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Abstract—Trend of climatic changes in geological history of the Earth was determined by gradual decrease in
the global surface temperature. Substantial deviations from this trend depended on the prevalent type of volca-
nism: predominantly explosive volcanism at convergent boundaries between lithospheric plates led to cooling
and onset of glacial epochs, while intense intraplate volcanism strengthened greenhouse effect and resulted in
global warming. During cold epochs, orogenic processes played an important role in climatic variations. The
most frequent and regular climatic variations are controlled by the Earth position in solar orbit (Milankovitch
cycles). The Late Cenozoic variations of cold climate were interrelated with orogenic processes caused by col-
lision between the Indian and North Asian lithospheric plates. The first event of considerable cooling in the
Northern Hemisphere (2.8-2.5 Ma ago) coincided with a rapid growth of mountains throughout the collision
belt. The Tibetan Plateau formed in South Asia. In Central Asia, the large (>1.5 x 10° km?) Khangai-Altai—
Sayan mountain system appeared 3 Ma ago. Total area subjected to orogenic processes in Central and South
Asia exceeded 9 x 10% km?. The intense intraplate volcanism suggests that sublithospheric mantle was involved
into orogenic processes. Alternation of glacial and interglacial climatic epochs during the last 1.8 m.y. is
recorded in Central Asia. These climatic variations are compatible with the Milankovitch cycles. As is estab-
lished, climatic events recognizable in the Baikal sedimentary record are correlative with interglacial and gla-
cial epochs detectable in volcanic lavas of the East Sayan Mountains. There are indications of lava eruptions
into ice during the cold periods. It is assumed therefore that all the cooling epochs detectable in the Baikal sed-
imentary record after 1.8 Ma were associated with development of mountain glaciation that formed glacial
sheet up to 3 km thick and 100000 km? in size. During the Brunhes Chron, there were eight glaciations at least.
The endogenic (volcanism and orogeny) and exogenic (glaciation) processes during the last 3 m.y. are shown
to be correlative. The intermittent development and degradation of thick ice sheets was responsible for oscilla-
tion of lithospheric load on the asthenosphere, and this caused periodical magma generation in marginal parts
of volcanic provinces.
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INTRODUCTION

A series of the terminal Late Cenozoic events in
Central Asia substantially transformed the surface and
environments in this segment of the continent. Moun-
tain systems were under formation in this region since
the second half of the Pliocene, and orogeny was asso-
ciated with intense volcanic and seismic processes. Vol-
canism was accompanied by climate changes responsi-
ble for general cooling with alternating glacial and
interglacial epochs. The concurrent manifestation of
endogenic and exogenic (climatic) events suggests their
interrelation. Nevertheless, to approve the suggestion,
we should primarily be certain that these events are
synchronous and their correlation is real. Only then, we
can consider possible factors that determined relation
between endogenic and exogenic processes. In this
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work, we approach the problems in question correlating
manifestations of the relevant processes in the Baikal
region and in the East Sayan and Khangai mountain
systems. The following data sets are considered in this
work: (a) age estimates of paleoclimatic events in the
region, which are inferable from core sections of the
Lake Baikal sediments; (b) geochronological data on
manifestations of different-type volcanism in the men-
tioned mountain systems, lavas erupted in ice included;
(c) dates of the relief formation stages, which are
obtained by analysis of time and settings of valley erup-
tions. In order to substantiate inferences on interrela-
tion between Cenozoic endogenic and climatic pro-
cesses, we used also data on geological factors that pre-
sumably determined climate variations in geological
history.
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FACTORS RESPONSIBLE
FOR CLIMATIC CHANGES
IN GEOLOGICAL HISTORY

Three principal climatic stages are defined in the
Earth history (Climate in Epochs..., 2004). The first
one that lasted almost throughout the Archean was free
of glaciers. The second stage corresponding to the Late
Archean, Early Proterozoic, and Early-Middle Riph-
ean was marked by episodic glaciations. The third stage
spanning the Late Riphean and subsequent periods
until recent time was characterized by intermittent
cooling epochs with accumulation of ice caps at the
poles in the Late Riphean, Vendian, Late Ordovician,
Middle Carboniferous—Permian, and in the Late Ceno-
zoic. The stages reflect the main trend of climatic
changes on the Earth due to gradual cooling of the
planet surface. As N.M. Chumakov notes (see in Cli-
mate in Epochs..., 2004), the overall cooling reflects
the gradually reducing thermal balance of the planet
surface. The main factor responsible for this phenome-
non was likely decrease of the atmosphere density and
declining content of greenhouse gases in it. This could
be caused by weakening endogenic degassing and
increasing CO, removal from the atmosphere during
formation and burial of carbonates and other carbon-
bearing sediments.

Climatic variations of the third stage, which control
the present-day climate, require special attention. Sev-
eral geological processes determined large-scale cli-
matic changes during this period. First, correlation
between climatic variations and the dominant type of
volcanism on the Earth suggests interrelation between
most significant cooling events and intensification of
explosive volcanism in volcanic belts along convergent
boundaries between lithospheric plates (island arcs and
active continental margins). This volcanism developed
in antithetic manner with respect to periods of intra-
plate magmatism (Dobretsov, 1997), which coincided
with warming epochs.

Second, disposition of continents relative to each
other was an important factor responsible for climatic
changes (Khain, 2003) since it determined patterns of
the global oceanic and atmospheric circulation. For
example, close arrangement of continents (epochs of
supercontinents) mainly in high latitudes and formation
of large mountain systems stimulated onset of glacia-
tion. In contrast, disintegration of the Paleozoic Pangea
that lasted throughout the Mesozoic Era resulted in for-
mation of separated continents, and this changed global
configuration of oceanic and atmospheric circulation
and, eventually, maintained the warm climate on the
Earth.

Third, climate changes are connected with the
Earth position in solar orbit (Milankovitch cycles). In
this case, climatic changes depend on variations of
the Earth’s orbital elements, namely on eccentricity,
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tilt of rotational axis, and longitude of perihelion,
which influence integral insolation and its geographic
distribution. The summary effect of these factors is
insignificant, although in cooling epochs like at
present, even this contribution was sufficient for trig-
gering changes in the global climate. Intermittent
changes in these parameters determined alternation
of glacial and interglacial epochs during several mil-
lion years.

Let us consider attentively probable factors that
determined climatic changes during the last 250 m.y.
beginning from the Permian—Triassic boundary period,
when the Earth entered a warm glaciation-free epoch
(Chumakov, 2001; Dobretsov, 2004). The Pangea
breakup and related numerous manifestations of large-
scale intraplate magmatic activity represented main
geological processes of that epoch.

Largest lava fields formed during this period are
shown in Fig. 1. Onset of this epoch is marked by for-
mation of the Emeishan (259 Ma) and Siberian (248 Ma)
trap provinces and the Wrangelina lava plateau (225 Ma),
fragments of which are established in ophiolitic com-
plexes of the North American Cordilleras (Condie,
2001). Maximum of intraplate magmatism in the Juras-
sic—Cretaceous period resulted in appearance of giant
intracontinental trap provinces such as the Central
Atlantic (200 Ma), Karru-Ferrara (183 Ma), Parana-
Etendeka (132 Ma), Madagascar (88Ma), Decan
(66 Ma), and North Atlantic (62-56 Ma). Some of them
originated in response to the Pangea breakup and for-
mation of new boundaries between lithospheric plates
(Condie, 2001). In addition to intracontinental erup-
tions, vast lava plateaus (Ontong Java, Kerguelen, Car-
ibbean, and others) formed in oceanic segments of the
Earth during this period. Volumes of erupted volcanic
rocks are estimated to be as great as tens of millions
cubic kilometers (Condie, 2001). These eruptions influ-
enced the atmosphere composition delivering volcanic
gases (primarily CO,) from the Earth’ interior. It is sug-
gested also that they stimulated decomposition of
organic matter, gas hydrates included, and thus
increased concentration of greenhouse gases in the
atmosphere and reduced heat loss by the planet surface.
The breakup of Pangea led to cardinal reorganization in
the system of oceanic currents and atmospheric circula-
tion, which promoted intense heat exchange between
low and high latitudes and reduced the surface thermal
gradient.

The intraplate activity became notably less intense
in the Cenozoic, when only two large intracontinental
lava provinces (Ethiopia—Yemen, 31-26 Ma; Columbia
River, 16 Ma) formed and no large lava plateaus
appeared in oceanic segments. Simultaneously, espe-
cially in the second half of the Cenozoic, intense mag-
matism along convergent boundaries associated with
large-scale collision events resulted in the formation of
the Alpine—Himalayan fold belt. These endogenic pro-
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Fig. 1. Schematic distribution of large igneous provinces formed during the last 260 Ma of geological history. Numbers in
brackets designate formation ages, Ma. As follows from the figure, most of the provinces formed in the period of 250 to

60 Ma.

cesses were accompanied by climate changes determin-
ing primarily a stable tendency of gradual decrease in
average surface temperatures.

In Fig. 2 demonstrating long-term O-isotope varia-
tions in tests of benthic foraminifers during the last
70 m.y., there are readily detectable three episodes of
sharp cooling at 36, 15, and approximately 4 Ma ago,
which strengthen the above tendency.

The first cooling episode is related to formation of
the Circum-Antarctic Current that appeared in connec-
tion with separation of India and Australia from Antarc-
tica (80 and 53 Ma ago, respectively) and formation of
the South Antillean Basin (38 Ma ago) between Antarc-
tica and South America (Zonenshain and Savostin,
1979). It is doubtless that the India—North Asian colli-
sion (40 Ma ago) that substantially complicated latitu-
dinal oceanic circulation along the Paleo-Tethys pro-
moted the cooling as well. These processes increased
influx of moisture to Antarctica and triggered glaciation
of this continent.
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During the second cooling episode, the Antarctic ice
sheet increased and first glaciers appeared in the Arctic
(Raymo and Ruddiman, 1992). It is assumed that cool-
ing was provoked by changes in arrangement of conti-
nents and in their topography (Hay, 1992). This is
exemplified by the formation of mountain systems in
South America, appearance of the Central American
Isthmus, closure of the Paleo-Tethys, and deepening of
the Danian Strait. All these events enhanced the Gulf
Stream activity, intensified influx of deep waters from
the Norwegian—Greenland Sea, and increased moisture
in temperate latitudes. A substantial role in climate
changes belonged to volcanic activity, primarily in the
system of Circum-Pacific island arcs and active mar-
gins, where thick complexes of ignimbrites, sintered
and common tuffs indicative of a high explosive activ-
ity were formed at that time.

Orogeny in South Asia was the most important fac-
tor responsible for sharp cooling in the Cenozoic. Influ-
ence of orogenic processes on the climate deserves spe-
cial attention.
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Fig. 2. Oxygen isotope variations during the past 70 m.y. in
tests of benthic foraminifers from the Atlantic Ocean (after
Raymo and Ruddiman, 1992); note inflection points indica-
tive of cooling events at 36, 15, and <5 Ma; each point
denotes a sample.

ROLE OF SOUTH ASIAN MOUNTAIN SYSTEMS
IN CLIMATE CHANGES DURING
THE LATE CENOZOIC

The research of the last 15 years revealed distinct
relationships between orogenic processes in Asia and
Late Cenozoic climatic events. In this connection,
many researchers pay attention primarily to Himalayan
and Tibetan mountain systems, the most important
topographic elements of the Earth. As is noted (Raymo
and Ruddiman, 1992), the Tibetan Plateau is so high
(approximately 5 km) and large (4.7 x 10° km?) that it
determines not only intensity of regional circulation
and formation of monsoons, but controls the atmo-
spheric circulation over the entire Earth. This inference
is consistent with opinion of Dobretsov (2004), who
believes that the growth of high mountains in Asia
resulted in reorganization of atmospheric circulation to
give birth to the Arctic whirlwind, Mongol anticyclone,
and Pacific typhoons.

Three stages are recognized in formation history of
the Tibetan Plateau (Tapponier et al., 2001; Spicer et
al., 2003. These stages are in general correlative with
sudden climate changes in the Cenozoic mentioned
above. For example, the southern, central, and northern
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parts of the plateau formed in the Eocene, late Oli-
gocene—early Miocene, and Pliocene—Pleistocene,
respectively. More precisely the formation periods of
these segments are estimated based on oxygen isotope
composition in paleowaters of the region under consid-
eration (Rowley et al., 2001), fossil plant assemblages
(Spicer et al., 2003), and magnetostratigraphy (Qiang et
al., 2001). As is shown, the surface altitude in the south-
ern segment of the Tibetan Plateau was 15 Ma ago the
same as nowadays (Spicer et al., 2003), and the high
mountain system of the Himalayas exists 10 m.y. at
least (Rowley et al., 2001).

According to composition and structure of loess
sediments, the northern part of the Tibetan Plateau
started rising 3.5 Ma ago (Qiang et al., 2001) to reach
its present-day altitude 2.6 Ma ago, when the system of
atmospheric circulation became close to the modern
one. Artyushkov (1998) who analyzed numerous geo-
logical, paleogeographic, and paleobotanic data
obtained the same age estimates. Moreover, he inferred
that sharp paleoenvironmental changes spanned the
entire Tibetan Plateau approximately 3.4 Ma ago, and
by 2.5 Ma ago the plateau became as high as approxi-
mately 2000 m that transformed the atmospheric circu-
lation. The formation stages of this mountain system
are recorded in structure and composition of loess
sequences (Dodonov, 2002), being reflected as well in
composition of continental molasses, lacustrine, and
fluvial sediments along periphery of the Tibetan Pla-
teau. Long-term changes in structure of sedimentary
sequences are well consistent with compositional vari-
ations of seawater, which depend on the temperature
(Edmonds, 1992; Raymo, 1991; Richter et al., 1992)
and climate (Kutzbach et al., 1993; Molnar et al., 1993).
It is possible therefore to assume coordination between
orogenic events in Tibet and climate changes of
regional and global character in connection with trans-
formation of the planetary atmospheric circulation.

Modeling the global climatic changes Raymo and
Ruddiman (1992) showed, however, that distortion of
atmospheric circulation was insufficient to provoke
cooling that commenced already in the Eocene. Indeed,
during the entire Mesozoic until 65 Ma ago, the average
temperature was by 20-25° higher than now
(Dobretsov, 2004). Even in the Oligocene (~35 Ma
ago), temperature of deep oceanic waters was by 12°C
higher than now (Raymo and Ruddiman, 1992). The
warm humid climate caused widespread development
of Cretaceous and Paleogene weathering crusts in many
regions of the world, the Baikal region included, and
enormous volumes of carbonate sediments accumu-
lated during the Cretaceous are clear indications of a
high CO, content in the atmosphere of the Earth.

The high CO, content in the atmosphere caused likely
the greenhouse effect and determined warm global cli-
mate. Cooling could be triggered by CO, removal from
the atmosphere because of intensified chemical weather-
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ing. For example, interaction of silicates with CO,
according to reaction CaSiO, + CO, — CaCO; + SiO,
(Raymo and Ruddiman, 1992) leads to burial of CO,
consumed from the atmosphere in the surface layer of
the Earth. With the leveled relief characteristic of most
regions of the planet during the Cretaceous and Paleo-
gene, weathering penetrated down to a few tens, less
commonly, hundreds meters below the surface, being
suppressed deeper because of unavailability of appro-
priate medium.

Orogenic movements, which exhumed large vol-
umes of rocks from deep levels, were exactly those geo-
logical events, which intensified chemical weathering
and erosion of rocks subjected to this process. Activity
of this chemical erosion in terminology of Raymo and
Ruddiman (1992) is evident from a sharp change in
87Sr/%6Sr ratio variations in marine carbonates at about
40 Ma ago and constant subsequent growth of this ratio
(Fig. 3). This growth is possible only in the case of
increasing influx of erosion products derived from the
continental crust that is characterized by higher
87Sr/36Sr values than the juvenile source of strontium in
seawater (oceanic basalts). Formation of the Tibet—
Himalayan mountain system undoubtedly contributed
much to this process, because it yields 25% of all the
soluble salts to continental runoff into the ocean, occu-
pying only 4.2% of total land area.

Thus, significance of the Tibet—-Himalayan moun-
tain system for development of Cenozoic climate is
convincingly substantiated, because its formation
caused changes in atmospheric circulation and resulted
in exhumation of voluminous mass of crystalline rocks
that greatly intensified chemical erosion. One should
not ignore, however, the other mountain systems of
Asia, which are jointly comparable in size with the
Tibetan Plateau and must influence similarly the cli-
matic processes. An attempt to estimate this influence
based on data characterizing mountain systems of Cen-
tral Asia is presented below.

AGE OF OROGENIC EVENTS IN CENTRAL ASTA

Numerous chains of mountains in Central Asia are
related in origin to collision between the Indian and
Eurasian lithospheric plates (Molnar and Tapponier,
1975; Zonenshain and Savostin, 1979). The collision
disintegrated southern margin of the Eurasian plate into
several microplates bounded by mountain systems
(Fig. 4). The total area of the Altai, Sayan, and Khangai
mountains (in other words, of the relevant mountain
land) is huge, over 1500000 km? (Fig. 5). These moun-
tains are relatively young, rising until present. Without
reliable criteria, it is difficult, however, to estimate
accurately the time, when they started to grow rapidly.

It is remarkable that the Sayan (East and West
Sayan, Khamardaban, and Sangilen ridges) and Khan-
gai (Khangai and Tarbagatai ridges) mountain systems
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Fig. 3. Sr isotope variations in seawater during the past
70 m.y. (after Raymo and Ruddiman, 1992).

coincide spatially with the South Baikal and South
Khangai volcanic provinces, respectively, where volca-
nism was in action throughout the Late Cenozoic
(Yarmolyuk et al., 1995, 2003). It is possible therefore
to estimate age of these mountain systems based on
successive changes in configuration of lava field from
isometric, corresponding to eruptions in slightly differ-
entiated topographic settings, to the linear valley flows
formed under conditions of well-differentiated relief.

The South Baikal volcanic province (SBVP) and
age of relevant orogeny (Fig. 6). This volcanic prov-
ince is confined to the southern periphery of Lake
Baikal and corresponds to the junction zone of the East
Sayan, Khamardaban, and Sangilen mountain systems
(Fig. 5). Recent orographic movements differentiated
topography of the province comprising now numerous
fragments of former, substantially larger lava fields
spread over a territory of 350 x 450 km. Products of
volcanism are represented by high-alkaline mafic rocks:
hawaiites, K-trachybasalts, basanites, and tephrophono-
lites (Rasskazov, 1993; Yarmolyuk et al., 2003). Forma-
tion of the province commenced in the terminal Oli-
gocene more than 30 Ma ago. The maximum volcanic
activity was in the early Miocene (23—-17 Ma ago), when
a large (150 x 120 km) basaltic plateau formed. Frag-
ments of the latter are now observable in the Khamard-
aban Ridge. During the middle Miocene—Pliocene, vol-
canic activity gradually decreased, giving rise to forma-
tion of numerous, usually isometric lava fields different
in size, which are mainly localized in central areas of
the province. Beginning from the late Pliocene (<3 Ma),
volcanism activated again to form the East Tuva lava
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Holocene volcanism and contours outline microplates originated by the Indin—Eurasian collision (after Zonenshain and Savostin,
1979): (Sib) Siberian, (Am) Amur, and (Mon) Mongolian microplates.

plateau and numerous extended lava flows of valley
type (Yarmolyuk et al., 1995, 2003). Activation of vol-
canism was accompanied by formation of a large moun-
tain system instead of the volcanic province (Fig. 6).
In order to date the orogenic events and to determine
position of their center, we carried out geological and
geochronological study of valley lava flows in the
SBVP. On opposite sides of the mountain system, there
are two areas with lava flows extending away from its
central part. One of the areas is in upper reaches of the
Bol’shoi and Malyi Yenisei rivers streaming westward;
the other one in upper reaches of the Dzhida River flow-
ing southeastward to eastward.

In upper reaches of the Bol’shoi and Malyi Yenisei
rivers (Fig. 7), valley flows different in age form lava
terraces of different height, which are traceable along
sides of present-day river valleys for distances of tens
kilometers. Five generations of valley flows recognized
in this area are dated at 2.8, ~1.7, 1.0, 0.27, and 0.5 Ma
(Table 1). The oldest flows correspond to highest (up to
500 m) terraces, while youngest ones occur on the val-
ley floors being slightly dissected by rivers.

Several valley lava flows are defined in upper reaches
of the Dzhida River occupy an area of ~3000 km?
(Fig. 8). Age generations of flows are established to be
2.9,~2.0,1.3,1.2,0.8, and 0.58 Ma old (Table 1). They
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form terraces up to 100 m high, which are traceable for
distances of tens kilometers. Because of younger flows
inset in older lava sequences, valley profiles are fre-
quently of stepwise aspect.

In general, valley flows represent typical products of
lava eruptions during the last 3 Ma of the SBVP history.
One and only exception is the East Tuva lava plateau,
which was formed in the East Sayan axial zone, when
it has not been affected by development of the present-
day river network. Distribution of valley flows in the
SBVP is consistent with present-day orographic pat-
terns, which were formed therefore before eruptions.
Accordingly, center of the mountain system originated
at its modern site in the junction zone between the East
Sayan and Khamardaban ridges. The base level of ero-
sion corresponding to fringing foothills has not been
likely changed after formation of the mountain system,
although deepening of river valleys in the central part of
the system is undoubtedly in progress now. Owing to
this, concurrent lava sequences formed in separate
areas of the mountain system occupy different positions
in the river valley structures. For example, in the
Dzhida River basin near piedmonts of the Sayan High-
land, the equilibrium profile was formed rather rapidly,
and present-day riverbeds practically never incise
therefore the lava sequences ~2.9 Ma old in thalwegs of
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Mongolia with structural elements of the lithosphere (after Zonenshain and Savostin, 1979; Zorin et al., 2003): (1) lava fields;
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(mantle hot spots): (SKH) South Khangai, (SB) South Baikal, (NB) North Baikal, (UD) Udokan; lava fields: (Vi) Vitim, (Dar) Dariganga.

old rivers. On the other hand, coeval lava flows are sit-
uated at least 150 m above floor of the Bilin River val-
ley in the mountain system flank. In upper reaches of the
Bol’shoi Yenisei River, the base of valley flows 1.7 Ma
old is lifted up to 500 m above the riverbed, while the
base of the East Tuva lava plateau (2 Ma old) is at the
level of 1000 m above the valley floors. These observa-
tions suggest intense development of river valleys at
present in the mentioned areas of the mountain system.
Judging from absence of older valley eruptions in the
SBVP, the mountain system originated immediately
before the late Pliocene—Pleistocene activation of vol-
canism in the region, i.e., ~3 Ma ago.

STRATIGRAPHY AND GEOLOGICAL CORRELATION  Vol. 14

The South Khangai volcanic province (SKHVP)
comprises volcanic fields localized in southern and cen-
tral Mongolia. Its formation is related to the long-term
development of a mantle plume traceable from the ter-
minal Jurassic to recent time (Yarmolyuk et al., 1994),
i.e., during the last 150 Ma. During the Late Cenozoic,
volcanism of the region was active in central and south-
ern areas of the Khangai Highland and adjacent north-
easterly basins of the Khanui and Orkhon rivers (Fig. 9).
Volcanic products of that time are represented by high-
alkaline mafic lavas of hawaiites, K-trachybasalts, and
basanites, i.e. by rocks compositionally close to lavas
of the SBVP.
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Fig. 6. Manifestations of recent (<3 Ma) volcanism (black) in the East Sayan arched uplift. Position of the region in the southern
part of East Siberia is shown in Fig. 5; isolines of the topographic summit surface (after Mats et al., 2001) are drawn with step of
100 m; dashed and dotted lines correspond respectively to boundaries of the South Baikal volcanic region and the Late Pleistocene
glaciation area (after Grossval’d, 2003). Grabens of rift triple-junction: (Tun) Tunka, (Khub) Khubsugul, (Ok) Oka.

The Late Cenozoic SKHVP includes large lava
flows of more or less isometric configuration suggest-
ing their formation in slightly differentiated topo-
graphic settings and valley flows (“lava rivers”). The
latter are confined to modern river valleys, where they
form systems of terraces different in age along the val-
ley sides.

Geochronological study showed that “lava rivers”
are not older than 2.9 Ma, and this date corresponds
consequently to origination time of the river network in
the Khangai Highland. Besides valley eruptions, there
was formed a large lava field in the axial part of the
highland. Lava sequence of the field over 500 m thick
occupies an area exceeding 5000 km?. Despite the high
thickness, distribution of lavas is restricted by the cen-
tral part of the Khangai Highland. Eruptions are esti-
mated to range from 1.2 to 2.4 Ma, thus determining a
period, when the highland summit area remained out of
influence of present-day rivers. The river network in
this part of the Khangai Highland appeared between
1.2 and 0.8 Ma, and eruptions 0.8 Ma ago gave birth to
the lava rivers in upper reaches of the Chulutu River
and its tributaries, which differentiated the lava plateau
at that time.

STRATIGRAPHY AND GEOLOGICAL CORRELATION  Vol. 14

The above ages of different-type eruptions indicate
that the highland formed rapidly and existed in con-
tours close to present-day ones beginning from 2.9 Ma.
Since that time, the modern river network was forming
beginning from the highland piedmonts toward its cen-
tral parts. Accordingly, river valleys with stable equilib-
rium profiles formed rapidly in the Khangai Ridge
flanks, while in its central areas an intense incision of
river valley is in progress nowadays. That is why coeval
lava sequences are located at dissimilar levels above
riverbeds in different areas of the highland. In marginal
parts for example, lava flows approximately 2 Ma old
occur in present-day valleys forming lava terraces, the
base of which is above the valley floor at the level of
50 m, not more. In the axial part of the Khangai High-
land however, the base of the coeval lava plateau
formed in slightly differentiated topographic settings is
situated more than 500 m above the valley bottom,
although differentiation of topography by present-day
rivers commenced approximatelyl Ma ago.

Thus, the data obtained show that the Khangai and
Sayan mountain systems are young. Thy rose rapidly
about 3 Ma ago, as it is evident from leveling surfaces
2 Ma old preserved in central parts of the systems,
while river valleys in marginal parts had profiles at that
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Fig. 7. Schematic distribution of valley lava flows in upper reaches of the Bol’shoi and Malyi Yenisei rivers (after Yarmolyuk and
Kuzmin, 2004); the area position in the East Sayan arched uplift is shown in Fig. 6: (1-5) lava flows ~2800 (1), 1650-1750 (2),
~1000 (3), 190-290 (4), and ~50 (5) ka old; (6) volcanoes; (7) sampling sites and ages (ka).

time similar to the modern ones. According to results of
fission-track dating (Dobretsov et al., 1996), the Altai
ridges originated in the period from 3 to 5 Ma ago. All
these facts suggest that the immense Khangai—Altai—
Sayan mountain land emerged in Central Asia approxi-
mately 3 Ma ago. Occupying territory of about 1.5 X
10° km?, it influenced the atmospheric circulation like
the Tibetan—Himalayan mountain system. While the
last system was a barrier for meridional airflows, the
Khangai—Altai—Sayan system blocked latitudinal atmo-
spheric flows giving birth to the Mongolian anticyclone
(Dodonov, 2002).

PALEOCLIMATIC RECORDS IN CENTRAL ASIA

Climate changes recorded in bottom sediments of
the Lake Baikal. A most impressive evidence for inter-
relation between climatic changes and development of
modern topography in the study regions is established
in the core sections through bottom sediments of the
Lake Baikal. The BDP-96 and BDP-98 core sections
200 and 600 m long, respectively, are most informative
with respect to climatic variations in the Lake Baikal
region. These sections characterizing period of about
8 m.y. long are recovered at the Akademicheskii Ridge
(Baikal Drilling..., 1998, 2000a, 2000b).

STRATIGRAPHY AND GEOLOGICAL CORRELATION  Vol. 14

The recovered sections of fine-grained muddy sedi-
ments have rhythmical structure being composed of
layers enriched in diatom frustules and intercalated
with compact siliciclastic clays (Baikal Drilling...,
2000b; Kuzmin et al., 2001a). As is established, sedi-
ments with high contents of diatom algae accumulated
during warm interglacial periods, while compact silici-
clastic clays virtually barren of diatoms formed in cold
glacial epochs (Bezrukova et al., 1991; Baikal Drill-
ing..., 1995, 1998, 2000a). Clay layers contain fre-
quently different-sized rock clasts (gravel, pebbles,
boulders), which are interpreted as ice-rafted material
(Karabanov et al., 1998; Karabanov, 1999; Kuzmin et
al., 2001b) indicative of icebergs floating in the Lake
Baikal at the time of intense glaciation in surrounding
mountains. The spectral analysis of biogenic silica
records in Baikal sediments revealed cycles of diatom-
enriched layers, which are 23, 41, and 100 ka long
(Williams et al., 1997; Baikal Drilling..., 1998, 2000a;
Kuzmin et al., 2001a). The cycles are compatible with
periodical changes in orbital parameters of the Earth
rotating around the Sun, which are detectable as well in
marine isotopic and other paleoclimatic records avail-
able for the period under consideration. These data
show that the distribution of biogenic silica and diatom
remains in Baikal sediments have been controlled by
climatic variations.
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Table 1. K-Ar dates obtained for basaltic valley flows in the South Baikal and South Khangai volcanic regions

) Sampling site K, AT, Age
Sample Lava flows in valleys X X (*1.60),
latitude, N | longitude, E | Wt% | ng/g ka
South Baikal volcanic region
Lava rivers of the Bol’shoi Yenisei River basin
PR-4/2 52°20.7 98°27.9 1.68 0.204 | 1750 %100
BE-1/18 Bol’shoi Yenisei River (upper lava terrace)| 52°14.8’ 98°05.9’ 0.8 0.096 | 1730£ 150
PL-2/5 52°18.6 98°41.3’ 1.05 0.120 | 1650% 130
UA-1/5 Bol’shoi Yenisei River (lower lava terrace)| 52°22.3’ 98°20.9 1.68 0.0056 5020
Lava rivers of the Malyi Yenisei River basin
BL-4 Bilin River (upper lava terrace) 51°52.7 98°15.3’ 142 | 027 2800 £ 200
BL-2/3 Kadur-At River 51°47.5° 97°53.0¢ 1.57 0.109 | 1000 £ 100
BL-1/3 Kyshtag River 51°54.7 98°03.5" 1.07 0.022 290 £ 70
BL-3/1 51°51.2 98°09.8’ 1.49 0.020 205 £ 50
ME-1/10 Malyi Yenisei River 51°19.5° 96°58.9 1.25 0.024 280 £ 60
ME-1/5 51°19.7 96°20.7 1.45 0.026 260 + 60
BL-3/2 Bilin River (lower lava terrace) 51°50.9’ 98°12.3’ 1.20 0.0042 50+ 30
Lava rivers of the Dzhida River basin
SG-2/4 Sangina River—Khamnei River 50°49.1 103°41.9 1.3 0.25 2800 £ 250
SG-1/5 50°47.8’ 103°34.8 1.36 0.29 3100 £ 250
DZH-14/4 50°45.6 103°20.4 1.8 0.39 3150 +250
DZH-14/3 50°45.5° 103°21.1 1.62 0.32 2850 + 250
DZH-14/5 |Myla River-Khamnei River 50°41.6 103°28.2 1.49 | 0.27 2600 £ 200
KHM-1/1* Near-mouth part 1.36 0.284 | 3030%370
KHM-1/16* of the Myla River 1.44 | 0.265 | 2670 %310
DKH-4/8 | Darkhintui River—lower reaches 50°38.5 103°26.5’ 1.31 0.20 2250 £ 200
DKH-5/9 | of the Khamnei River 50°30.3’ 103°44.77 | 1.50 | 0.20 | 1900 * 150
DZH-14/1 Dzida River 50°23.9 104°09.4 1.30 0.12 1300 £+ 120
DZH-14/9 50°27.6 104°21.4 1.49 0.13 1260 £ 110
DKH-4/1 Khobol River 50°37.3’ 103°14.6¢ 2.62 0.22 1200 = 100
KHTS-3/1 |Khurai-Tsakir River 50°28.3’ 103°26’ 2.15 0.086 580+ 80
South Khangai volcanic region
Lava sequences of the Tariat depression
TSM-4/14 | Upper lava terrace 48°06.8 100°01.7 1.76 0.363 2.95%0.15
TSM-4/6 Lava flows of the Gichgenii-gol River 48°07.1" 99°56.4" 2.57 0.25 1.4£0.1
TSM-4/8 48°08.4 100°07.9 24 0.084 0.51 £0.07
TSM-4/10 |Lava flows of the Sumein-gol River 48°08.4 100°16.5 1.54 0.061 0.57 £ 0.06
TSM-4/9 48°08.4 100°16.5’ 2.45 0.101 0.6 £0.06
TSM-4/12 | Lava flows of the Chultuin-gol River 48°12.0° 100°25.5" 2.21 0.056 0.36 £ 0.06
Lava flows of Khangai Highland slopes and fringing
TSM-2/4 Valley flows, Tuin-gol River 46°25.3 100°49.1 1.81 0.158 1.25+0.1
Khan-23/2 | Uran-togoo Volcano 48°59.7 102°44.2 2.54 0.029 0.17£0.04
Or-2/4 Upper reaches of the Orkhon River 0.3*
Lava flows of Khangai Highland axial part
2573/22 Valley flows of the Chultuin-gol River 0.8%*
2664/11 Upper reaches 1.2%

Note: Measurements are carried out using mass spectrometer at the Institute of Geology of Ore Deposits, Petrography, Mineralogy, and
Geochemistry RAS (analytical procedure after Chernyshev et al., 1999). Asterisk designates data obtained by V.G. Ivanov at the
Institute of Geochemistry SD RAS, analyst V.N. Smirnov.
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Fig. 8. Schematic distribution of valley lava flows at the left side of the Dzhida River upper reaches (after Yarmolyuk and Kuzmin,

2004); the area position in the East Sayan arched uplift is shown in Fig. 6: (1-4) lava flows ~2600-3150 (1), 1900-2250 (2), ~1200—
1300 (3), and ~600 (4) ka old; (5) volcanoes; (6) sampling sites and ages (ka).
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Fig. 9. Schematic distribution of recent (<3 Ma) volcanism (hatched) in the Khentei mountain region (linear contour) and its fring-
ing; numbers correspond to K—Ar ages of lavas (Table 1) and position of the region in Central Mongolia is shown in Fig. 5.

STRATIGRAPHY AND GEOLOGICAL CORRELATION  Vol. 14 No.2 2006



116 YARMOLYUK, KUZMIN

()

(b)

Diatom content in
Lake Baikal sediments, %

(©
Marine oxygen
isotope record, §'%0
(Pacific Ocean)

0 20 40 60 80 100 5 4 6
Ottt L 1 0 ) X
Brunhes N — -
Jaramillo 1 1 E 14 —_— N
Matuyama - e I I S S| SRS —— = -_ s
N 1I cold episode - I
Olduvai T ___ UP M) e as i i G
2 23 2 ==
4 . —— |
§ E I cold episode Cooling =
Gauss - (2.82 —2.48 Ma) ]
3 3 3 : =
Kaena B e T T T I A R e i
Mamoth E [ ]
n 1 -
. 7] 1 -
Gilbert 4 47 4 l
Cochiti N E:
i 1 ™
Nunivak E . l
B [ —
5 5- 5

Fig. 10. Correlation between the Baikal diatom record and oxygen isotope variations in the Pacific sediments (after Karabanov et al.,
2001). (a) Late Cenozoic magnetostratigraphic scale. (b) Variations of diatom abundance in sediments of the Lake Baikal. (c) Sec-
ular oxygen isotope variations reflecting changes in the global ice volume (strengthening of 3% signal corresponds to increased
ice volume and cooling) relative to the present-day state (dashed line) and during glacial periods (to the left of chain line character-
izing transition from the last glacial period to the Holocene). Transition to climate like at present was in the period of 3.1 to 2.5 Ma.

Variations in the diatom content through the section
of Borehole BDP-96 are correlated in Fig. 10 with the
O-isotope records in marine sediments of the Pacific
(Karabanov et al., 2001). The variation curve reveals
unambiguously two minimums in the diatom content,
which are indicative of two epochs of significant cool-
ing. The first of them corresponds to the Gauss—
Matuyama boundary interval 2.82-2.48 Ma old. The
second minimum dated back to 1.75-1.45 Ma is in the
upper part of the Matuyama Chron, and its beginning
coincides with the upper boundary of the Olduvai pale-
omagnetic reversal. Duration of both cooling events is
approximately equal (about 300 thousand years). The
first cooling event was accompanied by changes in the
vegetation community: forests became dominated by
dark coniferous forms (fir and cedar). In addition, the
forest zone became reduced, while that occupied by the
forest—steppe and steppe vegetation widened that
means decrease in atmospheric humidity. At the same
time, in the Baikal sediments there is recorded after the

STRATIGRAPHY AND GEOLOGICAL CORRELATION  Vol. 14

first cooling event a climatic warming comparable with
the Pliocene one. After the second minimum, the cool-
ing intensity remained the same, comparable with cli-
matic regime of the late Pleistocene. The second cool-
ing was accompanied by significant changes in vegeta-
tion, as is evident from palynological spectra in
corresponding sediments: abundance of arboreal forms
decreased at this level, while share of herbaceous plants
increased (Bezrukova et al., 1999). After this cooling,
temperate—thermophilic arboreal species practically
disappeared from the region under consideration.

Abundance of diatoms during these two cold peri-
ods was very low, close to their disappearance that is
characteristic only of the upper Pleistocene glacial sed-
iments. Lacustrine sediments corresponding to these
cooling peaks are similar to sediments of correspond-
ing periods. They are represented by fine clays with ice-
rafted and iceberg-transported material, as it is evident
from sediments density increasing upward in the sec-
tion (Baikal Drilling..., 2000a; Kuzmin et al., 2001a).
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This suggests development of mountain glaciers around
the lake, which appeared first 2.5 Ma ago.

Two thermal minimums in the Baikal sedimentary
record are well correlative with global cooling events
detectable in many marine and continental paleocli-
matic records and in the fauna and flora composition.
Par example, the first minimum corresponds to the pre-
Tiglian cooling, the earliest one in the Northern Hemi-
sphere (Karabanov et al., 2001; Kuzmin et al., 2001a).
Changes in composition and structure of loess sedi-
ments are recorded at the same level in China (Kukla
et al., 1988; Bloemendal and de Menocal, 1989), while
in the Atlantic and Pacific oceans this level corresponds
to accumulation of sediments with rare ice-rafted mate-
rial (Shackleton et al., 1984; Maslin et al., 1995).

STRATIGRAPHY AND GEOLOGICAL CORRELATION  Vol. 14

Climate changes that commenced 3 to 2.5 Ma ago
are traditionally related to the development of the
Tibetan Plateau and Himalayas (Ruddiman and Kutz-
bach, 1989, 1991). As is shown however, the Khangai—
Altai—Sayan mountain system with the Lake Baikal in
its northern periphery originated in the same period. It
is natural to assume, therefore, that influence of this
system on composition and structure of the Baikal
lacustrine sediments was decisive. These sediments
enclose ice-rafted material in the interval dated back to
2.82-2.48 Ma, and altitude of mountains surrounding
the Lake Baikal was consequently sufficient for forma-
tion of mountain glaciers at that time. It is conceivable
also that the next pulses in the mountains growth took
place 1.75 Ma ago and triggered significant cooling.
Thus, it can be concluded that orogenic processes in
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Central Asia influenced the climate evolution during
the last 3 m.y. of geological history.

Variations in the contents of diatoms through the
sedimentary section since 1.7 Ma or, probably, since
2.8 Ma reflect alternation of glacial and interglacial
epochs in Central Asia, i.e., each cooling in mountains
fringing the Lake Baikal terminated with glaciation. On
the other hand, O-isotope records in the Pacific sedi-
ments (Shackleton et al., 1984) show that the global ice
volume was at that time lesser than that characteristic of
the Late Pleistocene glacial epochs. The difference
between marine and continental records indicate that
climatic fluctuations were probably more contrasting in
continental areas of Eurasia than elsewhere on the
planet. The Baikal record reflects response of Central
Asia to climatic cooling caused simultaneously by the
orbital factors and orogenic movements in the region.

The Baikal and marine paleoclimatic records are
best correlative within the Brunhes Chron interval cor-
responding to the last 790 ka (Karabanov et al., 2001;
Prokopenko et al., 2001) (Fig. 11). In the Baikal sec-
tion, there are 10 diatom-rich and 9 diatom-impover-
ished alternating intervals, while 10 warm (odd) and 9
cold (even) O-isotope stages (MIS) are known in the
marine paleoclimatic record, which are compatible
with the Milankovitch cycles. Some intervals of the
Baikal section impoverished in diatom frustules are
definitely correlative with glacial epochs, and it seems
reasonable to assume that the other similar intervals are
indicative of glaciations as well. This assumption puts
forward, however, a problem concerning the number of
real glacial epochs and their ages (Bazarov, 1987). To
clarify the problem, we consider below distribution
trends of volcanic eruptions into ice as indicative of gla-
cial epochs in mountain areas fringing the Lake Baikal
(Yarmolyuk et al., 2001).

Paleoclimatic reconstruction based on morpholog-
ical features of volcanic fields. Evidence for volcanic
eruptions into glaciers is obtained in the East Tuva lava
plateau (Yarmolyuk et al., 2001; Yarmolyuk and
Kuzmin, 2004) situated in the axial part of the Sayan
mountain system between upper reaches of the
Bol’shoi Yenisei and Khamsara rivers. The plateau is as
spacious as 2000 km?, being composed of lava
sequence up to 1000 m thick, and integral volume of
volcanic products is estimated to be 700 km? at least.
The plateau is crowned with table mountains, which
correspond to highly eroded central-type volcanoes.
Besides, in river valleys crossing the plateau there are
lava flows of the valley type. All the lavas of massive
basalts erupted in subaerial settings during glacial
epochs, as we believe (Kuzmin et al., 2003; Yarmolyuk
and Kuzmin, 2004). Beginning from pioneering works
(Lur’e and Obrucheyv, 1948; Obruchev, 1950), the rocks
were considered to constitute three sequences: the
lower lava (Pliocene), middle tuff (late Pliocene—early
Pleistocene), and upper lava sequence (middle Pleis-
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tocene). The sequences are dated based mainly on geo-
morphological data (Grossval’d, 1965; Kurgan’kov and
Matsera, 1987). We established two important facts.
First, multiple pulses of volcanism were practically
continuous during the last 2 m.y. Second, tuffs of the
volcanic succession represent mostly hyaloclastites, a
peculiar type of clastic volcanic rocks. It is also shown
that subaerial lavas and hyaloclastites originated in sep-
arate periods, being erupted, in our opinion, in different
settings of interglacial epoch, on the one hand, or into
ice, on the other.

Hyaloclastites, the rocks described in detail else-
where (Kuzmin et al., 2003; Yarmolyuk and Kuzmin,
2004), consist of unsorted fragments of glassy lavas
cemented by fine-grained volcanic glass. Fragments set
in matrix of fine-grained volcanic glass have glassy
external zone, being shaped frequently as zoned lava
spheroids and pillows typical of spheroidal lavas. Size-
variable fragments are chaotically mixed within layers
and lenses up to 10-15 m thick. Based on these features,
we attribute these rocks to volcaniclastic complex.

Rocks of the volcaniclastic complex occur in large,
usually isolated volcanic edifices resembling table
mountains, which rise by 500-700 m above the surface
of the lava plateau. Many of these volcanoes are
exposed almost to their base under action of landslides
and glacier gouging. As is seen in walls hundreds
meters high, the volcaniclastic sequences are coarse-
bedded. Some beds dip steeply toward the center, and
the whole structural arrangement resembles a giant
cross bedding (Yarmolyuk et al., 2001).

In order to interpret correctly origin of volcaniclas-
tic complex, it should be remembered that hyaloclas-
tites and spheroid lavas originate by eruptions into an
effective cooler: water or ice. It should be noted also
that similar rocks are widespread in Iceland, particu-
larly in the Mouberg Group (Milanovskii, 1978). Ori-
gin of the Kaulfstindar Formation belonging to the
group is related exceptionally to eruptions into ice
(Geptner, 1978). Rocks of this formation form relicts of
central volcanoes distinguished in topography under
the name “table mountains” (Bemmelen and Rutten,
1955), which are composed of pillow lavas, widespread
hyaloclastites, and rewashed fine-grained tephra, all
constituting the main volume of volcanoes. Subaerial
lavas occur only in the uppermost parts of volcanoes,
where they form thin subhorizontal flows armoring the
surface of volcanoes. They erupted after retreat of gla-
ciers with lakes inside. It is clear that these rocks are
comparable in characteristics with volcaniclastic com-
plex typical of aforementioned volcanic edifices crown-
ing the East Tuva lava plateau. Confident data on mul-
tiple formation of large glaciers, ice sheets included,
during the Pleistocene are established in the eastern
Tuva and Sayan Mountains (Grossval’d, 1965). For
example, almost all the volcanic structures of the East
Tuva Highland bear signs of glacial abrasion. Gross-
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val’d (1965), who carried out a special study, defined
two the Azas and Shivit phases of sheet glaciation,
which substantially changed morphology of volcanic
edifices in the highland. It should be noted that the East
Sayan mountain system comprising the East Tuva
Highland was lacking settings suitable for appearance
of large deep lakes. Origin of the examined volcaniclas-
tic complex composed of hyaloclastites, spheroid lavas,
and lahars can be explained therefore by lava eruptions
into glaciers. Consequently, rocks of the complex point
to existence of large ice bodies during their formation.
Based on thickness of the volcaniclastic complex, it is
possible to assume that the ice sheet was more than
600 m thick at the formation time of table mountains. In
opinion of Grossval’d (2003), it was up to 3000 m thick
and occupied area over 100000 km?.

The K—Ar dates obtained for volcanic rocks from
the East Tuva lava highland are presented in Table 2.
According to these dates, lava eruptions into ice hap-
pened at1750 to 1650, 760 to 725, 600 to 560, and 225
to 100 ka ago.

Comparison of Baikal paleoclimatic record with
paleoclimatic reconstructions based on morphology
of lava fields. If our inference that volcanoes composed
of massive lavas formed in interglacial epochs, while
those largely composed of hyaloclastites appeared dur-
ing glacial periods, is correct, then glacial and intergla-
cial epochs defined using volcanics should correspond
in age to warm and cold periods in the Baikal sedimen-
tary record. The results of correlation are presented in
Fig. 11, where periods of different-type volcanic erup-
tions are plotted versus the Baikal paleoclimatic
records and detailed chronological scale after Proko-
penko et al. (2001) for the Brunhes Chron in the upper
diagram (Fig. 11a) and for the last 2.5 m.y. in the lower
diagram (Fig. 11b). The correlation seems quite reason-
able, as one can see. For example, interglacial eruptions
that formed the lava plateau (1.95-2.2 Ma) and a small
shield volcano on the latter (1.2 Ma) occurred during
the interglacial epoch characterized by diatom abun-
dance in the Baikal sedimentary succession. Later erup-
tions of the small Yurdava, Sagan (both 290-350 ka
ago), Ulug-Arga volcanoes and valley lava flows along
the Bol’shoi Yenisei River (50 £ 20 ka ago, Yarmolyuk
et al., 2000; Yarmolyuk and Kuzmin, 2004) also corre-
spond to interglacial sediments in the Baikal section
(MIS 9 and MIS 5, respectively, in Fig. 11a).

Hyaloclastites of the Paleo-Yenisei lava flows,
which erupted, in our opinion, during the glacial
period, are dated back to 1.75-1.65 Ma. This interval
corresponds in the Baikal record to the period of strong
cooling from 1.75 to 1.45 Ma (Fig. 10a).

A significant cooling can be suggested based on
hyaloclastites of the Derbi-Taiga Volcano, which are
over 550 m thick and erupted 725-760 ka ago. This
event corresponds to cold period from 764 to 714 ka
recorded in the Baikal sediments and coinciding with
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the cold MIS 18 and the Mansi glacial epoch (Arkhipov
and Volkova, 1994; Karabanov et al., 2001).

The period from 600 to 560 ka was marked by the
formation of glassy lavas and hyaloclastites erupted by
several small shield volcanoes. Volcaniclastic rocks are
typical of the lower part in the section several tens of
meters thick, where they are replaced upward by normal
lavas erupted in subaerial environments. Their formation
is likely related to eruptions in settings with thin glaciers
that were destroyed at early development stages of these
volcanoes. In the sedimentary record, this cooling can be
correlated with the interval characterized by the low dia-
tom content against the cold MIS 14.

Eruptions from a large group of volcanoes that
appeared in the period between 225 and 100 ka also
took place during a strong cooling and existence of a
thick ice sheet, because these volcanoes are largely
composed of thin-bedded hyaloclastites up to 600 m
thick and thicker (Yarmolyuk et al., 2001). In the Baikal
record, the formation of these volcanoes coincides with
MIS 6 (185 to 127 ka ago), which corresponds to the
Taz Glaciation in the Siberian stratigraphic scale
(Arkhipov and Volkova, 1994; Karabanov et al., 2001).

Thus, the climatic changes estimated based on the
Baikal sedimentary record and volcanic eruptions of
different types are well correlative (Fig. 11). Volcanic
rocks accumulated during cold epochs reveal signs of
lava interaction with glaciers, while lavas erupted dur-
ing warm periods are lacking such features. The estab-
lished correlation indicates first that two, geochrono-
logical (K—Ar) and paleoclimatic, scales used to date
geological processes in the Lake Baikal region are well
compatible. Second, each cooling recorded in bottom
sediments was accompanied by different-scale glacia-
tion in mountains surrounding the Lake Baikal, the East
Sayan Mts. (East Tuva lava highland) included. Epochs
of long-lasted and strong cooling, e.g., at the time of
MIS 18 and MIS 6, corresponded to existence periods
of glacial sheets many hundreds meters thick (up to
3000 m after Grossval’d, 2003), while during the other
epochs, relatively thin valley glaciers formed.

Some glacial epochs readily recognizable in the
Baikal sedimentary record cannot be correlated with
concurrent formation periods of characteristic hyalo-
clastites. It is likely therefore that no volcanic eruptions
occurred during these epochs. At the same time, by
analogy with glacial epochs and concurrent hyaloclas-
tites, we believe that all the periods of cooling distin-
guished in the Baikal record were accompanied by for-
mation of mountain glaciers.

ON INTERRELATION OF OROGENIC,
VOLCANIC, AND CLIMATIC PROCESSES
IN RECENT HISTORY OF CENTRAL ASIA

Hence, orogenic processes activated in Central Asia
approximately 3 Ma ago gave birth to the Khangai—
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Altai-Sayan, Tien Shan, Khentei, North Baikal and
other large mountain systems. With due account for the
Tibetan Plateau, it can be stated that the entire territory
of Central and South Asia between 55° and 25° N and
70° to 120° E was risen for more than 1 km above sea
level at that time. The appearance of such a giant (~9 X
10° km?) mountain land should undoubtedly influence
at least the atmospheric circulation in the Northern
Hemisphere. Indeed, orogenic processes developed
parallel to global climatic cooling, which caused origi-
nation of first glaciers in mountains fringing the Lake
Baikal.

On factors of orogenic processes. Beginning from
works of the 1970s (Molnar and Tapponier, 1975; Zon-
enshain and Savostin, 1979), orogenic movements in
Central and South Asia were thought to be provoked
mainly by collision between the Indian and Eurasian
lithospheric plates with associated disintegration of the
southern margin of the latter into several microplates.
Formation of mountain chains along boundaries of
these microplates was interpreted as resulting from
their interaction. The concept was elaborated mainly
for the Tibet and Himalayas risen, as is suggested, due
to lithosphere thickening in response to northward
thrusting of the Indian Plate and the Yangtze block
under these structures (Tapponier et al., 2001). Simul-
taneously, the idea of asthenospheric mantle participa-
tion in this process became popular during the last
decade (Artyushkov, 1998; Williams et al., 2004),
because real thickness of Tibetan lithosphere is incon-
sistent with parameter expected from the first model.
Besides, this model does not explain the fact why colli-
sion lasted at least 40 m.y., whereas intense orogenic
processes have been manifested in huge territory of
Central and South Asia only during the past 3-5 m.y.
(Artyushkov, 1998). It is remarkable as well that oro-
genic process was accompanied in some areas (Fig. 4)
by Cenozoic pulses of basaltic volcanism (Yarmolyuk
et al., 1995). The suggested influence of asthenospheric
mantle on recent orogeny could be related to activation
and compensatory uplift of deep mantle horizons
toward the lithosphere base in response to delamination
of lithospheric mantle in the course of collision or to
disrupting of subsiding lithospheric slabs.

In Central Asia, there are reliable indications that
anomalous mantle participated in recent orogenic pro-
cesses (Yarmolyuk and Kuzmin, 2004). It should be
remembered first that this territory developed under
long-lasted regime of continuous intraplate activity
during the Late Mesozoic and Cenozoic. Numerous
systems of grabens and volcanic regions with
extremely long development history (about 160 m.y.)
originated here, and their origin was related to mantle
plumes (Yarmolyuk et al., 1995).

The so-called South Khangai plume controlled evo-
lution of synonymous volcanic region, which devel-
oped since the Late Jurassic (since 150 Ma ago) until
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recent time (Yarmolyuk et al., 1994). The relevant vol-
canic fields distributed throughout southern and central
Mongolia depict the migration path of lithosphere above
the plume. Since the terminal Oligocene (~30 Ma ago),
volcanism appeared to be localized in the present-day
Khangai region and fixed position of the mantle plume.
The relevant volcanism was manifested in a series of
cyclic eruptions separated by periods of several million
years long. As is mentioned, the youngest pulse of vol-
canism commenced approximately 3 Ma ago and lasted
until the Holocene.

Another hot spot was under the South Baikal volca-
nic region that developed since 35 Ma ago (Yarmolyuk
et al., 2003). The maximum volcanic activity was in the
early Miocene (21 to 17 Ma), when a large lava plateau
armoring summits of the Khamardaban Ridge
appeared. About 16 Ma ago, the Tunka—Khubsugul-
Oka triple junction originated in central part of this vol-
canic region. Beginning from that time, volcanism,
gradually ceasing practically to the end of the Pliocene
(up to 3 Ma), was mainly confined to this triple junc-
tion. The recent pulse of volcanism started 3 Ma ago,
and the eruption centers were displaced toward flanks
of the volcanic region, i.e., to flanks of the Sayan moun-
tain system that emerged at the same time (Yarmolyuk
and Kuzmin, 2004).

Both plumes are detectable in structure of anoma-
lous mantle beneath the region under consideration.
Areas of South Siberia and Mongolia, where asthenos-
pheric mantle is risen to depth shallower than 100 km
according to gravimetric and seismic data (Zorin et al.,
1988, 2003, Gao et al., 2003), are outlined in Fig. 5. In
addition, there are shown local asthenospheric uplifts
reaching the crust base at the depth of approximately
50 km (Zorin et al., 1988), which are interpreted as
mantle plumes (Yarmolyuk et al., 1995; Zorin et al.,
2003). These plumes (or “hot fingers” by analogy with
small plumes that controlled the Late Cenozoic rifting
in West Europe) are localized under areas of Late Cen-
ozoic volcanism interrelated with mantle hot spots. The
same is typical of the South Khangai, South Baikal,
Vitim Plateau (North Baikal plume) and Udokan hot
spots and corresponding regions of recent volcanism.
All these regions have sufficiently long (over 20 m.y.)
development history (Yarmolyuk et al., 1995), and it is
reasonable to assume therefore that mantle plumes,
which controlled their evolution, originated at least at
the beginning of the Late Cenozoic.

Boundaries of microplates (after Zonenshain and
Savostin, 1979), which originated in Central Asia in
response to Indian—Asian collision, are also shown in
Fig. 5. As is seen, western and northwestern segments
of the Amur Plate boundary cross several mantle
plumes, the South Khangai and South Baikal hot spots
included. In the South Baikal volcanic region, this
boundary is traceable along the Tunka and Khubsugul
grabens (Yarmolyuk et al., 2003; Yarmolyuk and
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Kuzmin, 2004). The grabens originated not earlier than
16 Ma ago, and disintegration of the region into micro-
plates happened in the middle Miocene only, not ear-
lier, i.e., when the lower part of lithosphere was already
eroded by the extended projection of anomalous man-
tle. It is clear that western and northwestern segments
of the Amur Plate boundary formed along the crest of
the mantle projection under zone of minimal thickness
in the lithospheric plate, which was weakest here and
perforated up to the crust base by mantle plumes.

Formation of this boundary did not influence nota-
bly the relief differentiation. The rapid growth of moun-
tains with characteristic features of the present-day
topography occurred only in the terminal Pliocene
(~3 Ma ago). This process was attended by activation of
volcanism. Similar processes took place in other areas
of Central Asia as well. In the second half of the
Pliocene, there was formed the Altai mountain system
(Dobretsov et al., 1996). The deep Lake Baikal
(Kuzmin et al., 2001; Yarmolyuk and Kuzmin, 2004)
and other depressions in northeastern branch of the
Baikal rift system also originated in the Pliocene. Their
formation was accompanied by the growth of moun-
tains in surrounding areas and by activation of volcan-
ism in the Udokan (<4 Ma ago) and Vitim (<5 Ma ago)
regions (Rasskazov et al., 2000; Yarmolyuk et al.,
1995). The moderately depleted PREMA and enriched
EMI and EMII mantle domains represented source res-
ervoirs of recent volcanism in different areas of Central
Asia (Yarmolyuk et al., 2003) that is indicative of sub-
lithospheric mantle participation in endogenic pro-
cesses. This is evident primarily from coincidence of
mantle plumes projected at the surface with highest
areas of newly formed mountain systems (Fig. 11).
Influence of the active mantle on recent orogenic pro-
cesses is also detectable in other areas of the giant
mountain system that appeared between the Indian and
Siberian lithospheric plates. As is shown in Fig. 4, areas
of volcanic rocks less than 10 Ma old are largely con-
fined to mountain systems that appeared along bound-
aries of lithospheric plates. The sole exception is the
Dariganga Plateau formed during the Pliocene (~5 Ma
ago) in the central part of the Amur Plate (Yarmolyuk
et al.,, 1995). Owing to its remote position relative to
boundaries between microplates in Central Asia, this
plateau indicates activation of mantle processes in the
Pliocene and Pleistocene, which developed indepen-
dently from orogeny and caused, in particular, the pla-
teau formation.

All data considered above imply that precisely man-
tle processes were of prime importance for recent orog-
eny in Central and South Asia. Taking into consider-
ation that orogeny and mantle magmatism spanned
over the entire collision belt between the Indian and
Siberian plates, we believe that endogenic activation
should be related to collision. It is likely that the activa-
tion was triggered by detachment of slab (or slabs) from
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the Indian Plate and Yangtze block thrust under Tibet.
This resulted in a rapid compensatory uplift of deep
mantle toward the base of the collision belt lithosphere.
It can be also assumed that distribution of anomalous
mantle was controlled here by lithospheric traps or
areas with the minimal lithospheric thickness. The traps
were confined primarily to boundaries between micro-
plates formed in the course of the Indian—Asian colli-
sion. The relatively heated mantle of lowered density
could cause isostatic uplift of mountains precisely
along these boundaries.

Thus, we arrive at the conclusion that processes of
mantle diapirism were responsible for formation of
mountain systems and relevant climatic changes in
Central and South Asia during the late Pliocene—
Holocene. In turn, the mantle plumes were activated by
lithospheric slabs sinking into the mantle during colli-
sion between the Indian and Eurasian lithospheric
plates.

CONCLUSIONS

(1) In geological history of the Earth, climate
changes were primarily caused by gradual decrease of
the surface temperature. Volcanism was of secondary
importance for emergence of principal climatic periods.
Activation of highly explosive magmatism along the
convergent boundaries between lithospheric plates pol-
luted the atmosphere and, consequently, favored glaci-
ations. Intraplate magmatism, which was dominant in
warm epochs, had an opposite effect. The climate was
substantially influenced, particularly during cold
epochs, by relative disposition of continents and by
existence or absence of large mountain systems, which
controlled atmospheric and oceanic circulations and
chemical weathering that changed concentration of
greenhouse gases. Variations in parameters of the Earth
solar orbit (Milankovitch cycles) determine the most
regular climatic fluctuations.

(2) Climatic fluctuations of the Late Cenozoic were
caused to a significant extent by orogenic processes in
collision zone between the Indian and North Asian
lithospheric plates. The first strong cooling in the
Northern Hemisphere (2.8 to 2.5 Ma ago) was concur-
rent to rapid growth of mountains along the entire col-
lision belt. This was the formation period of the Tibetan
Plateau in its present-day configuration and of the huge
(>1.5 x 10° km?) Khangai—Altai-Sayan mountain sys-
tem in South and Central Asia. The total area occupied
by these mountain systems is 9 x 10 km?. Orogeny was
accompanied by intraplate volcanism indicating partic-
ipation of sublithospheric mantle in this process.

(3) During the past 1.8 m.y., climate in Central Asia
varied from glacial to interglacial. Climatic fluctuations
were controlled by orbital parameters of the Earth and
corresponded to the Milankovitch cycles. Climatic
events recognized in the Baikal sedimentary record are
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correlative with interglacial and glacial epochs recon-
structed based on morphology of lava fields in the East
Sayan and Baikal mountain systems. Since lavas
formed during cold periods bear features indicative of
magma eruptions into ice, all the cooling epochs after
1.8 Ma detectable in the Baikal paleoclimatic record
were accompanied by development of mountain glaci-
ations. At least eight events of this kind took place dur-
ing the Brunhes Chron.

(4) Data on thickness of hyaloclastites studied in the
South Baikal and East Sayan mountain regions suggest
that the ice sheets were here many hundreds meters
thick, probably as thick as 3 km in some glacial periods,
e.g., during MIS 18 and MIS 6. Alternation of warm
and cold epochs is correlative with frequency of lava
eruptions during the last million years.

(5) Data considered in this work imply that
endogenic (volcanism and orogeny) and exogenic (gla-
ciation) processes in Central Asia were interrelated dur-
ing the past 3 m.y. The interrelation determined growth
of mountains and formation of glaciers in high moun-
tain systems during the cold climatic epochs, on the one
hand, and controlled oscillations of lithospheric load on
the asthenosphere due to intermittent formation and
degradation of thick ice sheets, on the other. In our
opinion, it caused also migration of the hot mantle into
marginal zones of asthenospheric lenses stimulating
magma generation beneath peripheral parts of volcanic
regions.
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