance of
subalkaline high-alumina basalt, which are similar to lavas of the basement of
the Rliuchevskaya volcanic group. The same type of lava also appeared at the
game time along the linear zone of bagaltic volcanlsm to the south and
northeast of Plogsky Tolbachik volcano.

By tephrochronology, the date of formation of the first caldera s 10,000
yr B.P. During the second half of the Holocene the second and smaller caldera
was formed lunside the large caldera. Since that time 1t has been filled by
ice, sporadfcally erupted megaplaglophiric lavas and pyroclastics, and
collapsed without significantly changing in size and shape. The composition
of lavas erupted during this period has remsined constant.
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Evolution of volcanism in linear zone connected with Plosky Tolbachik caldera.

Volcanism in linear zones conunected with Plosky Tolbachik caldera
occurred {n two main stages according to data compiled by Fedotov, ed.,
(1984). The first stage of volcanism embraces the time interval from 10,000
up to 2,000 yr B.P. It began with outpourings of subalkaline high-aiumina
basalt of the same type as is found in the summit caldera. The first
radfocarbon dates connected to this stage are as old as 7,000 yr B.P., but it
ig possible that the first eruptions gtarted about 10,000 yr B.P., Eruptions
conpected with the firgt stage occurred within the entire volcanic area south
of Plosky Tolbachik. The total volume of magma evacuated durlng this stage
from the summit part of the volecano ig about 6-7 km3 (Fedotov, ed., 1984), If
pyroclastic rocks compose about 10%, the total volume of lavas and
pyroclagties would have been about 8-9 km3. During the first stage of
activity there was some textural differences Iin the lavas from different lava
fields. South of Plosky Tolbachik, megaplagiophiric basalts erupted at the
same time that porphyritic, aphirie, and subporphyritic lavas erupted from
vents northeast and south-gouthwest of the volcano. This probably reflects
the difference in temperature conditions of the magmas in the different areas.

Composition of the volcanic rocks erupted during the first stage was
comparatively gtable. In the beginning of this stage the width of the zome of
vents was 12-13 kw and progresgsively narrowed until the vents late in the
stage were concentrated within a strip only 4~5 km wide. Slight changes in
the composition of the lavas occurred during this grage. Beginning about
4,000 yr B.P. basalts of the gso-~called intermediate alumina type (Fedotov,
1984) were erupted. By the end of the first stage, the total volume of
eruptive products in the area reached 50-56 km3.

The second gtage of volcanism began about 2,000 yr B.P, and continues uyp
to the present. During this stage volcanism was localized in a narrow strip 3
km wide and about 45 km long. The length of the active part of the zone was
progressively shortened during this stage. This general shortening of the
vent region was accompanied by deepening of the feeder fractures through which
the magnesium—rich basalts with moderate alkalinity came to the surface.
During this stage there were contrasts in the composition of the basalts and s
graat varlety of volcanic products. Basaltic magmas with moderate alkalinity
erupted at the same time as subalkaline high alumina basalts and lntermediate
varieties. The last eruptions took place in 1975-76 and are represented by
megaplaglophiric lavas.

Activity of the summit crater during eruption 1975-76,

On July 2-3, 1975 in the southern part of the summit crater of Plosky
Tolbachik, a strong flow of gas 6—-8 m in diameter was observed coming from a
crater about 30~40 m in dimater. A glow seen above the crater was probably
due to the preseunce of fresh lava in the crater. By the end of July gas
emission stopped. Increasing of the gas emission was accompanied by an
underground roar. The glow in the cratar disappeared. In addit{ion to
juvenile pyroclastics on the crater floor there were large fragments of
accidental material. From air-photos taken at_the end of August, 1975, the
volume of the crater had increased to 0.269 km3 and its depth was 385 m. This
was probably witnessed about the time that collapsing of the crater began. In
the latter part of August, 1975, the entlre crater floor was covered by a mags
of mud and rock with a horizontal surface. The next stage of the great
collapse in the crater of Plosky Tolbachik occurred at the end of September,
1975. Gusev et al. (1979) thinks it wag connected with the eruption of a
large volume of volcanic material from the south breakthrough within the
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linear zone of volcanism to the south of the 'volecano, In the beglnning of"
September, 1975, a spot of melted ice that was soon a small steaming lske
appeared on the floor of the crater near the north wall. From photogrammetrig
studieg, the volume of the crater at the end of September, 1976, was 0.338 km
and the depth to the gurface of the lake in the crater was 380 m. In
December, 1975, the entire floor of the crater was occupied by thia lake. The
following observations ghow that the lake's level continued to rise until the
middle of 1976, at which time the fumaroles appeared. By the end of
September, 1977, when volcanic activity in the breakthrough zone to the south
of the volcano ended, the lake in the summit crater disappeared and the crater
was up to 404 m deep. The increase in volume of the crater during the last
year was small, growing to 0.347 km3 mainly by increasing its depth.

Problemg of the caldera genesis.

There are two points of view on the genesis of Plosky Tolbachik
caldera. One recognized practically by everybody was developed by Piip
(1956), who thought 1t 1s a typical caldera of the Hawaiian type. In
contrast, Ermakov and Vazheevkaya (1976) hypothesize that it was formed by a
great blast. However, {f we consider that Plosky Tolbachik 1s a basgaltic
shield volcano which 13 connected to linear zones of volcanism it appears
likely that the caldera is of the Hawaiian type.

Similarities between Hawallan-type calderas and Plosky Tolbachik caldera
include (1) both occur on ghield volcanoes, (2) the position and size of the
calderas are simllar, (3) both types have linear zones of volcanism connected
with the calderas, and (4) the angles between the strikes of these zones are
the same (150°). Also, both types have a connection between caldera formation
and eruptions within the adjacent rift zones.

6.2, Caldera of Plosky volcano.

General description of the central volcano and its calderas.

The great massif of the Plosky volcano 1s composed of two overlapping
volcanic cones (Fig, 86). The summit of the southwestern cone (so~called
Dal'ny Plosky volcano) 18 a large caldera about .5.5~6 km across. In the
southern part of the caldera is located a low shield-like volcano about 4.5 km
in diameter and 400 m high. On the top of this volcano on air photos is seen
a crater—like depresgion 3.5 km across, in southern part of which two scoria
cones are located. In the northeastern part of the massif, Blizhny Plosky
volcano is located in another, but older, caldera about 5 km in diaweter. The
north and northeast rim of this caldera can be observed, but the southern part
of it can only be reconstructed on air photos. On the top of Blizhny Plosky
volcano lies a crater about 2 km across with an extrugive dome in i1ts
center. The southwestern part of Blizhny Plosky volcano collapsed duting
formation of the crater.

Linear zones of basaltic volcanism connected with the volcano.

A characteristic feature of the massif of Plosky volcano as a whole is
the presence of series of small monogenetic basaltic lava and cinder counes.
By the data of Sirin (1968), they are located along short radial figsure
zoned, The two main series are distributed along a linear zone that cuts the
gummit caldera. These series of cones typlcally change strike after
intergecting the caldera., The linear zone to the south of caldera has a N20°E
strike; after intersecting the caldera the strike of the zone changes to
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N459E. Both parts are not formed as a single continuous fissure, but rather
are distributed in en—echelon zones of numerous small volcanic centers. AS we
will see later, these two structural features also characterlze aun adjacent
caldera of the same type—the caldara of the Plosky Tolbachik volcano.

Structural position and basement of the volecano.

Plosky volcano is located in the western part of the Kliuchevskaya
volcanic group, supposedly on a flexure on the slope of the central uplift
formed by lavas of the basement of the whole volcanic group (Erlich and
Gorshkov, eds., 1979). By the data of Sirin (1968), Plosky volcano inherited
ite position from the large pre-glacial shield volcano, which 1a composed of a
thick lava sequence practically without any pyroclastics. This lava complex
18 conditionally divided into two sequences—a lower megaplagiophiric and an
upper mesoplagiophiric, Within each of these sequences lava compositions
change upward from basaltic andesites to basalts. The thickness of single
lava flows 1ig about 1-7 m. Thelr surfaces show no trace of erosion, so the
outpouring aof these flows probably occurred In a comparatively short time
interval. Outcrops of rocks belonging to the lower sequence are observed up
to an altitude of 1,400 m. The length of the flows in the lower part of the
lower sequence reaches about 25 km; the upper flows are much shorter. The
upper sequence occurs up to altitudes of 1,600-1,700 m. The maximum thickness
of the sequence i1s 800 m. The flows dip radially outward around the summit of
the volcano, which indicates that the present Plosky volcano inherited the
position of the ancient one that erupted the two lava sequences.

Higtory of development of Plogky voleano.

Plosky volceno, which overlaps the basement described above, can be
divided into seven sequences (Sirin, 1968). From oldest to youngest they ara:
l. An andesgitic sequence 1s developed in the southern sector of the
Plosky volecano. Rocks of this sequence are represented mainly by bypersthene

andesiteg, JYts thickness reacheg 150 m.

2. A lava-pyroclastic sequence formed by interbedding of thin (1-8 m)
lava flows and agglomerates (0.5-3 m). 1Its visible thickness is 300 m; its
total thickness 18 asgumed to be 600-700 m. The rocks dip radially outward
from the volcano summit.

3. A pyroclasgtic sequence 1s located only in the north and northwest
gectors of the volcano. TIts total thickness is about 200 m. It is composed
of layers and lenses of tuffs and tuff-breccia of two-pyroxene and hyperstene
basaltic andesites.

4. The upper mega-plagiophiric sequence composes the lower part of the
summit cone of Dal'nyaya Ploskaya sopka volecano. It i3 composed practlically
only of lavas. The thickness of single lava flows is 2-7 m; agglomerates
between lava flows are rare and thin. These lavas everywhere lie on the
strongly eroded surface of the lava-pyroclastic sequence (unit 3). The
vigible thickness of this sequence is 300 m; its total thickness may be about
500 m.
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5. A basaltic sequence 18 developed only in the summit part of the
volecano, where it €111s s caldera, Its thickneas within the caldera is about
100 w. )

6. Lavas of the inter—caldera mega-plagiophiric sequence forms the low
inter—caldera lava cone, Pyroclastics are absent. Its total thickness is
about 200-250 me.

7. An extrusive dome of amphibole andesite fills the crater of
Blizhnyaya Ploskaya volcano,

6.3, Zarechny Caldera Volcano.

The caldera of Zarechny volcano is located within the Central Kamchatka
Depregsion (graben-ayncline), just across the Kamchatka River from Kliuchi
settlement.,

Specific features of its position.

Zarechny volecano together with Kharchinsky volcano and a group of small,
monogenetic basaltic volcanoces and lava flows form the so-called Karchinsky
volcanic group (Pig. 85). Thils volcanic group is located in the gap between
two great active volcanilc centers within the central Ramchatka depression--
Shiveluch on the north and the Kliuchevskaya volcanic group on the south.
Position of the volcano is defined by deepseated east-west fault going along
Kamchatka river valley on 1ts east-west part. This deepseated east-west zone
from the northern boundary of the central uplift of the basement is in the
central part of Rliuchevskaya volcanie group. On the extension of the same
east—wesgt deepseated fault zone in the Sredinny Ridge is located Alney-
Chaghskghaya volcano-tectonic depression.

Structure and composition of the volecano and caldera,

Zarechny volcano ig a cone about B km in diameter which is nested within
the 4,5-6-km-dfameter caldara of a larger cone about 4 km in diameter, There
is no information about the structure of the caldera or the composition of the
lavas of either cone becauge the area i8 covered by thick vegetation and no
outcrops are known. The cone of Zarechny volcano is esgsentially uneroded and
both it and the caldera in which 1t lies are dated as Holocene Melekestsev (in
Luchitsky, eds., 1974). The summit of Zarechny containg a small caldera about
2-2.4~km in dlameter.
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SHEDINNY RIDGE VOLCANIC ZONE

7.1. Khangar Volcano—tectonic Depresgion.

Khangar volcano-taectonic depresgion, named for the Khangar Volcano, which
lies within 1t, is the southernmost volcano in the Sredinny Ridge volcanic
zone and 1s geparated from the other Quaterwary volcances in the zone. Due to
its igolated and remote locatlon, it has been studifed during several special
geientific expeditions,

Structurgl Position.

Khangar volcano—tectonic depression 18 located in g metamorphic terrane
that {g conditionally dated as Paleozoic—Mesozole, although reset potassium—
argon dates of these rocks ranges from 40 to 200 my. The structural block
that this terrane occuples ig called Median Massif of Ramchatka. The position
of the volcano-tectonic depression 1s controlled by two structures:

1. Xt is located at the center of a domal uplift, which 1is evident on a
topographic map that removes the unconsolidated Quatermary depositas and
effects of Quaternary erosion (Fig. 87). The altitude of the uplift around
the volcanic area is 1500-1700 meters. The volcanic area forms a circular
voleano—tectonic depression 12-16 km in diameter. It 1s glightly elongated in
a north-south direction Several outcrops of the same granodiorites observed
around the depression are found at the bottom of the depression, which lies
about 1000 meters above sea level. Therefore the amount of gubsidence along
the circular outer system of faults that bound the depression, 1s about 500-
700 m. The topographically high area to the northeast is composed of a tight
fold 1in metamorphic and intrusive rocks; the core of the fold is displaced to
the NE by a fault. According to Rutiyev, lebedev and Maximovsky (1976), this
domal uplift coincides with a metamorphic dome that has metamorphic facles
zoned concentrically around the core of the structure (Fig. 88).

2. The volcano~tectonic depresgion Iis located at the intersection of the
domal uplift and an east-west, deep-seated, strike—-slip fault zone, which can
be traced across the entire Ramchatka Peninsula to the east coast.

The gravity fleld in the depression 1s similar in size, shape, and
intengity to that around the main centers of siliciec volcanism in southern and
eastern Kamchatka, where such anomalies are considered to reflect the presence
of a magma chamber beneath the volcano-tectonic depresgions, At Khangar we
see Tertlary granodiorites on the surface. This probably confirms the
conclugion regarding the connection between negative gravity anomalies and
presently exigting magma chambers.

Distribution of Volcanic Centers.

Most of the volcano-tectonic depression 1s occupled by Khangar volcano
(Figs. 89 and 90). An srcuate zome of extrusive domes 18 located around the
flank of the volcano in the northernm part of the depression. The southern
part of the depression 1s occupled by a structural dlock, called the Vodopadny
block, that 1is composed of a series of obgidian domes overlapped by a small
scorla cone with lava flows of olivine basalt.
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Fig. 87. Movphostructure of the Khangar volcano—-tectonic depression (afrer
Kutiyev, Lebedev, and Maximovsky, 1976). 1! - Generalized contours (in meters
above sea level) that ignore Quaternary unconsolidated deposits and erosion; %
~ areas with gltitudes of 1400-1500 m; 3 - areas with altitudes of 1600-1700
m; 4 ~ areas with altitudes of 1800-2000 wm; 5 - The main arcuate faults of the
caldera boundaries; 6 ~ faults of the Vodopadany uplift; 7 — gravity contours
over caldera (all values are calculated in reference to an artificial zero
level); 8 — minfmum of the gravity field of the caldera; 9 - crater

lake, maar, snd strato-volcano within the caldera.
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Fig. 88. Schematic geologic map of the granite-gneiss dome, on which the
Khangar volcano-tectonic depression i{s formed (after Kutiyev, Lebedewv, and
Maximovsky, 1976). 1-5. Rocks of Khangar Volcano. 1 - Intra-caldera pumice
covers; 2 = olivine basalts; 3 - the main extrusive dome; 4 — extrusive domes
emplaced along inner arcuate faults; 5 - intra-caldera effusive and
pyroclastic deposits.

6-9. Intrusive rocks of the Khangar granite-gneiss dome. 6 - porphyritic
granodiovrites, Neogene; 7 -~ biotite-amphibole granodiorites, Neogene; 8 -
basic and ultrabasic intrusions, Upper Cretaceous; 9 —~ two-mica
plagiogranites, Upper Cretaceous; !0 — Oligocene—Miocene unmetamorphosed
texrigenous and volcanogenic depogits; 11 — volcanic rocks metamorphosed to
greenschist facieg; 12 — schigtose sandstones; 13 — schistose porphyry
metamorphosed to greenschist facies; 14 - mica—-bearing sandstones and
phyllite-like schists; 15 - phyllite schists; 16 - phyllites; 17 -
amphibolites and amphibole—chlorite schistg; 18 — crystalline, meta-pelite
schists; 19 - granite~gneisses and gneissic plaglogranites; 20 - migmacites;
21 - zones of mylonitization and retrograde metamorphism; 22 - zones and
flelds of migmatites; 23 - faults in the granite—gneiss dome; 24 - the main
volcano-tectonic faults of the volcano-tectonic depression; 25 - faults of the
Vodopadny uplift; 26 — maar and crater lake on the summit of the main
gtratovolecano in the caldera.
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Fig. 89. Geologic map of Xhangar volcano-tectonic depression (after Rutiyev,
Lebedev, Maximovsky, 15976).

1 -~ Migmacites, gneisses, plaglogranites, and granodiorites of the basement of
the volcano. 2-4, Rocks of the first stage of volcanism; 2 - lava flows of
amphibole-pyroxene andesite; 3 - lava flows of blotite—amphibole dacite; 4 -
extrusvie domes of plagioclase andesite.

5-7, 15. Rocks of the second stage of volcanism; 5 - extrusive domes of
biotite—amphibole—pyroxene andesite; 6 -~ extrusive dowes of bilotite—amphibole
dacite; 7 -~ extrugive domes of biotite rhyolite; 15. dike of biotite rhyolite.
9-13. Rocks of the third stage of volcanism; 9 -~ extrusive domes of blotite-
amphibole dacite; 10 — extrusive domes and pumice of blotite rhyodacite; 11 -
lava flows of biotite~plagloclase obsidian; 12 - extrusive domes and pumice of
pyroxene—biotite dacite; 13 ~ pumice of pyroxene-biotite dacite.

14 ~ Rocks of the fourth stage of volcanism; lava flows of olivine basalt,

16 ~ Direction of pumice flow; 17 — main faults thar bound caldera; 18 -
faults of Vodopadny uplift; 19 - radfal faults; 20 — explosion crater; 21 -
lines of geologic c¢ross sections.
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Oblique aerial photograph of Khangar volcano (from Sviatlowsky,
The scarp that bounds the volcano-tectonic depression is clearly

visible left of the center of the photograph.

Fig. 90.
1959).




Khangar volcano is composed of two parts that are apparaently coeval--a
stratovolceno in the western part of edifice and a large extrugive dome in the
eagtern part. In the following discussion this 1is called the main dome. The
last event in the development of the volcano was a great explosive eruption
that destroyed the summit of the edifice. Numerous dacitic pumice—~flow
depogits, which cover the slopesg of the volcano and the bhottom of the
depression, were emplaced late 1in this eruption. The last stage of volcanic
activity within the central edifice was probably the extrusion of two small
domes that form islands within the lake (Fig. 50).

Volcanic History.

First we need to mention the absense of any traces of volcanism that pre-
date the formation of the volcano-tectonic depression. So the first stage of
development of the structure was subsidence of the depression block.

Volcanism then gtarted within the depression.

From the data of Kutiyev, Lebedev and Maximonsky (1976), four stages of
volcanic activity can be recognized in the development of the depressiomn.
During the £irst stage of volcanism, the central andesite stratovolcano was
formed as were extrugive domes of plagloclase andesites to the north of the
stratovolcano. During the second stage, blotite dacites and rhyolites of the
main extrusive dome erupted. Simultaneously extrugsive domes were formed in
the northeast part of the caldera; they form northwest—striking and arcuate
zonag of domes. During the third stage of volcanism, a silicic volcanic
complex of biotita-plagioclase obsidian and awmphidbole~-biotite dgcite were
formed on the north flank of the main cone and within the Vodopadniy block to
the south of the volcano. Pumice eruptions during the formstion of the summit
caldera of the Khangar volcano also belong to this stage. The radlocarbon age
of this eruptiou is adbout 6000 yr B.P. As a result of thls explosive
eruption, a summit caldera about 2 km in width was formed which is now
occupied by a lake, The pumice can be divided into two types: (1) biotite
rhyolite to dacites and (2) pyroxene-biotite dacites. The extrusive domes of
the islands in the lake that occuples the summit caldera were probably formed
at the end of the third stage. .

The fourth gtage of volcanic activity is represented by olivine basalts
in the southern part of the depression. The location of the basaltic vents is
controlled by a northeast—trending tectonic zone.

Some Important Genetic Features.

Khangar volcano is especfally interesting because the metamorphic terrane
on which it 1s located belongs to the granitic layer of the crust based on
deep seismic data (see Erlich and Gorshkov, 1979). It is8 a rare case in
Kamchatka to have a Quaternary silicic volcanic center located lmmediately on
the graunitice layer.

Another {mportant feature is that the formation of the large Quaternary
volcano-tectonlc depression was not preceded by any earlier Neogene or
Quatexrnary volcanic activity, Thus, there 1a no evidence of a long-lived
magma chamber in the area. Another very {important feature of the Khangar
caldera is the absence of any evidence of ignimbrite eruptiong counected with
the formation of the volcano—tectonic depression, Melekestgsev (personal
commun, ) thinks that ignimbrites connected with the formation of the Khangar
volcano—tectonic depression probably form some river terraces in the adjacent
area of the wegtern slope the the Sredinny Ridge. However, there 1s no
confirmation of this hypothesis. The volume of terraces appears too small to
be connected with the formation of the outer caldera.
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Estimated temperatures of the silicic volecanic rocks and minor—element
and isotopic data suggest that the silicic rocks of Khangar volcano~tectonic
depression were derived from a mantle gsource (see Bakumenko and others, 1970;
Erlich and Gorshkov, eds., 1979; Erlich and others, 1970; and Kutiyev, Lebedev
and Maximovsky, 1967) when speaking about the gemnesis of the Khangar volceno-
tectonic depression emphasized that domal uplift which controls its structural
pogsition 1s the morphological expression of a metamorphic dome and there
ex{igts zonality of metamorphic facies distribution around thig dome.

The location of the volcano-tectounic depression on the domal uplift, the
abgance of any traces of volcanic activity that pre-dates the formatlion of the
volcano—tectonic depression, and the absence of sillcic pyroclastic material
connected with the time of formation of volcano-tectounic depression probably
{ndicate that subsidence of the volcano-tectonic depression aree is the result
of a doming process. This doming can be elther tectonic or thermal in
naturé. In the case of the Khangar, there 15 strong evidence present of both
types of doming.

7.2« Jchlasky Volcano—tectonie depression.

History of study.

Due to 1ts remote location, the Ichinsky volcano-tectonic structure has
ounly been studied during geologic mapping (Erlich, 1958, 1960) or during
special expeditions (Marenina, 1962, 1963; Sviatlovsky, 1960; Ogorodov, 1962,
1962a, 1972). Erlich (1966) first suggested the existence of a great volcano-
tectonlc depression, in which Ichinsky volcano is located.

Struetural position.

The structural position of Ichinsky volcano-tectonic depression is
defined by two structural features. One of these is the sudden diving of the
roof of the Kamchatka Median Masgif metamorphic terrains, whose northern
boundary 18 just south of the Ichingky volcano. The gecond is a sharp
dacrease in the elevation of the Tertiary roof rocks on the western wing of
the RKozyrevsky linear uplift, on the boundary between the Neogene.central
Kamchatka volcanic zone and the western Kamchatka linear rear depression,
which 1g filled by a thick sequence of Tertiary sediments.

General description of the gtructure and higtory of volcanism.

The depression has an oval shape (50X60 ke across), elongated N 25-30° E
(Pig. 91). Most of its boundary follows faults with displacements of several
hundreds of meters. The faults cut a complex of shield volcanoes and a
plateau of Upper Pliocene-lLower Quaternary age, composed mainly of basalts and
bagalt—andesites, The Ichinsky volcano is located inside the depression.
Several Lower to Middie Pleistocene basaltic shield volcanoces are located in
arcuate zones parallel to the northern boundary of the depression. The
Ichinsky volcano {s an andesitic stratovolcano about 3000 m in height, with a
gummit caldera 3-3,5 km across filled by a large glacier. It {s notable that,
on the plain and plateau around the volcano-tectonic depregsion, there are no
traces of ignimbrites or other kindg of silicic pyroclastic rocks associated
with the formation of the depression. Their absence 1s not the result of
exoslon~~moraines and other kinds of loose Quaternary deposits Iin the same
places are preserved. The abgence of silicic pyroclastic asscclated with
caldera formation and/or volcano-tectonic depression formation 1s a
characteristie feature of the Quaternary Sredinny Ridge volcanic zone.
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Fig. 9). Geological map of lchinsky Volcano (after Erlich and Gorshkov, eas.,
1979).

1. Pre-Quaternary dislocated complexes of the basement. First cycle of
Quaternary volcauniswm — Pliocene - Lower Middle Plesitocene: 2, basaltic
shield-like volcanoes; 3. extrusive domes (from andesfite to obsidian in
couposition);

Main stage of silicic volcanism - upper part of Middle - lower part of Upper
Pleistocene: 4, aundesite—dacitic stratovolcanoes; 5. extrusive domes
couposed of amphibole-bearing andesites;

Latest stage of post-caldera volcanism — Upper Pleistocene—~Holocene: 6.
dacitic stratovolcanoces; 7. dacitic extrusive domes; 8. flows of viscous
acid lava;

Stage of youngest bassaltic volcanism - Uppermost Pleistocene--Holocene: 9,
small volcances and cinder cones; 10. lava flows; ll. shield-like volcanoes;
12. unconsolidated Quaternary sediemnts (alluvial, glacial and
fluvioglacial); 13. faults on the rim of volcano-tectonic depressiouns; 14,
normal faults (observed); 15. Ffaulrs (inferrad). :
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The formation of Ichinsky volcano summit caldera was agssoclated with the
eruption of dacitic ignimbrites, which are located on the northern slope of
the volcano, within the volcauno-tectonic depresssion. Ichingky 1is also
surrounded by a ring complex of extrusive domes and short lava flows composed
of twa-pyroxene, amphibole-pyroxene and hypersthene-amphibole andesites and
andesite—dacites. Thig ring structure was deforwmed by movements along strike-
slip faults with east-west, north-south, and northeast strikes. The
emplacement of the summit cone of Ichinsky volcano was almost synchronous with
the emplacement of the domes of the ring complex.

Recent activity of Ichinsky volcano are limited to fumaroles which cut
the glacier within the summit calders.

7.3. Uksichan Caldera.

Structural Position.

Uksichan volcano, and the caldera of the gsame name, lie on the drainage
divide of Sredinny Ridge (Pig. 92). They are located on a structural block in
the eastern part of the Kozyrevsko—Bystrinsky horst—amnticline, Uksichan
caldera lies at the intersection of two faults. One fault is inferrad along
the Uksichan River vslley and has a northwest strike, the other fault ruus
along the northern border of the pre~caldera complex and has an east-wesgt
gtrike.

General Structure and History of Volcanism.
The Uksichan caldera 18 located in the summit of a great shield-like

volcano, called Uksichan volca (F1 93), which covers an area of 3 —km2e
The sumhit of the volcano is 1885 m § ove)sea evel and stangs about 880 m

above the surrounding region. The edifice 19 built of numerous lava flows 5-
20 m thick. Initial lava flows had great mobil{ity and range from 15-20 km
long. Later lava flows are shorter and thicker due to their greater
viscosity, ' The western and southwestern slopeg of the volcano are composed
exclusively of lava flows. Boundaries of the lava flows are clearly expressed
and are represented by small quantities of scoria and agglutinate in quenched
zones. The eastern and southeastern slopes contain a significant quantity of
pyroclastic material including agglutinates, tuffs, and tuff-brecciag. The
8lopes form gently sloping plateaus. Inclination of these plateaus reflect
the primary dips of the volcanic rocks, which are radial to the center of the
volcano.

The voleano hag s summit caldera about 12 km in diameter and about 900
meters deep. Some relicts of the pre~caldera edifice are located inside the
caldera. Silicic pyroclastic deposits are abgsent from around the caldera.
This 18 not the result of erosion, because loose morainal deposits of late
Pleistocena age on the slopes of the volcano are preserved.

Rocks of the pre—caldera edifice show gome increase in alkali content
with time and range from basalts and basaltic andesites to trach—andesites and
trachytes. Paleomagnetic studies and the degree of glacial erosion of the
lavas suggest they are early to widdle Pleigtocene in age.
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Fig. 92. Schematic tectonlc map of the region around Uksichan Volcano (from
Ogorodov et al., 1967). 1 ~ zone of domal uplift along the Kozyrevsky—
Bystrinskya horst-anticline; 2 — zone of relative subsidence west of Uksichan
Volcano; 3 — zome of uplift in the Yanga-Yagay reglon; 4 - zone of subsidence
around Ichinsky volcano; 5 - regional faults; 6 — local faults (of the second
order); 7 — famults of the third order (fractures of extension); 8 — faults of
the third order marked by linear zones of cinder cones; 9 -~ axis of the
Kozyrevsko—-Bystrinsky horst—-anticline; 10 - slopes of Uksichan Volcano; 11 -
caldera of the Uksichan volecano; 12 - Quaternary volcanic rocks (shown in
sections); 13 - hot springs.
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Fig. 93. Schematic geologic map of Uksichan Volcano (Ogorodov and others,
1967)., 1 — Basement rocks of volcanic platezau; 2 - andesites and
trachyandesites; 3 — biotite andesite—dacite and trachytes; 4 -~ basalts and
basaltic andesites with intercalated tuffs; 5 — basalts of shield volcanoes
and cinder cones (upper Pleistocene to Holocene); 6 - shield volcanoes and
their lava flows; 7 - hydrothermally altered zones; 8 — undivided Quaternary
sedimentary deposits; 9 — caldera of the volecano; 10 - faults; Il - becunderies
between different complexes (approximately drawn).

NOTE: Caldera boundary 1s indicated by the authors along the upper part of
the caldera rim.
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The caldera 18 nearly filled with several dacitic domes. The largest’
among them--Mt. Uksichan-—occupies a great part of caldera and is about 8 km
in diameter and stands about 900 m above the caldera floor. Three other domes
are of much a smaller size.

The slopes of the volecano are parlty covered by several very small upper
Pleistocene to Holocene basaltic scorla cones and icelandic—type, monogenetic
basaltic shield volcanoes that belong to the second cycle of basaltic
voleanism in Quaternary time. The largest of these volcanoes, Chingeingein,
overlaps the northern rim of Uksichan caldera.

Ogorodov and others (1967, 1972) explained the origin of Uksichan caldera
as a normal Krakatau—-type caldera. But neilther their dara nor the data from
geologic mapping indicate any traces of silicic pyroclastic material on the
volcanic plateau around Uksichan caldera., Also, all the data available on
volcanic structure and composition of the volcanic rocks indicate the
similarity between this caldera and calderas of the Hawaiian type. The
presence of silicic domes within the caldera doesn't contradict this idea,
becauge small amounts of gilicic material are associated with some basaltic
volcanoes.

7.4 -~ 7.9. Group of caldera-volcances of the Western part of Sredinny Ridge
volcanle zone.

Caldera-volcances Bolshoy, Kekuknaysky (Leningradets), Bolshoy
Chekchebonay, Maly Chekchebonay, Perevalovy, and Tigllgky are located in the
wegternmost part of the Quaternary Sredinny Ridge volcanic zone (Fig. 94).
They form a2 northeagt-trending cluster of volcanoces located approximately
along the contact between the western Kamchatka linear bagin, which is fillled
by a thick sequence of Tertiary sedimentary rocks, and the Neogene volcanic
zone of central Kamchatka. The position of certain centers is detérmined by
short east-west—trending, strike~slip faults that show gmall horizontal
displacements of the bagement rocks (sometimes there are only slight
indications of such horizontal displacement along these faults).

Calderas of all these volcanoes occupy the summits of large shield-like
volcanic edifices (Figs. 95-98). Diameters of these calderas are 3-4 km on
the average. The basement of these volcanoes 1s typically sedimentaxry rocks
of Pliocene age. All of these edificeg are composed mainly of basalts and
basaltic andesites. Ages of all are thought to be early to middle
Pleistocene. Only Maly Chekchebonay has been dated as middle Pleistocene
based on paleomagnetic data., Slopes of these volecanoes are very low——5-10°,
They are composed mainly of lavas. The quantity of pyroclastics in sections
does not exceed 10-15%. Thickness of lava flows ranges from 10-15 m,
thickness of the pyroclastic layers does not exceed 1-2 m. In the summit
areas of these volcanoce lava flows and extrugive domes of dacite are pregent.

Formation of all of these volcanoes were completed before the first stage
of late Pleistocene glaciation. Their slopes are extensively dissected by U-
shaped valleys, so gome volcanoes are formed by a series of platesu-like
interfluves that gslope outward from the center of the volcano. The
characteristic features of these calderas 1s the absence in their surroundings
of any significant quantity of silicic pyroclastic deposits. Blast or
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Flg. 94. Schematic map showing the distribution of volcanoes in the western
region of the Sredinny Ridge volcanic zone (after Ogorodov and others, 1%72).
1. Shield~like differentiated (basalts to andesites) volcanoes of lower and
middle Pleistocene age; 2. calderas; 3. late Pleistocene and Holocene basalts;
4. volcanogenic rocks of the central Kamchatka, Neogene volcanic zone; 5.
Upper Neogene sedimentary rocks of the West Kawmchatka linear rear basinm.
Volcanoes: 1, Bolshoy; 2. Kekuknayasky; 3. Malaya Retepana; 4. Bolshaya
Ketepana; 5. Tigylsk; 6. Bolshoy Chekchebonay; 7. Perevaloviy; 8. Maly
Chekchebonay; 9. Ovalny; 10. Shlen.
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Flg. 95. Schewmatic geologic map of Bolshoy and Kekuknaysky volcanoes of the
western region of the Sredinny Ridge volcanic zone (Ogorodov and others,
1872).

1 - Holocene basaltic scoria cones and lava flows) 2 — lava covers,
undivided; 3 - glopes of volcanoces; 4 - calderas; 5 ~ U-shaped glacial
valleys; 6 - moraines of the second stage of late Pleistocene glaclation (QB)i
7 - faults, inferred; 8 - basaltic lava flows; 9 — andesite; 10 - andesite znd
dacite lavas and tuffs.
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Fig. 96. Morphology of Perevalovy volcano (Ogorodov and others, 1972).
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Morphology of Bolshoy Chekchebonay volcano (Ogorodov and others,

Fig. 97.

1972).
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Fig. 98. Morphology of Maly Chekchebonay wvolcano (Ogoxodov and others, 1972).
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pyroclagtic deposits are also abgent im these calderas. An insignificant
quantity of gsilicic ashes, which form the middle Pleistocene Krutoyarovsky
hortzon in the Tigyl region and in upper Pleistocene terraces in the central
Kamchatka depregsion are thought by some authors to be related to caldera-
forming eruptions of these volcances (Daragan, Il'ina, 1976; Braitseva,
Melekestsev, 1975). However, the volume of these pyroclastic deposits le much
less than the volume of these calderas. The lack of silicic pyroclastics
cannot be explained by ercaion—-—sometimes looge middle or upper Quatermary
deposity are present around these volcanoes, but there is absolutely no
indication of ignimbrites and/or tuffs. Previougly we have seen in southern
and eastern Kamchatka the same structural conditions present near calderas
that are surrounded by large flelds of silicic pyroclastic rocks. But in the
Quaternary Stredinny Ridge volcanic zone they are absent around Khangar,
Uksichan, Alney and this group of calderas in the western region. It is
possible to conclude that the absence of caldera—-forming pyroclastics 18 a
characteristic feature for caldexas of this zone as a whole.

The origin of these calderas 1s the same as that of Uksichan caldera—
they are considered by authors who described them as normal calderas of the
Krakatau type. But the absense of any traces of siliecic pyroclastic materdial
and all the data about the gtructure of thege volcanoes and the composition of
their rocks indicate that they are of the Hawallan type.

The post—caldera stage of volcanlsm on gome of these volcanoces 1s present
in the form of silicic extrusive domes. Also, on the slopes of the pre-
caldera edifices and gsometimes inside the calderas are located numerous
bagaltic shleld volcanos and scoria cones of the upper Pleistocene to Holocene
cycle of basaltic volcanism that are widely repregented in the region.

7.10. Alney—Chashokondzha Volcano-tectounic depression.

The large and long-lived Alney—Chashokindzha volcano-tectonic structure
lies at the intersection of the Neogene central Kamchatka volcanic zone and an
east-west trangverse fault that can be traced from Sredinny Ridge to the east
coast of the Kamchatka Peninsula. .

The bagement of the volcano—-tectonlc structure is composed of rockg of
early Pliocene age (Fig. 99), based on plant fogsilg. Small outcrops of these
rocks are located along the structure's southeast boundary, as well as along
the north-gouth axis of the structure in its center and on its northern and
southern boundaries. These early Pliocene rocks conglst of andesitic and
basaltic tuffs and lavas and volcanogenic sedimentary depogits that together
have a thickresses of up to 400 m. They are extensively deformed and locally
have dips up to 40-45°,

The Lower aud Upper Pliocene rocks 1n the central psrt of the structure
have radially outward dips, Thig gnd the absence of an unconformity between
ther indicates that the pattern of upper Pliocene and lower Quaternary
gtructures are the same ag that of lower Pliocene structures.
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Fig., 99, Schematic geologic map of the Alney~Chashokondzha volcano—tectonic
structure (after Stefanov and Shiroky, 1979).

{ - Unconsolidated Quaternary deposits; 2 ~ Holocene and late Pleistocene lava
flows, scoria and breccia of basalt, basaltic andesite, and andesite; 3 -

late Pleistocene rhyolite lava domes and £lows; 4 —late Plelstocene rhyodacite
extrusive domes; 5 — middle Pleistocene lava flows of zndesite, andesite-
dacite, basaltic andesite, and dacite; 6 - middle Pleistocene andesitic
extrusive domes; 7 — early Plelstocene lava flows and tuffs of basalt and
basaltic andesite; 8 — Pliocene vocks, a) late Pliocene basalt and basaltic
andesite lava flows and tuffs, b) early Pliocene lava flows of andesite and
basalt and tuffaceous sedimentary rocks; 9 — monogenetic basaltic volcances of
Holocene and partly late Pleistocene age; 10 - stratovolcanoces of Holocene age
and Late Pleistocene to Holocene age; 11 - middle Pleistocene Alney and
Chashokondzha lava stratovolcanoes; 12 - early Pleistocene shield-like basalt
volcanoeg; 13 - boundaries of eroded calderas and craters; 14 — faults; 15 -
inferred, concealed faults; 16 — faults that bound the Alney-Chashokondzha
volcano-tectonlce structure; 17 — hydrothermally altered rocks; 18 — areas of
copper sulfide and gold mineralization; 19 - geochemical haloes containing Pb,
Sn, As, and Sb; 20 - hot springs.
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Development of the structure in late Pliocene time was characterized by
the formation of a large shield volcano and subsidence along ring faults that
bound the volcano—tectonic structure. The volcano 1s composed mainly of
basaltic andesite and andesite flows 15-20 m thick interbedded with rare tuff
layers up to 30 m thick. The greatest measured thickness of all these rocks
in the central part of the structure is 250 m. Dips of lavas are less than 3-
50, The vents for thege lavas determined by the radial dip of flows 18 near
the summit of Alney Mountain. These lava flows can be traced up to 20 km from
their source.

Quaternary volcanic events in the area of the structure can be divided
into four stages. The first stage 18 characterized by basaltic volcanism
synchronous to the Lower Pleistocene plateau basalts elgewhere in the zone.
These basalts were erupted from a series of comparatively small shileld
volcanoes located around the boundary of volecano-tectonic structure. Voleanic
rocks of this stage are abseut from the central part of the structure.

During the second stage, the large middle Pleistocene volcanic edifice of
Alney—Chashokondzha was formed. It congists of two lava gtratovolcanoes that
are approximately equal in volume, but are greatly eroded especially by
glacial processes. They are composed mainly of amphibole and blotite
andesites, but their lower parts, about 150 m thick, are mainly basgaltic
andesites. The sequence of Alney volcano {s formed mainly of amphibole-
biotite and blotite andesite-dacites and dacites with numerous lenses of
different varieties of these rocks mixed together. The summit parts of both
volcanoes are extrusive andesitic domes.

The third stage which corresponds to the time of the maln stage of
gilicic volcanigm and caldera formatiou for all of Kamchatka is only partly
expressed in the Alney—Chsshokondzha structure. After formation of a series
of radial faults that displace lavas of the second stage, three rhyodacitie
and rhyolitic extrusive domes with short flows erupted along a system of ring
faults enclosing a 20 X 15-km area that i3 elongated in a north-south
direction. The two extrugive domes of rhyodacites on the southwest slope of
the Chashokondzha volcano form an irregular plateau with a total area of 1.5-
2.0 km2. They are accompanied by rhyolite flows up to 4 km long.. On the
northern glope of Alney volcano is located another saddle-like rhyolite lava
flow of about 1-1.5 km“. There is about 100-200 m of displacement on these
ring faults and the volume of three extrusive domes and short lava flows 1is
comparatively small, but 1t 13 possible to cousider thig event as an analogue
of the caldera-forming process in other parts of Kamchatka,

The genesis of thisg volecano-tectonic structure 1§ not clear. It 1s
probable that the fault-bounded, outer volcano-tectonic depression was formed
as a result of a collapse connected with some kind of doming process. A small
quantity of silicic volecanic rocks 1s associated with this event. The
presence of a dome composed of Pliocene rocks in the center of this depression
probably indicates that the first stages of subsidence took place at the
beginning of Pleistocene., The absence of any kind of pyroclastic covers
connected with the caldera (volcano-tectonic depression) forming stage is
characteristic.
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CHAPTER 1V
THE TEMPORAL DISTRIBUTION OF SILICIC VOLCANISM IN THE
WESTERN CIRCUM-PACIFIC DURING THE QUATERNARY

Evaluation of data available,

Age determinations of Quaternary voleanic rocks which are now available
practically for all parts of the Western Circum—Pacific and are based wainly
on the correlation with glaeciations of marine transgressions, Quantity of
available radiometric dates of any kind (K-Ar, flsgion treck, radlocarbom) is
ingufficient to produce any reliable precise correlation. Also the degree of
gtudy is very different for differemt regions. But in any case, the most
favorable for correlation of Quaternary tectonic and voleanic development in
Wegtern Circun~Pacific are comparatively uplifted geotectonic systems of
Kamchatka type, where it 1s possible to compare volcanic activity with
development of structures filled by sedimentary sequences, Among the most
gtudied systems of this type are Kamchatka, Japan, North Island of New
Zealand, and to a lesser degree — Indonesia (Sumatra) and the Kuriles. Por
this reason these regions are chosen as the bases for preliminary correlation.

Stages of Quaternary silicic volcanlism and tetonlc movements in the Kamchatka.

For the firgt time specific phases of silicic volecanism {n Kamchatka has
been divided in the Sredinny Ridge zone (Erlich, 1960). Time was determined
on the bases of the connection with glacial deposits as the end of the Middle
Pleistocenes Thig conclusion wag confirmed by Ogorodov (1966). Detailed
study of ignimbrite and pumice covers of the Southern and Eagtern Kamchatka
(area 11,000 kmz, volume 2000 — 2500 km3) show, that they were formed during
two 1mpulses of explosive silicic volcanism (Melekestsev, 1967). The first
coincided with Middle Pleistocene glaclation. Ignimbrites and pumices formed
during this period were overlapped by moraines of two stages of the Upper
Pleistocene glaciation. One among the greatest calderas of this stage, Uzon,
ig filled by inter—glacial deposits (Averilev and others, 1969). At the same
time the calderas of the Great Semiachik, Karymsky Lake (ancient).and others,
were formed (Table 2).

The second impulse of silicic volcanism coincideed with Upper Plelstocene
glaclation. During this period the calderas Kragheninnikov, Maly Semiachik,
Gorely, Opala and the pyroclastic covers connected with them were formed.
Thagse deposits are dated on the basis of thelr conmnection with moraines of two
stages of the Upper Pleistocene glaclation, by pollen and dlatomlc analysis of
intra-ignimbrite sedimentary horizons and correlation with agh horizons such
as dated by fauna sediments in the Central Kamchatka Depression and within
seas, which surrounded Kamchatka (Romankevich and others, 1966). Radiocarbon
age of one of the youngest ignimbrites sheets in Eastern Xamchatka is equal to
17,100+800 years B.P. Formation of the most anclient extrusive domes in the
Central Kamchatka Depression (Kliuchevskaya group, Sheveluch volcano) is
connected with the second impulge of silicic volcanism. It 1s probable, that
Middle-Upper Plelstocene age have extrusive domes in the Eastern Ridge of
Kamchatka.

Both phases of silicie volcanism occurred throughout Kamchatka, but, the
form of expression of the volcanism depend upon local tectounic conditions. 1In
the graben-synclines of southern and eastern Kamchatka, there prevalls
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shield and shield-like volcances; III.
miinly pyroclastic andesitiec strato—volcances; V.

malnly lava strato-volcanoes; I[Va.

3 R3]z (2 E= B EHls

Table 2 Distributfon {in time of chsracteriszic Quaternary volcanlc formatious {a Kamchatka from Erlich (1973).
Braitseva and others (1966, 1968), Braitseva and Melekestsev (1966), Vinogradov and others (1962), Vlodavets, P{ip (1957), Geologiya SSSR, 't. XXXI, p. 1
(1964), Ermakov and others (1968), Zavaritsky (1955), Ivanov (1970), Kozemiaka (1966), Kochegura snd others (1969), Melekestsev and otbers (1967),
Ogorodov (1966), Sirin (1968), Timerbaeva (1967), Favorskaya and others (1965), Cherdyntsev and others (1966), Erlich (1960, 1966).
1-basalts, basaltic andes{tes; 2-andesltes; 3-pumices; 4-ignimbrites; S5-~volcanic formatioas of the first cycle; 6-volcanic formations of the second
forus coamected with fissure basaltf{c volcani{sax; 1I.
pyroclastic basaltic and basalcic sndesfite strato—volcanoes; IVb.

By the data of Aprelkov (1966),

mainly
pyroclastic covers.



ignimbrites and pumice covers in the Centrel Kamchatke Depression - extrusive
domes and on the junction between the eastern Kamchatka graben-syncline, and a
rigid block of transverse structure appears to be mainly lava silicic
andesite~dacite stratovolcanoes (Aag, Arik, Dzendzur).

Extrusive and explosive activity of gillicic volcanic centers continues in
Holocene time. In this connection two moments have to be noted: First: ~ the
centers of Holocene volcanism continuves to develop centars of the Plelstocene
silicic volcanism, founded at the time of previous impulsas (region of the
Kurile Lake and Karymsky volcano in the Eastern and Southerm Kamchatka,
Bezimlanny volcano and Sheveluch in the Central Kamchatka Depresion, Khangar
and Ichinsky volcano in Sredinny Ridge volcanic zone), Second: - the scale of
the Holocene silicic volcanism is gtrougly reduced in comparison with
Pleistocene time. The total area of the Holocene pumice covers do not exceed
300 kmz, their volume ig 40-S0 km3. Ignimbrites are absent. This indicates
that these manifestations are connected with later stages of development of
the magma chambers, founded in Middle and Upper Pleigtocene.

Simultaneously with impulses of silicic volcanism Iin sedimentary rocks of
the Central Kamchatka Depression, size and quantity of fragments grew
progresgively: instead of clays, diatomites and sanda, characteristic for the
Lower and the first part of the Middle Pleistocene, there appeared pebble-beds
and pebble~ and boulder—bearing sediments with non-volcanic clasts in the
upper part of the Middle and Upper Pleistocene and Holocene. So in the
Middle-Upper Plelstocene a progressive uplift of mountain belts (non-volcanic
horst-anticlinals) occurred and the moment of the maximum rate of uplift
coincided with the impulses of silicic volcanism (Braitseva, Melekestsev,
1966; Braitseva and others, 1968). During this period such horsts ag the
eastern Kamchatka Ridge and Kozyrevsky-Bystrinsky horst-anticlines in Sredinny
Ridge zone were formed. In parallel was formed a system of grabens which cut
these ridges (grabens of river valleys Paratunka, Schapina, Kovycha and
Bystraya-Kozyrevskaya and others). Total amplitude of uplift reached 600-700
m and total range of movements, putting into attention subsidence of grabens,
reached about 1200 m. Within the volcanlc belts, during this epoch, calderas
and volcano—tectonic depressions with a diameter of 8-12 km up to 40 km were
formed with amplitudes of subsidence along the boundary faults of up to 1000
Me

Stages of Quaternary siliclc volcanigm and tectonic movements in the Kurlles.
In the Kurile Island Arc during the Middle and Upper Pleistocene great
stage of explosive volcanlsm occurred in connection with the formation of
calderas and pumice and ignimbrite covers. Rewashed pyroclastic material of
this stage is in gsediments of 100-120 meters marine terrace of the Kunashir
and Iturup Islands, formed during the Upper Pleistocene interstadial. The age
of plants relicts, buried by pyroclastic deposits, connected with Mendeleev
and Golovnin calderas is about 40,000 years B.P. Calderas of this stage are
expressed 1o relief. Ignimbrite and pumice covers, connected with them are
preserved as fnconsiderable relicts. To this period belong formatfon of
calderas and assoclated with them pyroclastic covers on the islands Iturup
(Urbich, Tsirk, Medvezhiyas calderas), Simushir (Zavaritsky caldera—sncient,
Broutona c¢aldera), Onekotan (Nemo caldera). Strong outburst of silicic
volcanism took place on the Rurile Islandg during the first half of the
Holocene. To this time belong formation of calderas L'vinaya Past (9460450
years B.P., 9400460 years B.P.), and Tao~Rusyr (7500480 years B.P.). In
parallel numerous silicic extrusive domes andesitic and andesite-dacitic in
composition within series of large calderas were formed (Table 3).
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Table 3 Distributfon in time of characterfstic Quatermary volcanic formstions in Kurile Islands (Erlich, 1973). By the data of Geologiya SSSR, t.
I., p- 1 (1964}; Gorehkov (1267); Markhinin (1967); Markhinin and Pospelova (i95%); Neverov, Sergeev (1960); Ostapenko (1967); Rodionova and others
1964, 1966).
I. lava covers; 1I. mailnly lave strato-volcances; I11. volcanic formations of the linear clester zones {Gorshkov, 1967); IV. mainly pyroclastic

trato-volcanoes; V. pyroclestic covers. Other signs are the same a5 on Table 2 .



Stages of Quaternary gilicic volcanism and tectonic movements in Japan.

In north~eastern Japan manifestations of silicic volcanism was
concentrated in the frontal, easternm Nasu volecanic zone, where in Pleistocene
time an outburst of silicic pyroclastics took place; the welded tuffs and
pumices which occurred at this stage, are the largest of all Cenozolc time
(Kawano, Yagi, Aoki, 1961). These rocks are dated as belonging to Wurm
glaciation - beginning of the post-glacial epoch. Close to this time i{s the
formation of the greatest center of gilicic volcanism in the region of Fossa
Magna — Hakone volcano (Table 4). Here, after formation of the Pliocene-Lower
Pleigtocene basalt — basaltic andesite gtrato-volcano of the first stage of
activicy, in the Middle Pleistocene, dike swarm was formed andesite to dacite
in compogition. Simultaneously with this event was formed the caldera of
Glen-Co type. Afterward following the growth of a shield volecano inside the
caldera which directly continued the line of the old somma development. At
the end of the Upper Pleigtocene (end of Wurm) an outburst of silicic
pyroclastics occurred and the second, young caldera was formed, withia which a
geries of extrusive domes and a central strato-volcano composed by pyroxene
andegites are nested.

The end of the Middle, beginning of the Upper Plelgtocene, marks the
beginning of silicic volcanigm in the region of the Unzen Volcano (Ryushu
Island) and a complicated system of grabens was formwed (Sendo and others,
1967).

The age of large lgnimbrites, welded tuffs and pumice covers, counected
with large calderas on Kyushu and Hokkaido (Aso, Aira, Ata, Rutcharo and
others) have been lowered In series of o0ld works, up to the Lower
Pleistocene. Radiocarbon data (see Table 5) shows that all, or at least cthe
main part of them, are very young. Silicic volcanism in these centers
continued Iin Holocene time and some centers are still active. But the
activity of these volcanoes, as in the Kamchatka case, 13 of reliet character
and the development of the centerg formed at the end of the Middle end during
the Upper Pleistocene is continued. For Aso there appears several K-Ar dates,
which indicate that during the time Interval 0.3-0.05 ma, four large scale
pyroclastic flows erupted (Aramaki and others, 1981).

No numerous manlfestations of silicic volcanism of I?u—Bonin are are
dated by K—-Ar and fission treck method (Xaneoka, Ozumi, 1979)., Received
figures are 270,000 B.P, for altered rhyolites on Kozu-Shima, 80,000 B.P. for
obsidians on the same island and 300,000 B.P. for trachytes of Iwo-Jima,
corregponding with Japanese Archipelago period of silficic volcanism
intengification.

During the period of the main impulse of silicic volcanism in Japan great
gtructural recoangtruction occurred during the general uplift and the islands
received thelr now existing configuration. Fast growth of the mountain
systems took place and at the same time Kwanto Basin in central Japan, stopped
its development. For the last time there disappeared a tie between Japan and
Korea — the continental bridge between these regions in Tsusima strait ceased
to exist and Daisen volcanic zone beczme extinct. The last eruption, dated by
radiocarbon took place 30,200%350 years B.P. (Minato and others, eds.,

1965). Calderas and volcano—tectonic depressions were formed during this
stage with diameters of 8-20 km and more.
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Table & Distribution of time of characteristic Quaternary volcesnic formations in Japan (Erlich, 1973). By the dats of Mlnato and others’ (1965), !

shikawa and others (1962); Gohara (1963): Katsui, Oba, Satoh (1969); Kaneoka, Ozumi (1970); Kawachi, Ritazawe (1967); Kobayashi (1965); Okada (1969).
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ther gigns are the same 2§ on Table 2.




Table S

1.

8.

9.
10

11.
12,

13.

Radiocarbon Age of Some Pyroclastic Covers in Japan

Rutcharo

Atosanupuri

Mashu

Shikotsu

Toya

Nigirokawa

Towada

Aso

Alra

Ata

Asama
Yatsugatake

Nasu

23300+3000(Gak-866)
2000

117204220
32300+3000(Gak-870)
-2000(Gak~866)

6460%130(Gak-147)
71904230(Gak-248)

3190041700(Gak-713)

3220042000(Gak-714)

3220044700
-3100(Gak-519)

13900250
164004300(Gak-868)

129004%270(Gak-1605)

10400+£220(Gak-460)
12000%250(Gak-385)
12700+260(Gak-205)

201002:600(Gak-479)

230004760(Gak-480)

2640021100(Gak-478)

33100+3100(Gak-554)
1900

35600+5600(Gak-553)
1900

163504350(Gak-473)
245004900(Gak=472)
1-650%250(Gak-311)

24600+100(Gak~616)
29800(Gak—-1649)

Radiocarbon dates for calderas 1-9 cited from Ishikawa, Katsuii, Oba, Satoh,
1969; dates for calderas 10-12 from Kobayashi, Kawachi, Kitazawa, 1967; for
caldera 13 from Okada, 1969.
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Stageg of Quaternary silicic volcanism and tectonic movements in Indonesgia.

The main reglon of silicic volcanism in Indonesia is Sumatra. Eruption
of silicic voleanie products here are closely coonected with ring strctures,
located along the Semangko Rift zone. Such as, the depressions of Toka Lake,
Ranau and others. Gigantic eruptions of silicic pyroclastic material of these
structures are dated to the end of the Middle — beginuning of the Upper
Plesitocene. Pumice conmnected with the eruption in the Toba region overlaps
relicts of paleolithic Tsmpan culture on the Malakka peninsula. Smith-Sibinga
(1948) dated the Upper Palembang strata of silicic tuffs in the olil-bearing
region of eastern Sumatra to Upper Pleistocene and c¢orrelated 1t with the
riss—Wurn interglacial epoch in Europe. It is characteristic, that after
formation of the Upper Palembang strata, gedimentation in this reglon stopped
and gll regions underwent folding. After the Toba tuffs eruption on Sumatra
an asbrupt uplift of the Batak domal structure took place. At the end of
Pleistocene-Holocene time on Sumatra gmall centers of silicic voleanism
continued to exist. In particular are known pumice outbursts on the Lake
Ranav Caldera, Pilomasin volcano-tectonlc (Westerveld, 1952) depression, and
are closely located with Sumatra Bali Island-on Batur Caldera (Marinelli,
Tazleff, 1968).

Stages of Quaternary silicic volcanism and tectonic movements in New Zealand.
The main stage of Quaternary siliclic volcanism {n the North Island, New
Zealand 18 characterized by outbursts of silicic pyroclastics in the Taupo—
Rotoroa region (Healy, Vuchetich, and Pullar, 1964; Thompson, 1964; Thompson
and Kermode, 1965; Vuchetich and Pullar, 1969). The beginning of this stage
was marked by the appearance of the first fragments of ignimbrites in Lower
Castlecliff layers withio the eastern Depression. Starting from this moment
the quantity fragments of siliclc volcaric rocks in gedimentary rocks of the
Eastern Depression grew constantly. 1In some horizong of the Late Castlecliff
time their volume reached several cubic miles. With an epoch of ignimbrite
and pumice covers, there is a commnecting formation of linear grabens
stretching from Ruapehu volcano to the Bay of Plenty (Grindley, Harrington,
and Wood, 1959). At the end of the Castlecliff time, ignimbrite eruptions in
the Taupo zone were reduced conslderably; simultaneously the formation of
Taupo graben was completed (Ringma, 1959). There is an indication, that on
the periphery of the structure, thin ignimbrite cover overlies the stable
blocks - Kaingaroa Plateau and the western Taupo Plateau. Parallel uvplift aund
folding took place within the Eastern Depression, after which part of the
Depression, located on the North Island ceased to exist. The fast uplift of
the linear mountain gystem Ruahine-Rimutake between Taupo graben and Eastern
Depression, finished the development of the Wanganul depression. The
beginning of the uplift coincided with generation of the Taupo volcanic zone,
and for a long time a direct connection between the Taupo Zone and Eastern
Depression existed. Tt was broken only at the moment which corresponded to
the main phase of ignimbritic volcanism (Table 6). This indicated, that the
main {mpulge of uplift corresponded to the main impulse of ignimbritic
eruptions. Sedimentation in the Eastern Depression stopped at the beginning
of the Upper Plesitocene. On the South Island the Upper Wanganui Suite {g
repregented by thick gequence of gravel beds, formed at the time of the fast
uplift of the Southern Alps. Layers of rocks are strongly inclined and
gometimes have a vertical dip. The end of the Castlecliff time is
characterized by intengification of movements, starting at the end of the
Pliocene which lead to the formation of the now existing structural plan.,
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Table & .Distribution in time of characteristic volcanle Formations in New Zealand (Erlich, 1973). By data of Weod, Grindley, Harringtoa (1959); Blank
(1965); Cowle (1%64); Healy, Vucetich, Pullar (1964); Grant-Taylor (1964); Grant-Taylor, Rafter (1962); Searle (196%a, b); Thompson (1964); Thonpson,
Kermode (1963a, b); Thompson, Kermode (1965); Vucetich, Pullar (1969), I -—volcanic forws connected with basaltic volcanism; 11 -andesitie strato-—
volcanoes; III - pyroclastic covers. Other figures are the same as Table 2 -



The last stage of silicic volcanism in New Zealand embraced the Middle
and the end of the Upper Pleistocene and Holocene time. Two stages of
volcanic activity are distinguished here. The first 1s characterized by the
formation of a vast pumice pyroclastic cover (Rotoehu and Okareka ashes,
Mangaoni lapilli, Ozami formation and others)., Rarely are formed pumice-
ignimbrite covers. In Holocene time, in the central volcanic region, there
appeared a ring complex of rhyolite extrusive domes. At the last stages of
their growth, there occurred pumice outbursts. The test pumice was dated by
radiocarbon as 1800 years B.P. Caldera formation and pumice outbursts took
place on the Mayor Island (83904135 years B.P.). But volume of silicic
pyroclastics formed in Holocene i3 comparatively small in comparison with the
volume of pyroclastic material formed during the wain phase of silicic
volcanism.

General inter-region correlation

The total volume of silicic volcanism produced in the Western Circum—
Pacific is shown on fig, 100. In calculationg of total volume, figures for
Indonesia (Westerveld, 1951), are used. It is well seen pulsation character
of35111c1c volcanism and really great amount of erupted material (about 16,000
kmv).

It is very possible, that due to accumulation of new radiometric Qdata,
there will be marked another (or maybe even geveral) epoch of great
intengification of silicic volcanism within now poorly dated radiometrically
interval between 0.2 and 1 mln. years B.P. 1t 13 the author’s opinion that
such epoch probsbly had place also around 700,000 years B.P., when the last
apoch of polarity reversal took place. It was marked by one of the greatest
known Quaternary exuptions of siliciec pyroelascics - formation of the Bisghop
tuffs, associated with formation of the Long Valley caldera.

Concentration of the considerable amount of radiocarbon dates now
avgilable within narrow time intervals is not occasional, but rather is
proportional to the quantity of the amount of erupted silicic pyroclastics.
It has been mentioned above, that part of silicic calderas In northeastern
Japen were formed during late Wurmian epoch, i.e., about 30,000 years B.P.
The same radliocarbon dates were obtained for covers of silicic pyroclastics in
Alaska (T. Miller, personal communication) and for greatest in Pliocene-
Quaternary eruption in Italy — formation of Campanian ignimbrites (Barberi,
1978). The thickest tephra horizon from deep-gsea drill-holes in the eastern
Mediterranean, was formed at the time of an ignimbrite forwation on the
Santorini caldera with a radiocarbon age of 36000 + 1025, 950 years B.P.
(Pichler, Friedrich, 1976).

Duration of the longest impulses of silicic volcanism 1s about 80-10,000
years. They are common for all Circum—Pacific and probably are of global
character. Radlocarbon data within a long iwpulgses can be divided into two
impulses with a duration of 20-30 thousand years each, which was well traced
throughout the Western Clrcum~Pacific.

As a3 rule, the first anclent gtage of volcanism is stronger, volume of
pyroclastics of the firgt stage i1s 2-2.5 times more than second stage. The
most probable is that the smaller in gcale impulses are also of planetary
character.

203




Fig. 00, Di

stribution of the volume of silicic volcanic rocks fn Quaternary

time within Western Clrcum-Pacific (after Erlich and Melekestsev, 1973_).
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There are impulses smaller in scale and with a duratiom of 4-5 thousand
years, These impulses are connected with relatively strong explosive
volcanism during the first half of the Holocene in Kamchatka, Kuriles and
Japan., But in New Zealand thegse impulsgses shifted in time, wmaximum activity
during Early Holocene took place about 3-8 thousand years ago and a relative
oinimum has place 8—-3.5 thousand years and continues up to the present time,
Within 4-5 millenium rhythm can be divided on 1.8-2 milleniums waximums and
minimums characteristic for certain volcanlc regions or groups or even greater
volcanic centers.
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CHAPTER V

SOME PETROLOGICAL PROBLEMS CONNECTED WITR CALDERAS IN ISLAND ARCS
AND RAMCHATKA-TYPE GEOTECTONIC SYSTEMS.

SOME PROBLEMS OF BASALTS PETROLOGY

Two types of basalts in Kamchatka.

General pecularities of petrochemistry of the Kurile — Kamchatka Cenozolc
volcanic province and the problems of basalt chemistry in particular have been
described in several works (Naboko, 1963; Erlich, 1966, 1973, and others).
Here {t ig important to mention two moments:

(1) Average chemistry of basalts, connected with Holocene centers of
gcattered and fisgure volcanism is practically the same for the whole
Kamchatka territory and shows no dependence from earthguakes foci depth
(which 18 more or less proportional to the distance from the Pacific
shore). Such similarity explaing very well similarity between Holocene
basalts from Central Kamchatka Depression and the Sredinny Ridge Volcanic
Zone, marked by Erlich (1966a). Distance between these zones is equal to
about 50 km. The same wag noted for basalts from fissure zones of
gsouthern Ramchatka by Sheimovich and Zubin (1984).

(2) On oppogite, Iin process of studying of basalts from Uzon caldera have
been for the firgt time mentioned, that bagsalts, connected with contrast
volcanic seriegs are poor In alkallies, especially in potassium and
practically belong in chemistry to normal oceanic tholeitic basalts
(Nakoko, ed., 1974)., To the same type belong basalts from other volcanoes
located within sllicic calderas of eastern gnd southern Kamchatka
(Masurenkov, ed., 1980, 1980a) volcanoes Ksudach, Il'insky, Zheltovsgky and
others, . '

Comparison of these two stable types of basalts with average composition
of basalts from different island arc systems shows that one of these types
correspond with normal high—allumina basalts which are close to the
compogition of parental magma for the sequence high—-alumina basalts - basaltic
andesites — andesites. High-alumina basaslts are especilally characterigtic
for inmer volcanic belts in pair system of volcanic belts developed in igland
arcs and Kamchatka-type geotectonlc systems. Another type of basalt, as hag
been mentioned above, i{s close to normal ocesnic tholeites. With the last
type of basalts contrast series, bagsalt-dacite, is connected. Basalts of this
type are typical for outer (frontal) volcanic belts, where main centers of
silicic voleanism are located.

Specific featureg of high-alumina basalts.,

The composition of high-alumina basalts is characterized by strong
disequilibrium between phenoerysts and groundmass. With the presence of 12-
152 of olivine phenocrysts (i.e., not less thsn Iin oceanic tholeites and
alkaline olivine bagalts) their total composition is characterizaed by
comparatively high (50-52%) silica content, general saturation of silica,
comparatively decreased quantity of mafic components, Mg0 in particular.

These facts indicate on much more silicic groundmass of these basalts, than it
is possible to expect from the quantity of olivine and pyroxene phenocrysts in
it. Xn the groundmagss of such basalts crystobalite is often pregent. In

basalts from Anaun volcanie region and Avacha voleano (Sredinny Ridge volcanic
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zone and eastern Kamchatka accordingly) and some other places are pregent big
(up to 2 mm in diameter) grains of quartz. These quartz grains are
characterized by the absence of any kind of inclusions, characteristic figsure
system, which indicate on sudden increasing of grains volume, presence of halo
of clinopyroxene greins on the rim. Electrone microprobe analysis of basalt
groundmass from Anaun volcanic region indicate that in some points of it
gilica content reaches 65-71%.

Kuno's sequence of differentiation.

Comparison between average composition of basalts from different
tectonically homogenous volcanic zones (Table 7) with sequence of
differentiation of basaltic stratovolcanoes of Kliuchevsky — Fujl type
(Kliuchevsky, Kronotsky, Viliuchik, Fuji, Chokai etc.) ig shoum on the Figure
10l. Coincidence of these two sequences is pretty well seen. Such type of
differentiation trend can be called Runo's sequence, by the name of the famous
Japanege petrologist and volcanologist Hisashi Kuno. It is seen that the main
process of differentiation in this sequence 18 characterized by anorthitic
component accumulation. Such accumulation has a place efther in liquid form
or in crystals. Maximal concentration of anorthitic component Iin bagalts do
not exceed meaning, which corresponds with cotectic point in the system
albite—anorthite-diopside. The same row of rocks is formed on this type of
volcanoes even during gingle erutpions (Fig. 101).

So it 1s pogsible to conclude that there does exist a kind of convergence
between process of basaltic magma differentiation on Kliuchevsky - Fujl type
of volcanoes and basaltic magms generation in process of basalt's fusion from
the Upper Mantle., Composition of some typlcsl basalts from different reglons
of the world are shown in Table 8.

The most mafic basalts on Kliuchevsky — Fujil type of basaltic
stratovolcano contgin congsiderable quantity of olivine phenocrysts (Foa Y
Such basalts are characterized by the increase in comparison with thole?ties
quantity of alkalies (Na20~up to 3.0Z, Ky0-up to 1.2%). In the same time
quantity of alumina is decreased up to 15-16%., Such basalts appear on the
final stages of eruptions and reflect the compogition of the lower part of
magmatic columnes.

Low-potasgsium tholeitas and problems of their origin.

As {t has been mentioned above, another stable type of basalts in island
arcs and similar with them geotectonic systems is comnnected with centers of
gilicic volcanism. For chemistry of these basalts low alkalies content
(especially Ky0-0.3~0.47) is characteristic. By this and other chemical
features, they are similar with normal oceanic-type tholeites. This chemical
type of basalt 18 very constant, It 1s characteristic not only for whole
intra-oceanic plates, but also for imntra—-oceanic island arcs such as lzu,
Bonin, Tonga, Marianas and others, where on both side of island arc system
there present stable blocks with normal oceanic Crust and asmplitude of modern
uplift 1s extremely low, so hypsometric level of pre-Quaternsary tectonic
relief is approximately at sea level or even below 1t (see Table 9). Such
type basalts are also widespread within frontal volcanic belts in Ksmchatka-—
type geotectonic systems similar with island arcs, where there are pregent a
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Table 7

5111cs average Less &9.6 Less 49.0 49.0 Less 49,1 Less 49.7 49,5 less 4%, 49.1 49,1 49.1

intervsl than = than - - than - than - - than - - - -

§57 53.10X 49X 33.1% 53,12 43Z% 53.02 497 53.0% 53.0% 491 53X 53.G% 53.0% 53.0% |

Oxides 1 2 3 4 3 6 7 8 9 10 11 12 13 1& 15 _T
Si0, 47.89 50.4] 47.65 51.21 51.48 48.18 51,18 47 .90 50.81 50.86 47 .63 51.50 51.63 51.26 51.19
T10, 1.63 1.49 (.88 1.03 1.02 0,87 - 0,91 D.91 0.71 1.11 0,91 0.96 0.95 0.89 1.08
AlaQs 14.25 15,53 17 .54 17.81 17.02 19.06 18.38 18.92 19,58 18.37 i8.82 I7.67 18.91 18.31 17.27 !
Fe,04 .94 3.63 4.30 3.57 §.02 6.72 3.64 &.57 4£.40 i.n 4.76 3.%6 3.07 3.20 3.91
FeQ 5.02 5.73 6.18 6.05 5.33 3.40 5.83 5.66 5.07 6.63 5.58 7.22 6.87 6.95 5.97
Mal 0.18 0.16 .12 0.14 0.17 0.16 0.15 0.11 0,13 0.21 0.11 0.72 0.24 0.1% 0.15
Mgl 8.59 7.85 B8.64 5.98 6.55 5.56 6.19 6.36 4.41 5,10 6.19 4.46 3.95 5.07 5.68
Cal 10.69 8.45% 10.26 2.34 9.315 11.57 2.4l 11.20 10.28 1¢.01 10.97 10.27 10.69 10,40 9.50
Razﬂ 2.71 3.39 3.00 2,87 2.9% 1.96 2,70 .20 2.&1' 2.46 2.26 2.30 2.33 2.17 3.17
K30 1.30 1.39 0.88 1.21 1,26 0.67 0.96 0.80 1.01 0.66 G.90 0.79 6.35 0.39 1.64
R0/ Nz 50 0.98 0.41"7 0.29 0.42 0.42 .34 0.36 0.36 0,642 0.25 0,40 0.34 0.24 0.18 0.33 Eé
Fe,03/Fep0y+Feld  0.44 0.35 0.41 0.37 C.42 0.65 0.38 0.45 0.46 0.30 0.46 0.35 0.31 g.32 0.40
alkel 18.26 20.G7 21.37 21.50 21,27 22.09 22,04 21.52 22,15 21.49 21.98 20.70 21.78 20,87 21.48
Average from

analyses 12 7 6 37 67 7 44 14 22 9 13 7 6 32 12

Footnotes to the table:

Anaglyses 1, 1 -~ Northeru Kamchatka — Olyutorsky block; gnalyses 3, &, — Sredinny Ridge volecanic zone; 5 - Central Kamchatka Depregsion; 6§, 7, - Souther

and Eastern Kamchatks; 8, 9, - Northern Kuriles; 10 — Central Kuriles;; il, 12, — Southern Ruriles; 13 — Norch-East Hokkaldo; 14 — Nasu volcanic zone,

NE Japan; 15 - Chokal volcanic zone, inner zone NE Japan; 16, 17, — Fossa Magna wvolcanic region; 18, 19, — Izu, Marian Island arcs; 28 - Shikoku South—

Western Bonshu (Dalsetsu volcanic zone):; 21 ~ Kirighima volcanic zone, cuter zone of Kyushu island; 22 - Unzen - Kudju volcanic zone (faner zone on

Kyushu island); 23, 24, — Eastern Sunda Island arc; 25, 26, — inner Java volcanic zone ({nclude volcanoes Tangkuban, Prahu Tjarmet, Slamet, Dleng,

Ungaran); 27 - Krakatau volcano (outer zone of Sumatra); 28 — Innex Sumatra zone;

Islands, Aleutisns; 32 - Fox [slands, Aleutians.

Analyses 1-28 by Erlich (1973); analyses 29-32 by Gorshkov (1965).

29 - Ryukyu Island arc; 30 — Rat Islands, Aleutisans: 31 - Andreanoff



Fig. 101, Diagram of average chemical composition of Quaternary volcantc
rocks from the western Circum-Pacific and way of their differentiation by Zav-
aritsky”s method (Erlich, 1973). 1-8 average intervals by §1045, Roman
numerals denote average composfition of basalts of oceanic Islands and
continental fields of flood basalts (correspond with numerals of analyses in
Table 7). Arabic numerals denote average composition of Quaternmary volcanic
rocks in different regiong of Circum~Pacific (correspond with numerals of
analyses in Table 8). 9 - variation lines of the average chemfcal
compositions of volcanic rocks frow different regions from the western Civcum
Pacific; 10 - variation lines of average coamposition of volcanic rocks from
Hawail and Galapagos islands; 11 ~ field of figurative points for chemical
composition oou volcanle rocks from Klfuchevsky voleano; 12 - fileld of
figurative polnts of basalts from Auckland and Koromandel (rear volcanic zone
of North Island, New Zealaud); 13 — figurative points of the chemical
compo3itions of volcanic rocks from some Ramchatka shield volcanoces; l4 -
direction of differentiation for ¥Figures 10l and 103 widespread in USSR method
of Zavaritsky (1950) is used. By this wethod each analysis is shown by a
vector in two projectionms, Chemical composition is recalculaced to molecular
quantities. Parameters a, ¢, b,8 are calculated in percents from the total
molecular quantities. Parameter (a) shows the alkali content {n rocks, (b)
the content of mafic components including Ca0 contained 1in pyroxenes, (c) the
conteat of arorthitic lime ad s - acidity. Vector inclination ia the left
part (plane csb) reflects the ration of Kzo (horizontal axis) to Nash:-
(vertical axis). Vectors in the right part (plane asb) reflect the rario of
Mg, Fe, and Ca (in pyroxenes) for normsl rocks. For A}203 oversaturated rocks
the vector on the plane asb shows the ratlo of Mg, Fe and Al excess. In this
case the vector is iunclined to the lefr. |
Simplification of this methods used ou Fig, 101, uses only points witbOut
vectors. The same simplification was used by Gorshkov (1970).

209



10

15 a

G

el xﬁ : \
arnZ AT
9 oot
upa'® - alg
[ p=
s =/
T Aeu L]

4 100 48%
e2 - 53
83 - §7
o4 — b1

Agyid

[
d

210

B
~

<

[
z
>

L4 <
<

N
\

N

o—-

=n

—(4

o5 - 65
Af6 - 69
7 -3
a8 - /J
a A 10

12 gs

Nw



Table 8

Average Chemical Compositfon of Basalts from Different Regions of the World

\
X 16 S § 5 S 01 v VI vI1 7 vIlr X X - XTI  XIX  XLII XIV XV X¢I  XvIIl  KVIIT  XIX
510, 50,0 52,5 51,3 49,8 49,98 50,66 45,0 48,35 46,46 49,36 45,6 46,5 50,0 48,3 49,3 43,8 50,3 48,73 49,62
110, — 1,0 1,9 1,7 2087 1,33 — 2,77 301 2,5 1,8 1,7 —— 2,0 0,6 1,4 1,6 0,63 0,87
Al,04 13 15,4 14,0 15,0 13,74 14,28 15,0 13,18 14,61 13,94 18,2 20,9 15,0 13,3 15,8 17,3 19,1 16,53 20,37
Pe,0y 13 1,2 3,3 2,7 2,37 3,4 13,0 2,35 3,27 3,03 7,3 1,6 11,5 5,0 3,7 45 &7 3,37 2,61
Fel 9,3 10,1 10,2 11,60 8,58 9,08 9,11 8,53 5,0 6,2 6,6 7,3 5,6 5,0 B4 6,71
Mn0 0,2 0,3 0,2 0,24 0,32 ~— 0,04 0,14 0,06 0,3 0,2 --— 0,2 0,2 0,01 0,1 0,29 0,17
Mg0 5,0 7,1 5,5 65 473 692 80 9,72 8,19 8,4 §0 59 85 9,5 9,4 63 &3 828 4,05
Cal 10,0 10,3° 9,8 10,9 8,21 8,60 9,0 10,3% 10,33 10,30 10,2 12,8 8,5 9,9 11,5 11,8 11,0 12,25 __,@Nmm
Na,0 2,4 2,1 2,8 2,2 2,92 2,92 2,5 2,42 2,92 3,13 1,2 2,6 30 3,4 1,8 2,5 2,6 1,21 1,89
X0 1,2 0,8 0,7 06 1,29 90,72 0,5 0,58 0,8 0,3 0,8 0,4 102 1,8 0,4 0,7 1,3 0,23 0,3
P,0s -—- 0,01 03 0,2 0,78 -~ -—=- 0,34 0,37 0,26 0,07

R0+ m— e

0,39

Footuotes to Table:

I - tholeftic magmatic types by Kennedy; IL -~ average dolerite Ksrroo; IXI - average basalt, Deccan; 1V - average basalt, Siber{an trapps; V - basalc or

Oregon, average Erom 6 analyses; VI - basalts of New Jersey, average from B analyses; VII — olivine~basalt magwatic type, by W. Kennedy; VIII - Hawail,

average olivine basalt, Hswgii; IX - alkaline olivine basalt, zutmuu..n<onmmn from 28 analyses; X - tholeitic basalt, Hawaii, average from 18] analyses;

XI - gliviae bagaslt, Galapagoss Islands; XIT - tholeirtic bssalt, Cslapagoss Islands; XIII ~- parantal magma for province of olivine basalcts, trachytes

~aad phonolites, Victoria, Australis, average from 23 analyses; XIY — bssalt, San Maztin valcano, Mexico, 1 asnalysis; XV — basalt, Cerro Negro volcaso,

flow of 1947,1 analyses; XVI - basalt, Nicatragua, average froam & snalyses; XVII — basaltic andesite, MNlcaragua, average from b analyses; XAVIII -

pargntal magas of pigeonitic series, Izu-YHakone proviace, average from 2 analyses {some oversaturated sphiric olivine basalts); XIX — olivine basalt,
plgeonitic series, close to parencal msgma, Hakone.

Analyses 1, V, VIT, XIII, XVLIX, XIX, from the work of Tecrner and Verhoogen (1960), II, XV, VIII, from the work of Barth (1955), IX, XII, XIV, IXII from
Gorshkov (1970).

‘



Table 9. Low alkaline tholetlic basalts from some Kamchatka caldera volcanoes.

$10, 49.58 52.05 49.42 53.94 49.02 52.57 57.88 49.34 51.78
Ti0,  0.76 0.86 0.92 1.00 0.95 0.85 0.72 1.18 0.95
Ae;03 18.98 18.36 19.10 17.75 20.22 17.77 16.10 20.65 18.45
tey03 . 4.15 3.95 5.29 3.94 4.11 3.34 4.57 6.60 3.00
FeO 6.09 6.63 3.50 5.45 7.18 7.30 4.43 2.93 7.03
MaO 0.17 0.11 0.19 0.11 0.18 0.19 0.18 0.26 0.29
g0 6.01 5.39 4.84 4,56 3.84 4.73 3.50 2.64 4.21
€a0 10.59 9.62 8.4] 9.15 11.19 9.15 7.42 10.73 8.51
Na50 2.29 2.37 2.70 3.15 2.55 3.05 4.00 2.58 3.74
K40 ‘ 0.36 0.30 0.28 0.5 0.19 0.39 0.60 0.60 G.60
H50- 1.00 0.10 - 0.00 Less than Less than Less than 1.78 0.26
H,y0+ 0.32 0.00 — 0.09 0.5 0.5 0.5 0.30 0.54
P,05 0.19 0.13 0.06 0.05 0.07 0.15 0.11 0.30 0.09
co, 0.00 0.66 4.78 0.28 0.31 0.21 - — —

Total 100.49  100.50 99,99 100.15 99.50 99.50 99.50 99.87 99.45

1~-2 Zheltovsky volcano (after Masurenkov, ed., 1980); 3-4 Zheltovsky volcano (after Masurenkov, ed., 1980); 5-7 Ksudach
volcano (courtesy of Solovieva); 5 pre-caldera bassalt; 6 basaltic dike of caldera-forming stage; 7 post-caldera Stlbel cone,
formaed In 1907; B-9 Uzon Geyzernaya caldera (after Naboko, ud., 1974).

Two analyses were taken from each volcano in order to show changes in alkalies with increasing silica content.

.
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pair of parallel volcanic belts (Nasu zone, northesst Japan, southerm and
eagtern Kamchatka). In Kamchatka to this type belong basalts from geveral
caldera-volcanoes: T1'insky, Zheltovsky, Ksudach, Uzon, Stena., Examples of
analyses of such basalts from Kamchatka caldera volcanoes are shown in Table
9. In both cases, for volcanic belts 1s characterigtic presence of basaltic
volcanoes on which outbursts of dacltic pumice are developed.

On some calderas of Kamchatka and Japan can be seen, that just after
caldera—~forming eruption of dacitic pumice in ever kind of places, from which
such pumice can be erupted (i.e., radial and arcuate dikes and centrsl vent)
come typical low-potassium tholelites. So it is possible to suggest, that
dacites represent the uppermost part of a magmatic column, lower part of which
i3 composed by tholeiitic basalts. So specific features of low—potassium
tholeliites chemistry appears to be due to a gspecific type of aruption.
Sometimes the changing of dacitic pumice by low-potassium tholeiites was
observed during a sinpgle eruption -~ Ksudach volcano la south Kamchatka,
eruption in 1907, Oshima volcano, northernmost lzu islandg, eruption in
1956, The primary magma which {8 divided in all these cases on dacitic and
tholelitic parts is high—-alumina basalt. It is interesting to note, that in
caseg where such volcgnoes are cut by linear zones of monogenetic volcanoes
and cinder coneg, all these forms are composed by high-alumina basalts.

In all the above mentioned volcanoes and many others, when a contrast
geries of rocks were formed in both types of rocks—dacitic pumice and low-
potassium tholeiites a characteristic type of incluslons were pregsent. These
inclugions ranging in size from 1-3 cm up to 1-2 m in diameter are on 80X
composed of anorthite No 90-95, and other 202 of thelr volume are composed by
olivine, pyroxene and basaltic glass. With all the features of chemical and
minerselogical composition it is only a single type of terrestrial anorthosites
which {g the same as a Lunar anorthosites (see Table 10). The presence of
anorthositic inclusions in both types of rocks either in dacitic pumice or
tholeiitlc basalts, zonal texures in some of thesa Inclusions (sometimes with
druseg of anorthite crystals in the center of inclusion) indicates, that the
origin of such inclusions {8 connected with the geparation of two independent
parts ~ dacitic and basaltic, from parentel magma, and this separation takes
place 1o the upper part of the magmatic column.

The generation of low—potassium tholeiites as a result of the geparation
of a great amount of gilicic pumices from a parental magma can be very
widespread. On thig probably indlcates floating flelds of pumice observed
practically in each cage of a submarine eruption on oceanic volcanoes. Wolff
(1929) indicates that on Atlantic beaches of Argentina there are present a lot
of pumice. But the nearest gsource of their eruption can be connacted only
with volcanoces located along the Mid—-Atlantic Ridge.

It i1g possible to suggest, that the difference Iin compogition between
low—potagsium oceanic type tholefites and high-alumina basalts Is connected,
not with a different composition of the primary magmas, but rather with a
different behavior of $10, alkalies in the single parental melt, but under
different conditiong. In one case--high-alumina basalts, silica {s preserved
in parental melt and sequence basalt—andesite—-dacite-rhyolite was formed. 1In
another case--low potasgsium tholelites, silica 1s evacuated by volatiles from
primary melt and 1g concentrated in dacitic pumice.
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Table 10

Composition of avorthosite inclusions in volcaunle rocks of Ramchatka (from

Exlich and Gorshkov, eds., 1979).

1 2 3 4 5 6 7
$10, 40.10 41.22 42.82 39.46 42.74 46.0 45.4
T10, 0.42 0.13 0.10 0.42 0.16 0.3 traces
41,03 27.15 24,06 25.03 26.39 26.46 27.3 33.8
Fe)04 4,13 1.65 0.90 1.56 0.76 —— -—
Fe 5.40 5.55 4.66 6.04 4.16 6.2 2.8
M0 0.12 0.12 0.10 0.10 -— 0.1 0.1
MgO 7.97 12.69 9.42 9.71 11.09 7.9 1.7
Cad 13.35 13.38 15.94 15.64 14.15' 14.1 17.5
Nay 0.95 0.34 0.50 0.69 0.73 0.3 0.4
Ko0 0.15 — - 0.32 0.04 traces traces
HyO 0.06 0.50 0.12 0.06 0.03  ~— —
Hy0~ 0.78 0.12 0.10 —_ — — _—
P05 —- -— — 0.03 0.03  ——- _—
€0, 0.09 — -— _— — - _—
Total 100.67 99.76 99.60  100.80  100.35  102.5  101.7

Analyses l-5>——Anorthosite inclusions in cale-alkaline rocks of Kamchatka
and Rurile islands (accoding to Bogoyavlenskaya and Erlich, 1969); analyses 6,
7—~lunar anorthosites (according to Wood et al., 1979).
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Proposed model of origin of low-potassium tholeiites does not exclude the
possibility of their origin in process of partial fusion of the Upper Mantle
matter. It 1is important to note that {in this last cage, low-potasgium
tholelltes are characterized by some increase Mg(0 countent,

Way of low-potassium tholeiites evolutfon — Engel's gequence and its
connection with Kuno's sequence.

The differentiation of mafic low-potassium tholeiites is well studied on
Hawaii and other oceanic volcanoes. In a general way thelr evolution lead, in
it's final stage, to the formation of alkalic olivine basalts. It is
important to note, that this line of differentiatlon has opposite tendency in
comparison with Runo's sequence. This process of differentiation was
characterized by a steady Iincrease of mafic components content and alkalies
concentration and simultaneous decrease of anorthitic component content. The
final member of this sequence was represented by alkaline olivine basalts. In
1ts classical form this way of evolution was described in Hawaii by Macdonald
and Katsura (1964), It is possible to call this sequence Engel's sequence in
name of the distinguished American petrologists who studled oceanic basalts,
A. E, G. Engel and C. G. Engel.

On island arcs and in gimflar geotectonic systems, Engel's saquence is
developed as complementary in the process of Kuno's sequence development.
Tendency to euch process of development was described during the lagt eruption
of Tolbachik volcano (Fedotov, ed., 1984), where eruptfve products of an
earlier, northern breakthrough were represented mainly by high-~alumina basalts
and the eruptive products of a later, socuthern breakthrough were represented
by basaits enriched in MgO. The appearance of tholelitic basalts 'in the
process of Kuno's sequence development reflects the changing of the magma-—
generation zone composition as a result of an accumulation in the root part of
the feeding channel of the Kliuchevgky-Fuji type of volcanoes magmatic
residues, which corregpond to Engel's sequence, Thig leads to the changing of
the Upper Mantle composition in the roots of volcanoes and by this means
creates premises for the next gtage of tectonic development, and in particular
the transition to trachybasaltic volcanism. It is very characteristic, that
the average bagalt composition in mature orogenic regions (for example in the
North Ramchatka—-Qlyutorsky block) belong to this type, which can be defined as
alkaline tholeiitas. Thesa tholeiites have the same trend of evolution as
oceanic tholelites - to alkaline olivine bagsalts. BRasalts of Auckland and the
Koromandel region of North Igland, New Zealand, belong to the normal type of
alkaline olivine basalt.

General problems of genesis.

The preseunce on island arcs and Kamchatka-type geotectonic systems of two
stable types of basalts and connected with them different associations of
volcanic rock (continuous row basalt - andegite - dacite — rhyolite versus
contrast basalt-dacite, or even basalt-rhyolite series) permits to propose a
new approach to the explanation of some general petrochemical regularities.

Due to the diffevence in tectonic conditions in frontal and rear volcanic
belts (in case if a pair of volecanic belts {s present) or in frontal and rear
parts of a single volcanic belt there will be different proportions of two of
the above mentioned types of basalts (Fig. 102).
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Fig. 102, General character of petrogenetic oxides distribution in Quaternary
basalts from outer A and inner B volcani 20nes. For column A 179 analyses
were used and 2349 from column B (after Erlich 1973).
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Such different proportions of two stable types of basalts reflecting the
difference in tectonic conditons and explains the increasing alkalies content
in basalts much better than an existing model which is connected to it by the
increase of earthquakes foeci in the same directionm.

So the difference in alkalies content between frontal and rear velecanic
zones is an important characteristic of the tectonic regime in certaln
geotectonic systems (Table 11).

The machanism of the geparation of silica and alkalies from parental
magma 18 still unclear. Nevertheless, it 1s possible to suggest different
levels (and probably different mechanigms) of such separation. One, as we
saw, 1g separation in the upper part of magmatic column. Another way, can be
separation in process of transformation of lowermost horizons of the Crust, a
kind of ultrametamorphic process. But in any case and on any level, silicic
part of primary matter is evacuated by volatiles,

Interesting examples of such process, going even under surfgce
conditions-in lava flows, are described in different volcanic regions in
western North America: Northern Califoruia, Eastern Cascades, Modoc Plateau,
Togiak Peninsula and Nunivak Island, Alaska, and some part of Columbia
Plateau. In all these regions within bagsaltic covers and flows, 1.a.,
practically on the surface, there pregent vesicle cylinders, filled by silicic
volcanic material. Descriptions of such vesicles have been recently
summarized by Goff (1977). Composition of host basalts in these cases can be
different, from tholeites to high—-alumna basalts and alkali olivine basalts.
Near vertical vesicle cylinders range in diameter from 2 to 20 cm. Vertically
they are traced for several meters. These cyllindars began growth within 0.5 m
of the flow base, or on any higher level in the lower half of the flow., The
lavas containing vesicle cylinders show the dihotaxitic texture, ascribed to
water vapor exsolving from the melt during the last stages of
erystallization. The lagt residues of golidify within the eylinders consist
of dacitic-rhyolitiec glass, Fe—T1 oxides, anorthoclase, fayalite, aegirine;
vesicles may or may not contain crystobalite spherules. '

Sowe approach to physico-chemical mechanisu of such process of silicic
matter gseparation from primary matter under any physical conditions, melted or
not melted, is provided by experimental studies (Tuttle and others, 1978).
Thege authors studied the behavior of the basalt sample under pressure 10
kbars in presence of water, under {nfluence of the temperature gradient
without melting. As a result of the experiment, agfter a week in the
relatively cold end of the capsule, there was a concentration of about 25% of
granitic matter (as it 1s known, In process of fractional separation of
gllicic melts from basaltic magmas thelr quantity does not exceed 5% from the
primary volume). The most movable components in this process have naturally
been silica and alkalieg. Separation of fractlons, euriched in ailica can
have place as in form of melt 8o In form of fluid.

Another way of evacuation of silica and alkalies from parental melt is
provided by geotherms. Connection of geothermsl fielids with fluids strongly
enriched by silica and alkalles with calderas volcano-tectonic depressions and
other types of structures which control silic volcanism 18 well known. So it
is enough to mention here such greatest geothermal systems as Pauzhetka, Uzon,
Geyzer Valley, Great Semiachik, Bolshe-Banny and Paratunka 1in Kamchatka,
Goriachy Pliazh and Goriachy Lake on Kunashir Island, Southern Kuriles,
Wairakey and Wafatapu in Northern Islgnd, New Zealand, geothermal fields of
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Table 11

pifference In alkslies content in basalts from frontal and inner volcanic
zones of some island arcs and similar with them geotectondc systems (Erlich,
1973)

Pairg of volecanic belts aNa,0 4K70 A2(Nap0 & X90)
Nagu—-Chokai, 1.1 0.8 1.9

Kirighima-Unzen-Kudju 0.8 0.6 1.4

Krakatau volcano-inner zone of Sumatra 0.56 0.52 1.08

Northern group of Great Kurile chain-
Western volcanic zone of Kuriles 0.2 0.4 0.6

Eastern Kamchatka volcanice zone-
Srediony Ridge volcanic zome 0.3 0.3 0.6

Central Kamchatka Depregsion—
Sredinny Ridge volcanic zome 0 0 0

218



Kudju and Unzen regions on Kyushu, Usu on Southern Hokkaido, Geyzers of
Yellowstone National Park, localized in connection with great centers of
gilieic volecanism. It is possible to suggest that well—knowpn association of
spilite-keratophiric belts with enriched in silica sediments (radiolarites,
jasperolds and so on) also in part is the result of evacuation of silica from
parantal basaltic melt by geotherms.

General Pecularitieg of Silicic Volcanism

Geologlcal pecularities
General geological features, characteristic for siliecic volcanism on
island arcs and similar with them geotectonic systems are:

1. The great scale of process, which lead to formation of volcanic products
different 1n scale and composition in different types of geotectounic
systems (normal island arcs vs Kamchatka-type geotectonic systems), but
certain in certain types of geotectonic systems and I{n certaln epochs.

2. Short time intervals of epochs of gilicic volcanism and synchronlety of
these epochs in great territories (probably in global scale).

3. Independence of the degree of any kind of deep-seated process (different
types of heat flow reflected in volecanism, metamorphism, hydrothermal
process and g0 on) from the degree of subgidence of certain structures,
which is emphasized by overlapping character of the main voleanic centers
and their close connection with deep—seated faults. -

General features of silicic volcanic rocks mineralogy.

As has been noted by Erlich and Melekestsev (1974) usual associaton of
phenoccrysts in silicie volecanic rocks either for caldera-forming or post-
calders stages of silicic volcanism 18 quartz, acid plagiocalase,.
hypersthene. Absence of K-feldspar as in form of phenocrysts so in groundmass
of these rocks indicate that temperature of rock formation exceed minimum in
the system, plagioclase-~R-feldspar--quartz.

This conclusion is confirmed by the absence of quartz in form of regular
well-formed phenocrysts. It is met rather in form of xenolith-like, partly
melted graina. Temperature of crystallization of these grains 18 1190-12600°C
on the first stage and 800-830°C on the last stage of crystallization. In
parallel with decreasing of temperature, composition of gases in fluid
tnclusions changes regularily (Bakumenko and others, 1970).

Although accessory minerals are not 8till well studied, often finding of
almandine in silicie rocks is marked. Garnets of almandine ~ pyrope serie
from silicie effugsives occupy intermediste position between garnets from
metamorphic complexes and shallow granitoid intrusions (Marakushev, Tararin,
1964). Olivine is constantly present as accessory mineral. Very
characteristic {8 also pregsence among accessory minerals native metals and
minerals - Indicators of high pressure. So in unaltered obsidiansg from
Khangar volcana is found native mercury, in siliecic andesites from extrusive
domes on Avacha volecano 1s found native lead, for the region of Xurile Lake ig
characteristie, native tin. Also very characteristic is finding of molssonite
(S1C) 1in silicic volcanic rocks. All these facts indicate on the possibility
of high pressure and from another side — reduction conditions in the moment of
crystallization of silicie voleanic roecks.
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At the gszme time in rare case, when gilicic volcanic rocks lie on
metamorphlc terranes (Khangar volcano) - telict minerals of gnelsses and
crygtalline shists are absent. It indicates on high temperatures amd presgure
in the early stages of silicic magma crystallization, which lead to the
dissolving of such winerals.

Specific features of volcanic rocks chemistry of caldera-forming stage.

Speaking about characterigtic features of rocks chemisty on caldexa-
forming stage, it is possible to note for the first, the uniformity of rock
chemistry and the abgence of any connection between it and composition of the
bagsement of volcanoes. Second, it is possible to note close connection of
petrochemlistry of these rocks and rocks of basalt - basaltic andesites geries
of pre-cvaldera stage of voleanism. The last feature is observed in both
cases: when calderss inherited their positon from pre—-caldera volcano, or on
opposit - when a caldera is superimpogsed on non-volcanie basement, In the
last case comparison can be produced with pre-caldera stage of volcanism in
the region as a whole. For the rvocks of caldera—forming stage of volcanism 1is
characteristic comparatively swall (2-37 in rare case — 5%) quantity of
phenocrysts. For general chemistry of the rocks of this certaln stage 1is
characteristic increased role of X 0' 0 + Kzo ratio of this rocks changes
from 0,5-0.7 for the most silicic rocks w%thin basalt — bassltic andesite
serie to 0,8-0.95 in silicic pyroclastics of caldera-forming stage. Important
specific features of volcanic eruption on the caldera-forming stage — ahrupt
change of voltaile phase quantity and its role in the volcanic procese, which
lead to the explosions of Katmaian and Pelean type.

Specific features of volcanic rocks chemigtry on post—caldera stage.

On post—-caldera stage of volcanism 1n all cases is obgerved decreasing of
alkalies and anorthite content in comparison with the most silicic members of
basalt - basaltie¢ gndesite row. 1In the result on the petrochemical diagrams,
characteristic bends are observed. Such plcture remind paantelleritic
tendency (Zavaritsky, 1950). This picture is observed as in process of single
volcano development (Gorely, Zimina, Sheveluch) so within entirely
geologlcally connected groups where some volcanoes represent line of
development from basalts to bagaltic andesites (1.e., before the bend on
petrochemical diagrams), and another -s{licic andesites or dacites — after the
bend (Kliuchevskoy and Bezimianny volcanoes respectively) (Fig., 103).

Changing of ratio of alkalies and feldspar lime is accompanied by other
petrochemical changes: abrupt decreage of Ca and Pe content and appearing of
rockyg overgaturated by alumina, general sequence and character of volcanism
process also were changed. It becomes charascteristic shoxrt reversal
(antidromic) cycles of volecanic activity with the evolution from mafic to
g8ilicic rocks within a single eruption. In this conmnection eruptions of
Bezlmlanny (1955-1956) and Sheveluch (1945) are characteristic (Meniaylov,
1955, Gorshkov, Bogoyavlenskaya, 1965). The same was observed in process of
other volcanoceg development. So, after outburst of rhyolite pumices on the
Kurlle Lake caldera, andesite-dacitic Diky Greben extrusive dome had been
formed. Y. Katsul (1963) noted, that this is characteristic for development
of volcanic process on post—caldera stage for all post-caldera volcanoces in
Hokkaido.
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The most siliceous volcanic rocks, formed during the first stages of
antidromic cycle has as a rule alkalies content, which correspond to the
normal development of basalt - basaltic andesites row. In those rocks
oversaturating of alumina is not characteristic. In process of formation of
more mafie rocks, during antidromic cycle, quantity of alkalies decreased and
the curve which reflects this decreasing does not coincide with normal curve
of the Mantle-derived basalts and bagaltic andesites of pre—-caldera stage of
volcanism. In this process all above mentioned characteristic features of
chemistry are formed.

For the composition of rocks of post—caldera stage of volcanism increased
role of crystalline phase Is characteristic, In the result quantity of
phenocrysts on this stage In average is equal 5-10% and in maximum reach 15~
25%. Simultaneously on the last stages of post—caldera complex formation have
place extrusion of almost pure glasses, which correspond to the most siliceous
rocks—rhyolites. Process of the crygtalline phase accumulation and
fractionation of pure glass (as a result of squeezing under the preasure) is
the leading process of differentiation on this stage.

All these characteristic features become stronger during post-caldera
stage of volcanism.

For the rocks of post—caldera stage it {8 characteriatic presence of
partly melted cognate granitoid inclusions, which are completely absent in the
rockg of caldera-forming stage. This has been shown for the Rarymsky volcano
(Ivanov, 1970; Masurenkov, 1969). Speclal checking shows that such xenoliths
present on Khangar volcano only in rocks of the main dowme and products of the
last catastrophic pumice eruption, so only on the post—caldera stage. The
same has been observed on Uzon caldera, where granitic xenoliths present only
in pumices of the latest eruption and gsome post-calders extrusive domes. The
game hag been observed on the Ichinsky volcano. By the data of Ivanov (1970)
granitoid xenoliths on Karymsky volcano are characterized by the same
petrological features as lavas of the post—caldera Karymsky voleano.

Leonova, Udaltsova and Ivanov (1969) mark similar content of the rare and
radioactive components in bagalt-andesite complex of pre—caldera pra~Karymsky
volcano volcanie rocks, post-caldera lavas and granitold xenoliths.

All these petrological data and connection of thig complex with calderas
show, that it's specific features reflect crystallization within intrusive
chambers, located in the Crust and feeding post-caldera volcanoces. Systematic
character of deviations from the normal way of crystallization, which are
obgserved for different centers in different regions show, that the main role
in itg formation play not the process of the host-rocks assimilation but
rather crystalline phase accumulation, gas transfer and filter-pressing.

Geuneral problems of genesis of silicic volcanle rocks.

Speculating on the nature of silicic volecanism it 18 possible to remind
mentioned above close connections between silicic and bagaltic volcanism as in
geology, so in mineralogy and geochemistry. In the game time overlapping
character of main centers of gilicic volcanism, absence of any dependence of
voleanic rocks and composition from the composition of the basement of
volcanoes indicate om absence (or at least Insignificant degree) of
agsimilation of the Crust material. Sr and He isotope data also support ideas
about mantle origin of silicic magmag in island arcs and similar with them
geotectonic systems (see Tables 12, 13).




Table 12

Strontium isotopes 1in Quaternary volcanie rocks from Southern Kamchatka

(After Masurenkov, ed., 1980)

Types of rocks 3102,z K20, Rb sr, g/t (37Sr/368r)
Name of volcano g/t

Bagaltic andesite, Cherniye

Skaly volcano, Pauzhetka

region 57,71 1,61 29 460 0,705440.0002
Basaltic andesite, volcano

with height 1102 m,

Pauzhetka Region -— 0,74 10 450 0,703540,0003
Dacite, I1'insky volcano 64,88 1,31 14 358 0,7054%0,0002
Ignimbrite (andesite-

dacite), Gorely volcano 62,70 2,64 46 393 0,7034
Ignimbrite (dacite),

Ksudach volcano 62,40 0.99 14,5 322 0,7033
Ignimbrite (dacite),

Pauzetkg River 68,41 1,29 9 350 0,703640,0003
Ignimbrite (dacite), .

Golygin Mountains 70,39 1,77 26 300 0,702340,0005
Ignimbrite (rhyolite),

Golygin Mountains 71,89 1,64 25 400 0,703640,0002
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Table 13

Content of lithium, radicactive elements, helium, argon and strvont{ium in dacites and rhyolites from Kamchatka volcanic rocks
(after Tolstikliin and others, 1976).

Number K L1 Rb - Sr U Th >nmmaA :mb ﬂmu Isotopic Ratio
of Weight measured calculated Age
:mp accepted
Samples percent g/t Ansu\wmmﬂu .10-8 sr87 /586 >nwwa He3/He®.10-6 jears
1 3,25 45 72 195 2 6,8 146 5,0 3,1 0,702 0,03 0,63 0,022 (7-11)-10®
20,002
2 2,12 22 --. -—— 1,6 5,4 10,6 1,7  6,3% — 0,16 3,17 0,013 104
. <
A
3 2,85 22 — — 3,0 6,2 32,7 2,1 8,6* — 0,06 4,1 0,013 103
4 1,31 14 18 328 1,1 5,4 26,3 7,1 3% 0,704 0,06 22 0,008 10
£0,002
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It 18 characteristic, that “"mantle-type"” isotope ratio of Sr and He ere
typlcal for volcanic rocks from different volcanic zones and different stages
of volcanism—either ignimbrite and pumice of the wain caldera—foruming stage or
lava flows and extrusive domes of post-caldera stage of volcanism (Hedge and
Gorshkov, 1977, Masurenkov, ed., 1980a, Tolstikhin and others, 1976). Ideas
of mantle—origin of silicic volecanic rocks do not contradict modern
experimental and physico-chemical data (Matsumoto, 1964).

Way of origin may be differemt. By quantitive correspondence of siliclc
volcanic rocks with basaits two cases can be digtinguished., From one side we
saw, that some basaltic volcanoes are characterized by outburats of dacitic
pumices, which probably form the uppermost part of magmatic column, But in
the game time a lot of cases indicate that silicic magmas which come to the
surface are resulr of the same kind of deep-gested process, In this case to
the surface even on caldera-forming stage of volcanism come great amount of
gllicic voleanic material with absence or abgolutely insignificant amount of
basalts and basaltic andesites. Such great volumes even in case when some
bagalts also are present it is difficult to produce directly from basalts by
any kind of differentiation.

Bere it is possible to indicate a close connection between siliclc
volcanism, rejuvenation of metamorphic belts and granitic¢ intrusions. In all
cases, when erosion ig deep enough, it i3 marked coincidence between
radiometric age of thegse three types of formations (rejuvensted metamorphigm,
granitold intrusions and volcanic rocks series, formed in process of silicic
volcanism)., In Kamchatka, Japan, New Zealand, it {s seems that metamorphic
terranes were formed long time before the maln phase of silicle volecaniam, but
during perlods which coincide with impulses of silicic volcanism there have
place general uplift and repeated phase of potasgium metasomatism. So, in
Median Massif of Kamchatka the most anclent radiometric data for metamorphic
rocks is about 178 mln. years, a lot of samples have radlometric age 40~45
mln. years, which coincide with age of granitic intrusions which cut these
metamorphic series and at least there present gome rocks with age 5-6 mln.
years which corresponds with youngest granitold intrusions in the region. Iu
southwestern Japaun, metambrphism of the Ryoke belt by geologlcal data have
place In time interval between Middle Permifan and Late Trlassic periods
(Minsto and others, eds., 1965). But radiometric age of metamorphic rocks
correspond with the age of granitolds comagmatic with ignimbrites and tuffs of
Nohi sequence (Shibata, 1968). By the geological and K-Ar data the main phage
of metamorphism on the South Island, New Zealand, belongs to pre~Upper
Jurasgic time. In the same time K-Ar ages of biotites from gneisses in areas
cloge to the Alpine fault are equal 4-6 min. year. These figures correspond
with time of impulse of Bilicic volcanism In che Hauraki province, North
Island and intengive uplift of the South Alps. In this connection two
additional facts hasve to be mentioned: (1) Gnelsses of high-grade
metamorphism for the first time appeared in New Zealand 1n pebbles from
Pleistocene sedimentary sequence; (2) along the Alpine Fault recent hot
springs are widely developed.

These facts lead Hattori (1968) to the conclusion that the last phase of
metamorphigm along Alpine Fault haeve been connected with uplift during time
interval 4-8 mln years and tectonlc and thermal events connected with final
movements of this phase are continued up to now.
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It is8 possible to remind mentioned in Chapter I coonection between
centers of gilicle volcanism and recently develoved zones of high-temperature
metamorphism in immediate closeness to deep—seated fault zones. Mentioned
above common ggsociation of phenocrysts in gilicic volcanic rocks: quartz,
acld plagioclagse, hypersthene, accessory olivine and almandine is very close
to such association in charnokites. Same also 1s usual in both cases rocks
association: plagiogranites (or their volcanic analogues), gabbro (or
basalts) and anorthosites (or anorthositic.inclusions). Similar also are
temperatures and pressure conditions typical for both rocks assocfatons.
Marakushev and Tararin (1964) indicate on analogy in couposition of
charmokites and granitoid {ntrusions in Kurile-Kamchatka zone. This analogy
have been extended by Erlich and Melekestsev (1974) who thought that silicie
volcanism in {sland arc system reflect process of charnokitization of the deep
horizons of the Crust.
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CHAPTER VI
TYPES OF CALDERAS AND MODE OF THEIR ORIGIN. REGIONAL COMPARISONS

In the development of different forms of calderas there exist a tendency
to two different kinds of movements which appear around volcances in
connection with volcanic activity.

The firgt is the tendency to subgidence in connection with discharge of
magmatic materlal and consequent decreasing pressure.

The second 18 the tendency to uplift connected with doming 1o process of
emplacement of magma intrusions in the upper horizons of the Crust and
increasing pressure on the roof of the magma chamber.

These two tendencies reflect two opposite ways of caldera formation, but
gtructures created in the result of both processes are similar and so
processes are convergent.

STRUCYURES CREATED IR THE RESULT OF DECREASING MAGMA PRESSURE.

In depeundence with level on which decreasing of magma pressure has place
it {8 possible to divide calderas of this group in two types. Decreasing
preggure in the both cases 1s connected with discharging of magmatic
material, Calderas connected with this type of process are asgoclated mainly
with basaltic volcanoes. Different type of discharging reflect different
levels of decreasing magmatic pressure.

The firgt group of caldera (or volcano-tectonic depregions) fs connected
with discharging of magmatic wmaterial through volcanic centers located inside
caldera (or volcano-tectonic depression).

The second group of calderas is connected with discharging of magmatic
material through the upper part of magmatic column which for a long time exist
beneath great central (mainly shield) volcanoces. Depending from the position
of the vents through which digcharging of magmatic material hasg place inside
the last group are divided;

- Hawailan-type calderas, where discharging has place through linear
system of vents (go~called rift zomes); and

- Galapagos~type calderas, where discharging has place through
concentric system of fissures surrounding central summit crater.

A, CALDERAS (VOLCANO-TECTONIC DEPRESSIONS) CONNECTED WITH GREAT BASALTIC
VOLCANOES (TOLBACHIK — ETNA TYPE STRUCTURES).

The first group of calderas connected with decreasing magma pressure 1s
assoclated mainly with greast basaltic volcanoes or group of volcanoces. These
volcanoces (or volcanic groups) are located within great circular in plan
depressions and their lavas flow to the scarps of relfef, which express
arcuate fault zones. Amplitude of displacement along these faults ranges from
100 up to 500 meters or more. Sometimes there exigt concentric system of
faults, outer of which divide uplifted blocks of pre-volcanic basement and
inner displace lower part of the central volcanic edifice (or group of
ed{fices). As it has been mentioned above, the central velcano (or voleanic
group) 1s composed mainly by basalts, but Sometimes also are present compound
volcanic groups composed by a bi-modal series of rocks = basalt - dacite or
bagalt - rhyolite. The area occupied by volcano—tectonic depression
experienced general slow subsidence. Good example of a great volcano-tectonic
depression of this type i3 representad by the Tolbachtk volcano—cecCOnic
depression (see Chapter III, 6.0).
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From the Chapter III it {8 possible to see that all laerge volcano-
tectonic depressions of this type in Ramchatka were developed on the
background of great basaltic shields (2hupanovsky, Great Semlachik, Ichinsky,
Iokaniush depressions, depression in which the Ksudach volcano is located).

Displacement along faults of the outer system on the Zhupanovsky
(Rarymsky) volcano-tectonic depression 18 comparatively small—it does not
exceed 100 m. JInside the structure are located two large siliclie calderas—
Stena-Soboliny and Polovinka calderas, which are associated with a great
amount of silieclc pyroclastic material. So one can refer to these later
eruptions of siliecic pyroclasticg as to a reason for subsidence along the
outer fault system (see Chapter IT1I, 5.2).

But displacement along outer ring faults on Ichingky volcano—tectonice
depression 19 quite large——geveral hundred meters, and {t 1s obvious that no
gilicic pyroclastics are connected with 1t The same i3 true about Inkanilush
volcano-tectonlc depression and {ts outer ring of faults, which surround
Kgudach volcgno. In all these cases development of subsidence along ring
faults 18 connected with the activity of basaltic volcanoes—-I1'insky,
Zheltovsky and Ksudach volecanoces (see Chapter III, 4.2-4.3),

Surprisingly these types of structures have been neglected in most
regions. In the Ruriles it 1s possible to recognize such structures on the
basig of the previous descriptions of the volcanoes—Tiatig volcano on
Runashir Island and Atsonupurl volcano on Iturup Island (see Chapter IT, l.3-
1.5). 1In Alaska lavas of the basaltic Venlaminoff volcano flow under scarp of
pre—volcanic relief (Fig. 104). Circular faults of the same type were
developed to the south of Ugashik caldera (Fig. 105).

k To thig type of structures belong probably great volcano-tectonic
depression around the Medicine Lake volcano, California (Heiken, 1972). The
game kind of structures appear around Fujil in central Honshu Island, Japan,
and Etna in Sicily, Itsly. These two volecano—-tectonlc structures are
dascribed below,

Fujl Volcano—-Tectonic Depression.

A jolnt analysis of geology and topography of the region of Fujl volcano
show that the volcanocas Fuil and Aghitake~yama are surrounded by uplifted
blocks with a height up to 1,000 m or more and composed of pre—Quaternary rock
complexes, To the north of the Fujil volecano these blocks consist of Early to
Middle Miocene andesites and basalts cut by intrusions of Pliocene quarte
diorites and granites (Geological map of Japan, 1:1,000,000; 1978). Some lava
flows Erom Fuji flow into areas of these deposits through erosional valleys.
To the south and southwest lavas from these blocks consist of Pliocene and
Upper Miocene to Pliocene mudstones, sandstones, conglomerates and
volcanoclastic rocks. Puji lavas flow over scarps of relief which bound thesge
blocks to not more than several hundred meters. As a result, a2 serles of
lmpounded lakes were formed along this scarp to the north of Fuji.

By all these data 1t is posgible to conclude, that Fuii volcano is
located in volcano-tectonic depression, circular in shape, with diasmeter of
about 50 km, From the southeast side volcanic rocks of Fuji and Ashitake-yams
clogse foothills of the Bakone volcsno. On geological map of Japan in scale
1:500,000 (sheet 8, 1982), faults are shown only to the north of Hakone
volcano and to southwest from Fuji.,

Summary of gtructural interpretation Is seen on Fig, 106 and volcano-
tectonic depression ig seen on the shuttle-photo of the Fuii volcano (Fig.
106)‘
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Fig. 104, Airborne radar imsge of the Veniaminoff volcano, Alaska (cOurtesly
of J. Friedman). To the east and southwest, lavas of the volcano flow under
tectonic scarps of pre-volcanic formations.
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¥ig, 105. Adrborne radar image of the Ugashik caldera (courtesy of J.
Friedman). Arcuate tectonic scarp is seen southwest of the volecano along with
a series of east-west fault zomes which control the position of the volcano.
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Pig. 106. Schematic crctoniz map of Fujl volcano. !1 - unconsoildated
Quaternary ceposits; 2 - Fujil; 3 - Ashitake~yama; 4 - Hzkone; 5 - Miccene to
Pliocene sadimentary rocks; & — Neogene granitic imtrusions; 7 — Lower to
Middle Miocene vwolcanic cocks; B - Sratps along faults that bound the volcano-
tectonic depression; © - rectenice zones and strike-slip faults.
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Etna Volcano-Tectonic Depression.

A joint analysis of geological and topographical maps of the region show,
that to the north and west from Etna are ridges 700-1000 m high, arcuate in
shape, and composed of pre-Upper Pliocene folded complexes. These ridges are
separated from Etna lavas by arcuate tectonic gcarps. Etna's lava flows to
these scarps at a height of 200-400 meters. These scarps are horizoutally
displaced by a series of strike-slip faults mainly of eastwest and northeast
gtrike ., Amplitude of this horizontal displacement reaches 2-3 km.

Catanla Plain is located to the gsouth of Etns where folded pre—Quaternary
basement is subsided at about 1,000-1,500 m. The subsided area 1s filled by
loose Pliocene(?) and Quaternary sedimentary sequence up to 1,500 m thick. In
the lower part of this sequence, several lava flows are present in drill
holes. The northern part of the plain is overlapped by lava and the southwest
depression continues to the south coast of Sicily. Total length of this
structure ig about 140 km, with a width of about 40 km. Iblean Filelds isg
located {n the middle of the plain which corresponds to the depression; and 1s
interruptad by low hills composed of Pliocene volecanic rocks, alkalil basalts,
and pyroclastics,

Imnediately to the south of Etna, this depression joins a belt of
Pliocene sedimentary deposits on an eastwest gtrike about 30 km wide. It is
probably a2 recently formed linear depression which evolved during an uplift in
Quaternsry time, which 1s characteristic for most of Sicily. Located around
Iblean Fields are areas of Plfo-Pleistocene terrigenic—gkeletal limestones.
Small areas of these deposits are located inside Iblean Flelds. All these
data indicate that the region of Iblean Fields on the first state of itsg
geological development was a part of a linear depression, and only afterward
was 1t involved in the process of domal uplift.

Compiling 211 these data it {s possible to conclude, that Etna volcano 1s
located within 40 x 50 km across the northeastern edge of a linear volcano-
tectonic depression similar to graben—synclines, which control the position of
volcanic belts in Kamchatka. Iblean Flelds i3 located in the central part of
this linear depression. It 18 important to emphaglze, that there are no
indications in literature on any outbursts of silicic¢ pyroclastic matertal
connected with the moment of generation of this depression. In size,
gtructure, aud connection with volcanism, this depression 1s very similar to
Tolbachik and Fudji volcano-tectonic depression.

The resulting structural scheme is presented on Fig. 107.

Proposed model of origin of great basaltic volcano—-tectonic depresgsions.

Due to counnection of thege gtructures with Mantle-located magma-
generation zone, it is not surprising that with the data now available no
indicatfors on gravity anomalies connected with such calderas exist. In rare
cases, such anomalies are present within depresgsions, usually they are
connected with secondary features. For example, siliclc calderas (Polovinka
and Stena-Soboliny on Zhupanovsky volcano-tectonic depression, Ichinsky center
of silicic volcanism inside Ichinsky volcano~tectonic depression).

General explanation of the gnesis of volcano—tectonic depressions,
connected with basaltie volcanism leads us to wonder about the influence of
decreased pressure in areag around the volcanoes within the magma-generation
zone in the Mantle (in contrast with shallow magma chambers, connected with
silicic volcanism - Fig. 108). After long periods of discharge of magma
through the central large basaltic volcano in the magma-generation zone, there
will appear the conlc zone of the decreased pregsure. Analogy of this process
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Fig. 107, Schematic structural map of the region around Etna volcano, egsterm
Sicily. 1 ~ Shoreline; 2 - volcanlc complex Etna volecano; 3 - Pliocene
volcani¢ rocks of the Iblean fields; 4 — Depression filled with unconsolidated
Pliocene and Quaternary depogits; 5 ~ Pliocene sedimentary complexe that was
uplifted in Quaternary time; 6 ~ folded pre-Pliocene rocks; 7 — faults that
bound the volcnao—tectonic depression; 8 - regfonal faults and strike-slip
faults.
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Fig. 108. SCHEME OF FORMATION OF CALDERAS
(VOLCANO-TECTONIC DEPRESSIONS) CONNECTED
WITH GREAT BASALTIC VOLCANOES (TOLBACHIK-
ETNA TYPE OF STRUCTURES)
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can be seen around oil wells where funnels of decreased pressure appear within
oll~bearing horizons and there is even subsidence on the surface. Similar
mechanism of subaidence is proposed by J. Moore (1971) for the origin of
depression, which surrounds the big island of Hawail.

B. HAWAIYAN — TYPE CALDERAS

A similar cype of process—-—subsidence as a result of decreasing pressure
ingaide magmatic columms——due to the pouring off of magmatic material through
rift zones and Is conunected with basaltic volcanoces: Hawalian-type calderas.

These calderas are connected with intrusion of basaltiec magma, which are
placed mainly on the summit of bagaltic shield volcamoes. Intrusions have a
form of stocks, central (ring or conic) dike swarms, combined with linear
gystems of fissures, reflected on the surface in the form of a rift zone. For
these rift zones, constant changing of the strike after intersection with
summit calderas 1s characteristic,.

In the begioning in Ramchatka, only two such calderas were described:
Plosky Tolbachik and Polsky. Afterward it was recognized that a gerles of
calderas on basaltic volcanoes in eastern Kamchatka (Krasheninnikov, Maly
Semiachik) were of the same type. On the basis of careful analysis of
exigting materials in Chapter III, indicatioms asre that some calderas of
Sredinny Ridge also belong to the Rawaillan-type category.

In the Kuriles any description of Hawalilan—type calderas are migsing., In
Japan, Hawailan-type calderas are Indicated on Oghims volcano near the western
shore of Hokkaido (Katsui and Satoh, 1970). S. Aramaki (1977) referred to the
same type of csldera on the Oshima volcano located in the northermmost Xzu
Island arc. But this conclusion is based mainly on basaltic composition of
the pre—caldera edifice. The type to which this caldera belongs will be
discussed below. :

Comparing the most impreggsive Ramchatka calderas of this type, calderas
of Plosky Tolbachik and Plosky volcanoes, it 18 noted that they are very
gimilar {n structure and volcanism with normal Hawalian calderas. They have
the same characteristics of the central voelcano, position and size of
calderas, the same presence of linear zones of figsure volcanism to the south
and north of both volcanoes connected with thelr calderas, the same angle on
which strike of these zones changes after intersection with summit calderas
(Fig. 109), and the presence of central intrugive bodies beneath calderas of
this type 1s noted by geophysical data on Maly Semiachik caldera volcano (see
Chapter III — 5.2.2.). There 13 also a connection between caldera gsubsidence
and volcanic activity within livear rift zones.

At the sgame time it 19 joportant to note the several specific festures of
Hawalian—type calderas in Kamchatka. For the first linear zone of volcanism
to the south of Plosky Tolbachik and Plosky volcanoes do not form a single
fissure zone but rather are represented by digtributed in en—echelon small
cinder cones and lava volcanoes. Further, these zones mainly lay out the
limit of the edifice of the central volcano. There are no volcanoes adjacent
to these linear zones of figsure volcanism which can influence their gtrike,
This diffarence makes 1t pogsible to connect gnesis of the linear zones of
fissure volcanism with landslides and the influence of adjacent volcanic
edifices, as proposed by Fiske and Jackson (1972). Rather we have to return
to an earlifier point of view (Malahoff and Woolard, 1968) who spoke about the
reglional character of these fissure zones. It does not exclude the presence
of landslides and influences of adjacent volcanoes on the strike of the linear
rift zones in cases where such ad]acent volcanoes really exist. But, I think,
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that constant changing of the gtrike rift zones after intersection at the
summit part of the central volcanoes, is analogues to changing the direction
of the beam of light in a2 result of refraction after passing through a
different media.

Another specific featura of Hawaiian-type calderas in Kamchatka 13
connected with composition of volcanic rocks of the post—caldera stage of
volcanism. On Kamchatka, calderas are represented either by basalts (Plosky
Tolbachik caldera), or by andesites (Plosky caldera volcano), or by dacites
(Uksichan and Maly Chekchebonay calderas). This is probably connected with
direct differentiation of the ascending basaltic magma within the feeding
condult,

STRUCTURES CONNECTED WITH DOMING PROCESS.

Absolutely another kind of strain appear around calderas, formation of
which is connected with emplacement of magmatic bodies in the upper horizons
of the crust., With such calderas, part of which is connected with siliecic
magmas, moment of the magma chamber emplacement {s characterized by strong
tendency to doming. Direct location of calderas on tectonic domes 138 observed
in comparatively rare cases, because within volcanlc belts tendency to doming
1s hidden by intensive accumulation of volcanic products. In Kurile—Kamchatka
reglon classical example of such tendency is represented by Khangar voleano-
tectonic depression located on the dome formed by metamorphic terranes (see
Chapter IIX, 7.1.). Within the Eastern Kamchatka volcanic belt detalled
structural analyses lead Yu. P. Masurenkov (Masurenkov, ed., 19803) to the
conclusion that doming precedes the formation of some volcano-tectonic
depressions, in particular, Zhupanovsky (Karymgky) volcano~tectonic depression
(see Chapter III, 5.2). Sometimes doming is not expressed in surficial
structures, but geophysical data clearly indicates that domes are present
beneath the calderas (Golovnin caldera, see Chapter II, 1.1.).

In Alaska a classic example of a caldera located on a tectonic (or
voleano-tectonic) dome is represented by Aniskchak caldera, located on the top
of a dome composed of Tertlary and Jurassic rocks and elevated at about 3000
feet (Determann and others, 1982). Figure 110 ghows a landslide on the slope
of the dome, generated probably in the process of emplacement of a2 magmatic
body.

Doming process obviously preceded the formation of the Valles caldera in
New Mexico (Smith and Bailey, 1968), A clear indication on the doming process
18 present around several Japanese calderas of the game type. Calderas Aira
and Ata cut uplifted Jurassic and Cretaceous terrsnes (Matsumoto, 1943),
Calderas in Hokkaido-Tokachi and Akan also overlap pre-volcanic complexes
without any traces of pre-caldera volcanic activity in Quaternary time (Minato
and others, eds., 1965). The presence of tectonic domes beneath some calderas
In Japan sre indicated as a result of driliing. These results under the
bottom of the northern part of Aso caldera have been observed granites
(Taneda, 1963, Matsumoto and Fudjita, 1960). Drilling within Hakone caldera
shows that under the bottom there is a Tertiary basement (Kuno and others,
1970). Beneath Kakuto caldera in Kyushu, drill holes reach anc¢ient volecanic
terranes (Xatsul, 1969).

Process of the magma chamber emplacement 1n the upper Crust's horizons
reflect uplift of the temperature front——a kind of the metamorphic doming. So
{t 1s possgible to speak not about simply tectonic, but rather
tectonic/metamorphic domes beueath silicie calderas.
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A general tendency to doming 1s reflected in a system of fissures
generated around a significant part of silliclic calderas. Low quantity of
xenolithic matertial of any kind of silicic pyroclastic products erupted during
caldera-forming stage (as a rule not more than 5-10%) indicates the presence
of open figsuraes in the host rocks, through which caldera-forming eruptions
took place. Configurations of thegse fissures obviously indicate that they
were generated due to pressure of the ascending magmatic columns, The ring of
extrusive bodies located along the caldera rim of the Uzon-Geyzernaya caldera
has been emplaced in the moment of a caldera—forming eruption.

The same tenduncy to doming process exigts in the post~caldera stage of
volcanism leading to resurgent doming. Resurgent doming 18 observed on
Zavaritsky caldera and the Golovanin caldera in the Kuriles (see Chapter II,
1.1 and 2.3) a resurgent dome——Kambalny Ridge horgst--ig present inside the
Pauzhetka volcano—tectonic depression (see Chapter III, 4.1). The tendency to
resurgent doming 18 expessed in Uzon-Geyzernaya caldera on some pogt—caldera
extrusive dowmes where xenolithic blocks of Tertiary rocks are present,
calculated uplift of which reachs 1,000 m.

Abgence of resurgent tectonic doming Iin some calderas of this type do mot
indicate the absence of the doming proceggs. Simple tectonic doming on some
calderas takes the form of emplacement of great masses of volcaniec material
going to the gurface during eruptions.

In general the close connectlon of calderas with the doming process
retains in modified form, the old ideas about calderas as a reflection of
uplifted craters, developed by L. Buch (1809).

Existing 1deas about the gnesis of the different types of silicle
calderas are bagsed mainly on their connection with strong eruption of the.
considerable amount of pyroclastic material during the caldera-forming
eruption, It i3 suggested that calderas were formed as the regult of collapse
of the roof ingide cavity in the upper part of the magma chamber. So, by this
idea the moment of caldera formation reflect the final stage of the magma
chamber exlgtance.

A series of facts connected with such calderas indicate that Intrusion of
gilicate melt, emplaced during a caldera—~forming eruption beneath the caldera,
continues to exist during all subsequent gtages of the calderas exlstence. So
calderas reflect the existence of magma chambers beneath the volcanoes and
congsequently, the origin of such types of calderas reflect not the moment of
magma-chamber drainage, but rather the first moment of 1ts generation. Such
facts are:

1. As it has been noted previously, these calderas overlap basement different
in age and nature and have no counnection with pre-caldera volcanic
activity.

2. Calderas of this type are, as a rule, bounded by normal faults and all
data Indicates not on sudden collapse, but rather on continuous
subsidence.

3. 1Inside calderss of this “broken plate type of structure™, an irregular
pattern of figsures are absent, but on the other hand, a very regular
system of arcuate or ring lines of post—caldera domes exists.

4« Volcanic activity within calderas of this type are not finighed at the
moment of the caldera formation, but rather continues to exist and is
characterized by a iong 1life gpan.

S. Geophysical data directly indicates that shallow magma chambers axist
beneath these calderas.

6. Petrological changings timed to the moment of the caldera formation-sudden
increagse of phenocrysts content, changing of the role of volatlles,
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presence of a large amount of blasts, pyroclagtic flows and other forms of
gudden volatiles release, asnd the developwent of volcanism in the form of
short reverse (antidrome) cycles.

The type of caldera connected with the emplacement process by wmagmatic
bodies in the Crust and their existence depends on three factors:

(1) the depth of intrusive body emplacement;

(2) composition and specific properties of the silicate part of the melt;

(3) specific features of volatiles behavior during a caldera—forming
eruption. It is possible to come close to the reconstruction of all three
genetlcal features through composition of volcanic rocks of caldera—forming
and post—caldera stage, particular features of caldera—forming eruptions,
caldera glze and morphology, and the distribution of fissures around the
calderas.

Calderas of the group under consideration are connected mainly with
gilicic magmas. By specific features of their structure and the mode of the
calderg-forming eruption they can be divided in several types:

I. Ring complexes of domes without (or with very small) displacement on

the boundaries (Bolshe—-Banny -~ Haroharo type of gtrucutres).

Il. Calderas surrounded by great fields of gilicic pyroclastics. Among them
by the mode of caldera-forming eruption and composition of vesiculated
magma can be divided:

1. Calderas related to ignimbrite eruptions (Uzon--Long Valley type);
2., Calderess related to pumice airfalls:
a. Calderas asociated with vesgsiculation of silicic melts (Mashu
Rarymsky or Crater—-Lake type);
b. Calderas asoclated with vesiculation of basaltic magma (Ksudach
- Oshima type);
ITI1. Calderas related to poorly vesiculated magma (Khangar—-Hakone type);
iv. Calderas related to lateral blasts (Avacha——type);,

I. RING COMPLEXES OF EXTRUSIVE DOMES WITHOUT (OR WITH SMALL) DISPLACEMENT ON
THE BOUNDARIES (HAROHARO—-BOLSHE-BANNY TYPE OF STRUCTURES).

The absence of subsidence along boundaries of structures of this type can
be connected with the depth of the emplaced silicic intrusion, high viscosity
and poorness of volatiles 1n its magmatic matter. A combination of these
factors algo 1s possible.

Among calderas connected with silicic magmas it is possible to divide the
first ring volcano-tectonic structures without any subgidence (or with very
small amounts) along the faults of their boundaries. The Bolshe-Banny
volcano-tectonic structure (see Chapter IIT, 4,7.), the ring complexes of
gilicic extrusive domes in the upper part of Paratunka River Valley, and Baby
Kamen and Barkhatnaya sopka ring complexes are examples of this type of
structure (see Luchitsky, ed., 1974, p. 156-162 and Fig. 40). 1In North
Island, New Zealand examples are: Haroharo and Mokal (Healy, 1964) and in
Japan the Kudju ring complex on Kyushu. 1In all cases, along boundaries of
these structures are complexes of rhyolitic and dacitic extrusive domes,
combined with a lesser amount of bagaltic cinder cones, which are distributed
as rings around the centers where the largest extrusive domes are coucentrated
(Maroa center in Mokai ring gtructure, Okaitana center In Haroharo structure,
New Zealand, Bolshe-Bauny center {nside Karymshingky volcano-tectonic
structure, Kamchatka). 1In the early stages, ignimbriteg are connected with
the center formation of pumice covers.
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On the basis of Chapter V, it 1s suggested that the bimodal character of
volcanic rock distribution characteristic for these structures reflect the
process of the Crugt transformation during the growth of a tectonic
/metamorphic domes. The scheme of formation of thig type of structures is
shown on the Fig. 111 (Fig. 1l11).

II. CALDERAS SURROUNDED BY FIELDS OF SILICIC PYROCLASTICS.

This is probably the wost widespread type of calderas. Existing
clasgifications join within this group all kinds of calderas sssociated with
ignimbrites and pumices covers. Japanese authors (Katgul, 1969; Aramaki,
1977) divided inside this group calderas of the Haruna type. But they
degcribed this type of structure mainly as small calderas of the Crater Lake
type associated with only 3-10 km3 of erupted pyroclastic materfal. Such
purely gquantitive dfstinctlon is probably insufficient to consider them as a
specific class of structures. As it was mentioned above as the basis for
classification of this group of calderas author use combination of two groups
of genetic features: the mode of the caldera—forming eruption and the type
(composition) of the vesiculated magma. Using these features it is possible
to divide:

l. ignimbrite-ralated and

2. alrfall-related calderas.
0f course,speaking about the type of eruption (airfall or ash-flows) we
consider only prvailing type of deposits. With all ignimbrite-related
calderas are connected inconsiderable amount of airfall depositg and with some
airfall-related caldexras are inconsiderable amount of ignimbrite or ash
flows. Neverthelegs this statistical difference create basis for dividing of
this large group of structures In two subgroups. Silicic pyroclastics which
surround all these calderas in the most cases 15 connected with gilicic magma,
but as we saw in gome cases silicic (dacitic mainly) pyroclastics form only
the upper part of the ascending column of basaltic magma. For all calderas of
this group 18 characteristic complete absence of any type of blast deposits
without any difference are these calderas located on the gummit of az single
volcanic edifice or cut groups of volcanoces or even non-volcanic terranes.

1. Calderas relasted to iguimbrite eruptions (Uzon-~Long Valley type).

The most impressive and largest in size calderas of this group are
associated with great fields of ignimbrites.

Examples of this type are the calderas of Japan, Kamchatka and Alaska:
Aso, Aira, Ata in Kyushu; Tokachi, Akan in Hokkaido; Ratmal 1in Alaska;
Pauzhetka, Opale, Gorely in southern Ramchatka; Uzon-Geyzernaya, Polovinka,
Stena—-Soboliny in eastern Kamchatka.

These calderas are characterized by size (8-12 km in average and up to 25
km in diameter), most of these calderas overlap not a single but rather a
series of volcanic edifices and sometimes cut pre—Quaternary geologlcal
formations which are different in age and nature. Practically all calderas of
this type are characterized by intensive negative gravity anomalies. All are
surrounded by clearly expregsed faults with considerable amplitude of
subsidence.

It is characteristic, that despite the degree of gtudy of certain
structures around these calderas, there are no types of blast
deposits and quantity of xenolithic material in products of the main caldera-
forming eruption does not exceed a 5-15 voluminous percent. So in combination
with character of the fissures formed at this stage of thelr formation, there
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exigts a direct indication that on the first stage of a caldera-forming
eruption, magmatic material comes to the surface through open fissures, which
have been cleaned by jets of juvenile volatiles.

The main process of caldera—forming eruptions on these calderas are flows
of ignimbrite~-forming magmatic matter, which lead to the formation of great
ignimbrite covers. Mode of movements forming this matter 1s very similar to
lavag, moreover with very liquid flood-basaltic lavas. It i{s not unusual that
different authors in different regions apply these rocks term "lava” in
different form: “"aso lavas” in Kyushu (Matsumoto, 1943), "tuff lavas™ in
Kamchatka (Vliodavets, 1953, 1957), "foam—lavas™ in Italy (Loeardi and
Mittempergher, 1967), froth-flows in Yellowstone region and Kenya (Boyd, 1961,
McCall, 1964). A similar mechanism of eruption has been proposed for guch
rocks on Katmai, Alaska (Bordet and others, 1963).

Quantity of normal unwelded pumice material, connected with ignimbrites
is subordinate. So vesiculation is characteristic but does not embrace the
whole volume of ignimbritic magma. For ignimbrites it 1s the characteristic
presence of silicate materiazal in two forms — compact viscous fiammes and
highly vesiculated groundmass. It 1s possible that the origin of fismme ig
connectad not (or at least not only) with welding, but rather with
imniscibility of two types of silicic melts very similar in composition of
sllicate part but different in volatiles content and ability to
vesiculation. 1If this mode of origin really has place, at least the volume
connected with future compact fiammes has not been vesfculated.

Along the rim of such calderas are often located rings of extrusive
domesg, composed by silicic rocks. Supposedly these domes were emplaced at the
end of caldera—forming eruption along fissures through which on the first
stage of eruption ignimbritic material erupted.

Ags described above, within this type of structure on the first stage of
caldera~forming process, a tectonic/metamorphic dome was formed. The lagt
stage of dome—forming process 1g characterized by an eruption of great amount
of i1gnimbrites followed by subsidence. So uplift of silicate melt in this
case 15 the part of the doming process. And 1t is possible to say, that the
pregsure of silicate melt of an ascending magmatie column 1s the leading
caldera—~forming force.

The most widely studied (but not the largest) calderas of this type are
Uzon-Geyzernaya caldera in Kamchatka and Long Valley caldera in the Western
USA. Geodynamic model of formation of such calderas worked out for certain
Uzon—~Geyzermaya volcano-tectonic depression ig described below.

Dynamic model of formationm of the Uzon—Geyzernaya volcano-tectonic depression.
A model for formation of the Uzon—Geyzernaya volcano-tectonic depression
must be done in two stages of development (see Chapter ITII, 5.4.). During the
first stage, volcanic centers of different composition existed along
northwest—-trending fissures on either side of the east—west fault zone. This
indicates different conditions on di{fferent gides of the fault. Basaltic
magma on the north erupted to form a ghield volcano while a silicic magma
chamber formed on the south. In the second stage, the caldera-formation
stage, was marked by sudden and large-magnitude changes in the dymnamic
conditiong on both sides of the fauwlt, The main caldera-forming stage was
accompanled by outbursts of silicic pyroclagtics (Figs. 112 A and B). The two
separate flelds of ignimbrites suggested a lateral character to the eruptions,
as there was ouly limited topographic control on ignimbrite distributrion.
During this stage, most of the eruptive activity was focused in the Uzon
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caldera, which lay {n the area of basaltic eruptions during the firsgt stage.
This marked the formation of the volcano-tectonic depresgion and the
development of the centers of post-caldera silicic eruptions on both sides of
the east-west fault. The orientation of the axes of elongation of both
calderags (N50°W) coincides with the direction of shear—fracture zones that
branched off the main fault. This leads to a hypothesis of lateral migration
of the silicic magma chamber along the east—-west fault during the caldera-
forming eruptions. In this case the siliclc pyroclastic eruptions were
probably caused by displacements of the magma chamber under the influence of
tectonic movement along the east-west zone.

These events during both the pre-caldera and caldera-forming stages also
explain the difference in the character of the post—caldera activity in both
calderas. In the Geyzernaya caldera, which laid over the main magma chamber,
the post-caldera activity was dominated by the extrusion of many silicic
domes. These dowmes filled the caldera to the helght of the pre-calders
complex. In the Uzon caldera, the post—caldera activity consisted of large
explogiong. Some were caused by a silicic magma that formed the explosion-
funnel. Others were caused by basaltic magma and formed the maar of Dal'nyeye
Lake. Thus, following the caldera formation there may have been two different
magmas in the Uzon caldera and another one in the Geyzernaya caldera.

In this wodel, the formation of the magmas that led to the formation of
the volcano-tectonic depression is viewed as follows (Fig. 112 B). Uneven
raising of isotherms led to the formation of thermal domes in the root-zone of
the volcano—-tectonic depression. The process of dome formation was
accompanied by the opening of fracture systems above the dome and intrusion of
the fractures by magms. The rise of the magma led to the foundering of the
roof -and to large pyroclastic eruptions. The unerupted portions of the melt
then formed shallow crustal magma chambers. Progresslive crystallization of
these magma chambers provided some space in the upper part of the magma
chamber for steady subsidence of the roof.

The formation of the hydrothermal system 1s related to the post—-calders
stage of volcanism., Hot springs are localized along the main east-west fault
zone. Mogt hot springs are connected with fissures that branch off this fault
zone, Large ring faults, in particular the ring fault in the Geyzernaya
Valley, drain hot water from the maln east-west fault zone and cause lateral
migration of the hot water to the Geyzernmaya Valley.

2. Pumice airfall related calderas (Rarymsky-Mashu or Crater Lake type of
structureg).

The clagsgification of silicic calderas surrounded with covers of silicic
pyroclastic matexial is uncertain. Japanese authors (Katsul, 1969, Aramaki,
1977) divided inside thig group calderas of Haruna type. But they described
this type of structure mainly as small calderas of the Crater Lake type,
associated with 3-10 km3 of erupted pyroclastic material. Such purely
quantitive distinction i{s probably insufficient to consider them ags a gpacific
class of structure. But if one carefully put into consideration all specific
features of diffevent gllicic calderas it will would hecome possible to divide
among them a specific type formed mainly as a result of vesiculation in the
upper part of the ascending magmatic column. In contrast with ignimbrite
related calderas, calderas of this type are located on the volcanic edifice of
the pre-caldera stage of volcanism. Calderas of this type are comparatively
small in size (2-6 km in average) and are often nested inside igniwbrite
related calderas of the previous stage of caldera-forming process. Such are
caldera of the Rarymsky volcano inside Zhupanovsky volcano-tectonic
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depresgion, caldera Akademii Nauk (Rarymsky Lake) inside Polovinka calders
within the same Zhupanovsky volcano-tectonic depression (see Chapter III,
5.2.), Mashu caldera within Kutcharo caldera in Hokkaido.

These calderas are often characterized by the presence of shallow funnel-
like structures, filled by pyroclastic material. On some calderas of this
type as in Japan, the ring fault around the caldera boundary is absent
(Aramaki, 1977). Caldera-forming eruptions on these calderas is represented
by pumice air fall, rarely associated with subordinate amount of pumice flows
(Ratsul, 1963; lvanov, 1970). Although a geries of such calderas are well
studied there is no indication of blast deposits assoclated with them. Real
ignimbrites with fiamme are absent around these calderas, even in the Crater
Lake caldera only a thin sheet is present (Bacon, 1976). The quantity of
xenolithic material of a pre-caldera edifice or material of volcano bhasement
18 very low or nonexistent. Around calderas of this type any regular ring or
arcuate fissures filled by magmatic material is absent. So caldera-forming
eruptions probably took place from the central vent.

As seen on the Rarmysky volcano, beneath the caldera are shallow magma
chambers, but in the caldera-forming stage veslculation started before the
ascending magmatic column reached the surface. Haruna-type calderas divided
by Japanege volcanologists form a part of Karymsky-Mashu type of calderas. As
mentioned above, the size of the caldera cannot be the main reason to define
these structures as a special type.

The main features of the airfall ~ related calderas indicate that the
leading role Iin their formation belongs to jets of volatiles connected with
the process of vesiculation. These volatiles cieaned the upper part of the
feeding conduits, throwing out a lot of pumice after which subgidence of the
caldera takes place. WMode of origin of these calderas 1s probably close to
the model previously proposed by Escher (1929) and some types of calderas
described by Reinolds (1956).

Really important are the differences in the compositon of the ascending
magmatic column. On the basis of composition of vesiculated magma within this
type of caldera, two subtypes can be divided:

2a. Calderag connected with vesiculation of originally silicic magmas
(silicic andesites, dacites, rarely rhyolites).

Calderas of such subtype are represented by Mashu and Shikotsu calderas
in Hokkaido (Katguil, 1963), Nemo and Tao—Rusyr calderas inm Kurlles (see
Chapter II, 3.3. and 3.5), summit Rhangar caldera in the Sredinny Ridge
volcanic zone of Ramchatka (Chapter III, 7.1), Kurile Lake caldera in south
Kamchatka (Chapter III, 4.1), caldera of Karymsky volcano and Akademil Nauk
(Karymsky Lake) caldera in eastern Kamchatka (Chapter III, 5.2). Also belong
to the type 18 the Crater Lake caldera, Oregon, described by Williamsz (1942)
and later by Bacon (1983). These calderas can be called calderag of Karymsky-
Mashu type (or Crater Lake type).Model of formation of this type of calderas
18 showo on the Fig. 113 (Fig. L13).

2b. Calderas connected with vesiculation in the upper part of the ascending
column of the basaltic magma.

Ags a result in the early stage of eruptions, dacitic pumice was formed
(in the form of air-fall and partly-pyroclastic filows). On the next stage of
the eruptions, from any place which can be considered as feeding chanpels,
central vent, radial and concentric arcuate fissures, comes basaltic materlal,
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forming a gystem of dikesg and the central post-caldera edifice. These types
of eruptions were described in Chapter V.2, In Kamchatka the calderas of this
type are repressented by Ksudach caldera in southern Kamchatka and
Krasheninmikov caldera in easteru Kamchatks (Chapter III, 4.3 and 5.5
accordingly). Shimodzuru (1978) descridbed the eruption of this type on Oshima
volcano, northernmost Izu Islaudg. So the calderas of this type csn be called
Ksudach—0Oshima structures. On the bases of detall stratigraphic study
Nakamura (1964) mark on the Oshima volcano subgsidence with amplitude at least
160 m

Ganeral scheme of formation of this type of calderas is shown on the Fig,
114 (see Fig. 114).

3. Calderas related with poorly vesiculated silicic magma (Khangar—Hakone
type).

If the intrusion, emplaced during the process of doming, consigts of very
vigscous, comparatively poor volatiles and not easlly vesiculated silicie
magma, discharge of silicic pyroclastics during the main caldera—-forming stage
may be absent. In this case sgubsidence is gradual in character and is
provided for by crystallization of the intrusion, which was emplaced at the
noment of caldera origin. Examples of this type of caldera forwmation can be
sean on Khangar volcano—tectonic depression, outer caldera within which
Khangar volcano is located (see Chapter III, 7.1) and Alney-Chashakondzha
volcano tectonic depression (see Chapter ITI, 7.10). It is possible, that to
the same type belong also ancient Hakone caldera (Kumo, 1962). Suggested
caldera—forming mechanism for calderas of this group are close to the ideas of
Williams (1941) regarding the role of a decreasing magmatic support. General
model of formation of this type of calderas 1s sghowm on the Fig. 115 (Fig.
115).

4. Lateral blasts related calderas (Avacha-type).

In cases where the magma was largely crystallized (or has 1little
volatiles), where there is little vesiculation of juvenile material, and magma
chambers are very shallow, laterally directed explosions accompanied by serles
of pyroclastic flows took place. The maln type of displacements on the
surface is represented by landslides. Subsidence sometimes does not occur as
in the case of Bezimianny and Mount St. Helens, but sometimes a small caldera
can be formed (see Chapter III, 5.1, Avacha volcano). Model of formation of
this type of calderas is shown on the Fig. 116 (Fig. 116).

REGIONAL COMPARISONS

A regional comparison immediately shows the difference in gize and type
of calderas along the strike of an 1sland arc system—between normal type
fsland arcs and Kamchatka type geotectonic systems (see Chapter 1) or across
the strike, between frontal and rear volcanic belts or in cases when pairs of
volcanic belts occur within a certain region.

Looking on the distribution of calderas in the Ruriles, it 18 important
to note the absence of influence on the thickness of the Crust in the diameter
and type, As mentioned in Chapter I, thickness of the Crust changes from the
cantral Kuriles north and southward. Nevertheless, neither diameter nor type
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of caldaras within the central group of 4slands are the same 25 those within
the gouthern or northern groups. The average diameter of a calderas in the
Ruriles, or on normel island arcs in general, ia equal to 2-4 km. In rare
cases diameters reach 6-8 kme The most widespread type of calderas in the
Kuriles belong to the Rayrmsky-Mashu type. Uzon-Long Valley type calderas are
very rare.

Differences occur when any normal island arc enter Kamchatka-type
geotectonlc system., Silicic calderas appear to be mueh larger in the
beginning. Such structures as Pauzhetka, Zhupanovsky (Karymsky), Great
Semfachik, aund Ichinsky volcano-tectonic depressiong appear in Ramchatka. The
average diameter of silicic calderas 13 equal to 12 km and at & maximum they
reach several tens km. On the southern end of the Rurliles, where they enter
Hokkaldo, large silicic calderas such as, Tokachl, Rutcharo and Akan are
located, When Ryukyu island arc enter Kyushu island such great calderas as
Alra, Ata, Ago and Kakuto valcano—-tectonic depression are located. On the
intersection of Izu Island are with central Honshu Island are located Hakone
caldera and Fujl volcano-tectonic depression. Simultaneously with the
changing of size, the counnection between calderas and volcanoes of the pre-
caldera stage of volcanism also changes. On normal islsnd arc (see Chapter I)
calderss, are in 80 percent of the cases, located on the summit of a pre-
caldera edifice. On Ramchatka~type geotectonic systems they overlap basemeunt
different in age and nature and the location of a sillcic caldera on the top
of pre—caldera volicanic edifices 18 coincidental.

The appearance of a large amount of Quaternary basalts on Kamchatka-type
geotectonle gystems results In the appearance of two types of volcano—-tectonic
structures counected with basaltic volcanism.

The first 18 volcano~tectonic depressions such gg, Tolbachik, Fuji,
Ichinsky, Veniaminoff which are absent on normal island arcs. As previously
mentioned, in the Kuriles uncertain indicatious on the presence of guch type
of structures exists only on Tiatia and Atsonupuri volcanoes. The second is
the presence on a Kamchatka-type geotectonlc systems of Hawallan-type
calderas, Holocene calderas of this type are absent in the Kuriles and, as
author knows, on any other normal island arcs. At best, it 1s possible to
find only uncertain indications that some volcanoes in thelr early stages of
development pass through Hawailian-type shields, for example, Medvezhiya
caldera (Ostapenko, 1969)

As 1t has been mentioned above all these differences in size and type of
calderas within Xamchatka-type geotectonic sygtems In comparison with normal
igsland arcs are not conected with changing of the Earth Crust thickness, but
rather with changing of geodynamic counditions.

In cthe Kamchatka-type geotectonic systems the difference between frontal
and rear volcanle belts was mentioned In Chapter I,

The most part of silicic calderas are located in the frontal volcanie
belts (Southern Kamchatka graben—gyncline) or, if there exist a pair of
volcanlc belts, within the frontal volcanic belt (Eastern Xamchatka graben-
gyncline, Central Kamchatka Depresgssion in Kamchatka, Nasu zone in northeastern
Japan). Withi{n the same structures are located the most part of volcanoes
with which are associated lateral blasts (Avacha, Bezimianny, Sheveluch in
Kamchatka, Bandai and Asama in Northeastern Japan).

Quaternary sllicic calderas in the rear parts of sgingle volcanic belts
(Southern Kamchatka), or, if there exist a pailr of voleanic belts,within the
rear volcanic belts (Sredinny Ridge volcanic zone) are connected mainly with
poorly vesicuilated magma (Khangar-Hakone type). 1t is not occasional that
here are absent great fields of silicic pyroclastics around such calderas as
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Khangar (outer caldera), Uksichan, Bol'shoy and Maly Chekchebonay, Perevalovy,
Tigilsky, Alney-Chashokondzha. At the same time inside all these calderas are
located large centers of gilicic volcanism——composed by silicic volcanic rocks
stratovolcanoes, large extrusive domes or groups of domes. So the nature of
these calderas ig very uncertain. In literature they are described as normal
Krakatoan type calderas (Ogorodov et. al., 1963) despite absence of any traces
of silicic pyroclastic material around them. However all structural features
of these structures regemble those of Hawaiian-type calderas. Probably it
reflects the specific characterigtic of silicic magmas in these volcanic zones
such as their impoverishment in volatiles and the low ability for
vegiculation., 1In the result among located here gilicic calderas there prevail
calderas related to poorly vesiculated magma (Khangar—Hakone type).

As a result of the changing of geodynamic conditions during volcanic
evolution, different types of calderas replace each other in time.

It i{g important to note, that the specific features of the rear volcanic
belt appear in the Sredinny Ridge volcanic zone only on the Quaternary stages
of the developuent. In Neogene time normal silicic calderas assoclated with
great amount of ignimbrites and pumice were formed within the same zone
(Vlssov, 1964). The same it is posible to note about changing of different
types of calderas within the frontal volecanic belt of the Eastern Kamchatka.
In general great volcano-tectonie depressions of Tolbachik~Etna type——
Tolbachik, outer system of faults on the Zhupanovsky (Karymsky), Ichinsky,
Great Semiachik volcano-tectonic depressions, great Hawsiian~type calderas on
volcanoes Ukgichan, Bol'shoy and Maly Chekchebonay, Kekuknaisky in the
Sredinny Ridge volcanic zone, outer caldera of the Plosky volcano in the
Central Kamchatka Depression are aggociated with the final stages of the first
cycle of basaltic volcanism,; started in the Lower Pleistocene and continued up
to the end of the Middle Pielstocene (see Chapter IV). This reflects general
tendency to extension and subsidence in the begining of the volcanic cyecle.

Inside these volcano—-tectonic depressions in the end of the Middle
Pleigtocene are developed silicic calderas and centers of silicic voleanism
(calderag Polovinka, Stena-Soboliny inside Zhupanovsky volcano~tectonic
depression, Ichinsky ceanter of silicic volcanism withio volcano-tectonie
depression of the same name and s0 on). On this stage of silicfc volcanism
on the background of general subsidence {n the central parts of volcano-
tectonic depressions formed in the end of the stage of basaltic volcanism
there appear general tandency to dowming process——a kind of inversion of the
structure which can be compared with formation of a resurgent dome on the
post—caldera gstage of development within some silicic calderas.

1f formation of volcano—tectonic depressions connected with basaltic
volcanoes reflects decreasing pressure in wmagma—generation zone around roots
of volcano (an analogy with bore-hole, in an oil~bearing horizon), on the next
stage of development reserves of liquid gilicic melt which are able to come to
the surface are exhausted and feeding zone become saturated with volatiles
from the remote parts of magma basin. Oversaturation of magma with volatiles
and increasing volatile pressure in it lead to emplacement of intrusions in
the Upper Crust horizong and formation of calderas related with silicic
pyroclastics (lgnimbrite- and airfall-relasted calderas).

1f one consider proposed model of silicie calderas formation as a
reflection of emplacement of granitic intrusions, its coineidence with
intensification of the mountain-buillding process it will become quite
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understandable, bacaugse the caldera—forming process reflects the changes (in
this case uplift) of the average level of the magma chambers. 8o it reflects
a atage of emplacement of grantitic intrusions——an event which usually
coincides with the mountailn-building impulses.

Ag it has been shown in the Chapter IV, development of Quaternary
volcanism goes in the form of two consequent cycles of basaltic volcanism.
Development of the second, young cycle of basaltic volcanism in the end of the
Upper Pleistocene~Holocene time lead to formation of series of large basaltic
volcanoes with summit Hawaiian—type calderas. Sometimes these volcanoes are
nested inside large silicic calderas formed during the main stage of silicic
volcanism in the end of the Middle Pleigtocene time: Hawailan calderas on the
Kragsheninnikov and Maly Semiachik volcanoces, nested inside gsilicic calderas
with the same names (see Chapter III). 1In the Holocene time there follow a
new, comparatively short phase of 8{licie volcanism with which are connected
series of young silicic calderas (mainly of the Karymsky-Mashu or Ksudach-—
Oshima types): calderas of Kartymsaky volcano, Avacha, summit caldera on the
Khangar volcano, Kurile Lake and Ksudach calderas and so on.

Characteristic features of the Upper Pleistocene-Holocene silicic
.calderas 1s that practically all of them belong to Karymsky-Mashu type
accompanied with pumice (not ignimbrite) covers.

Repeated cycles of basaltic and silicic volcanism, regular changing in
time of different types of calderas, continuing existence in the Crust's upper
horizons of silicic magma chambars formed on the previous stages of silicic
volcanism in time when it starts new cycle of basaltic voleanie activity,
create observed very complicated combination of different types of
slmultaneonsly active volcanoes.
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APPEND IX

THE BIBLIOGRAPHY OF LITERATURE
ABOUT CALDERAS IN KAMCHATKA AND THE KURILES.

General remarks

In the list are included all the materials available on the subject up to
the end of 1984. All the material ig divided into geographical/structural
regions and within it i8 distributed according to individual single
calderas. Here are included all the calderas and volcano-tectonic structures
in existance, all of which are well proven and recognized. Structures which
from the beginning have been described as calderas, but afterwards not
confirmed as such are excluded from the list. An example of this can be
"calderas”™ of volcanoes Anaun and Bakening, mentioned by A. E. Sviatlovsky
(1959) but not confirmed by following authors. Names of volcanoes are given
in form accepted by Catalogues of Active Volcanoes of the World, published by
TAVCEI. Within each cluster, devoted to a single caldera, literature 1is
arranged in alphabetical order. 1In cases, when a series of normal calderas,
are located within the boundaries of great volcano-tectonic depregsion, they
are integrated into a single cluster. But if quantity of articles for each
caldera is great enough, 1 considered them separately.

Within Zhupanovsky volcano-tectonic structure where a series of volcano-
tectonic depressions and calderas are divided, but the part of literature
about this region 1g devoted to two calderas ~ Karymsky volcano caldera and
Maly Semiachik calders. Names of gome calderas now recognized in this region
have only recently appeared in literature and even quantity of these
structures 18 still uncertain, Some structures are not described at all and
have only been mentioned in recent works. 1In description and organizing
bibliography for this region, author based on dividing and names of the
gtructures provided by the most recent work (Masurenkov, 1980a).

Due to these reasons, the biblliography for the region is generalized and
clustered into two groups. One group includes calderas located in the
southern part of the Zhupanovsky volcano-tectonic structure. Polovinka
caldera and calderas of the volcanoes Akademii Nauk (Karymsky Lake), Odnoboky,
Karymsky, and Dvor. Another part is devoted to volcano~tectonic depression
Stena-Soboliny, located in the northern part of the same structure. Inside
this depression are located calderas of volcanoes Pra-Semiachik, Maly
Semiachik, and Soboliny. Joint list of the bibliography is made for Pauzhetka
volcano-tectonic depression, and calderas of Rurlle Lake and Il’'insky
volcano. In the list for the Plosky Tolblachik volcano are included only
works connected with summit calderas and excluded all works about aruptions,
geology, deep structure and geochemistry connected with adjacent rift zones.

In each cluster are included all types of works which carry any original
informat{ion about certain caldera (even new types of geological maps or
achemes) - in geology, geochemistry, deep structure, ore minerals, volcanic
and geothermal activity, if any. Separate parts of the bibliography contain
Rugsian literasture in general problems, devoted to calderas of Xamchatka and
Kuriles and also original works of Japanese volcanologists about calderas of
Japan, published in Russian.

Titles of papers are given 1n translation into English. Titles of
journals, books, aund collections of papers - in transliteration.

Abbreviations of titles for Iinternatiomal journals are given in asccepted
form. Abbreviations for titles of Russian journals sre given in the following
form: Bulletin of Volcanological Stations of Ingtitute of Volcanology, Far
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East Division Academy of Science USSR 1s abbrevisted as Bull.Volc.Stn. without
any difference of several changes of the name and subordination in time.
Izvstiya Academy of Sclence USSR, ser. geol, is abbreviated as Izv,Ac.Sci.,
ser.geol, ~Transactions of Laboratory Volcanology Academy of Sclence USSR are
abbreviated as Trudy Lab.Volc., Memoirs of the Russian Geographical Society
(or Geographical Scoiety of USSR) are abbreviated as Zapisky Georg.Soc.Russia
(or USSR). Journal Volcanologla i Seismologla 1s abbreviated as Volcanol.ti
Seismol. At the end of each reference 18 indfcated 1f it wag published iu
Rugsia = (R), in German -~ (G), or in French (F), in Swedish (SW).

In order to shorten biblliography and simplify the systen of references,
collectiong of papers and collective monographs are given under the mame of
the editor, and in the form in which they appear in librarles catalogues.
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