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The East Sayan ranges are a key area to understand the interactions between the transpressive deforma-
tion linked to the far-field effects of the India–Asia collision and the extension linked to the opening of the
Baikal Rift System. The active deformation that affects this range is very recent (around 5 Ma) but occurs
in a very complex morphotectonic setting and the understanding of the Tertiary deformation relies
entirely on a detailed knowledge of the pre-deformation situation. Using apatite fission track thermo-
chronology, cosmogenic 10Be and morphological study on Tertiary lava flows we demonstrate that prior
to the Oligocene the morphology of the East Sayan area was characterized by a wide, constantly rejuve-
nated erosion surface. Apatite fission track thermal modelling indicates that this surface started to form
at least in Late Jurassic–Early Cretaceous (140–120 Ma). The long-term exhumation rates (several tens of
million years) derived from apatite fission track data (17.5 m/Ma) and the short-term erosion rates (over
a few hundred thousand years) derived from cosmogenic 10Be data (12–20 m/Ma) are coherent implying
a near constant mean erosion rate since Late Jurassic. This constant, slow erosion prevented the forma-
tion of a lateritic–kaolinic weathering crust on the planation surface. By Oligocene–early Miocene times a
long wavelength uplift that remains to be explained, induced incision that created shallow valleys later
filled by basaltic lava flows. Finally, the present short-wavelength topography initiated during the
Pliocene.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

West of Lake Baikal the major sinistral strike-slip Main Sayan
fault reaches down to 50 km below the East Sayan ranges (San’kov
et al., 2004) and separates the thick and rigid Siberian craton from
the thinner, actively deforming Mongolian lithosphere (Delvaux
et al., 1995, 1997; Gusev and Khain, 1996; Petit and Déverchère,
2006) (Fig. 1). The thickness of the crust vary from about 40 km
north of the Main Sayan fault in the Siberian craton to about
50 km to the south in the East Sayan ranges (Polyansky, 2002).
The Main Sayan fault can thus be considered as at least reaching
the lithopshere. South of this fault, the Sayan ranges form an about
750 km long and 250 km wide complex that reach altitudes up to
3500 m. This elevated belt connects to the SE with the southern
edge of the Baikal Rift System.
ll rights reserved.
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The active deformation that affects the Sayan ranges is very
recent (less than 5 Ma) and results from the far field effects of the
India–Asia collision to the south (Larroque et al., 2001; De Grave
and Van den haute, 2002; De Grave et al., 2003; Arzhannikova
et al., 2011). This transpressive deformation generates strike-slip
and thrust faults within the whole Sayan ranges. However, the East
Sayan ranges close to the Baikal Rift System are also locally affected
by transtension leading to the formation of the Jombolok basin
(Fig. 1). Arzhannikova et al. (2011) recently demonstrated that this
transtensive structure results from strike-slip movements and
block rotations along major E–W faults accommodating the large-
scale SW–NE compressive deformation. Extension in the East Sayan
ranges is thus directly linked to the far field effects of the India–Asia
collision and does not result from the older still poorly understood
mechanism that drove the initial opening of the Baikal Rift System
(Jolivet et al., 2009).

Several studies have shown that during the Tertiary the motion
along the major faults in the East Sayan ranges changed through
time. For example the Tunka left-lateral normal fault (Fig. 1) that
enozoic evolution in the Oka-Jombolok region (East Sayan ranges, Siberia).
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Fig. 1. General tectonic map of the Sayan and Transbaikal area. Note the contrasting tectonic regime between the transpressive Sayan region west of the southern edge of the
Siberian craton and the extensive Baikal Rift System to the east. f. stands for fault; p. stands for plateau; b. stands for basin.
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controls the formation of the Tunka basin shows evidence of recent
(Late Pleistocene–Holocene) inversion (Larroque et al., 2001). Ver-
tical movements along the Jombolok fault (Fig. 1) during the Late
Pliocene to Pleistocene led to the growth of the Kropotkin range
but since Late Quaternary, the movement becomes mainly hori-
zontal (Arzhannikova et al., 2011).

The morphology of the East Sayan ranges is also very complex.
Highly incised subranges like the Tunka or Kropotkin ranges culmi-
nating at altitudes over 3000 m coexist with large plateau-like
areas such as the Oka plateau that has a mean altitude of about
2200 m (Fig. 1). The surface of those plateaus corresponds to the
remnants of a large-scale pleneplanation surface apparently simi-
lar to the one developed in southern and western Mongolia during
the Jurassic (Jolivet et al., 2007). However, the lateritic-kaolinic
weathering crust that developed on some of these surfaces (espe-
cially to the east in the Khamar Daban area (Fig. 1)) has been dated
to the late Cretaceous–Palaeogene (Mats, 1993; Kashik and
Masilov, 1994; Logatchev et al., 2002) indicating that it may be
younger than the Mongolian peneplanation surface.

The East Sayan ranges are a key area to understand the interac-
tions between the transpressive deformation linked to the far-field
effects of the India–Asia collision and the extension linked to the
opening of the Baikal Rift System. However, due to the complex
morphotectonic setting of this region the complete understanding
of the Tertiary deformation in the East Sayan ranges relies entirely
on a detailed knowledge of the pre-deformation situation. The
purpose of this work is to establish the morphology of the
Oka-Jombolok region prior to the onset of the Tertiary deformation
in order to estimate which part of the present morphology may be
Please cite this article in press as: Jolivet, M., et al. Geomorphic Mesozoic and C
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inherited from previous deformation and uplift events and which
part results from Tertiary deformation. To reach that goal we com-
bine regional morphotectonic analysis with both thermochrono-
logical data from apatite fission tracks analysis and shorter-term
denudation rates derived from cosmogenic 10Be analysis (Fig. 2).
While apatite fission track analysis allows calculating exhumation
rates over several tens to hundreds million years (e.g. Jolivet et al.,
2001, 2009, 2010; Vassallo et al., 2007a), the cosmogenic 10Be
analysis provides erosion rates over a period of a few hundred
thousand years to about 1 Myrs (e.g. Lal, 1991; Brown et al.,
1991; Siame et al., 2004; Vassallo et al., 2007b). Detailed morpho-
logical analysis of numerous lava flows present in the region
coupled to the thermochronology analysis allow deciphering the
Mesozoic–early Cenozoic tectonic and geomorphic evolution of
this complex region of the East Sayan ranges.
2. Geological setting

2.1. Summary of the existing information on the Mesozoic to Early
Cenozoic geomorphology of the East Sayan ranges

No or nearly no Jurassic sediments are exposed in the East
Sayan region and all the existing paleogeographic reconstructions
are based on the Jurassic deposits of both the Pre-Sayan trough
on the Siberian platform and the Todza basin immediately west
of the Azas volcanic region (Fig. 1). Following those reconstructions
tectonic movements induced the formation of a sharp, elevated
relief during the Jurassic. Erosion of that relief is represented by
enozoic evolution in the Oka-Jombolok region (East Sayan ranges, Siberia).
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Fig. 2. General tectonic map of the Oka-Jombolok area drawn on the SRTM topographic model. The orange shaded area corresponds to the extent of the Oka plateau. The red
shaded area corresponds to the Oka extension Zone (a) with position of the samples analyzed in this study for the Oka plateau (orange shaded area) (b) and the Kropotkin
range (c). The plain rectangles in (a) correspond to the location of (b) and (c). The dotted rectangles correspond to Figs. 10 and 12. f. stands for fault; mt. stands for mountain;
b. stands for basin. Faults are drawn from Arzhannikova et al. (2011). (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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conglomerates and sandstones deposited in the Pre-Sayan
trough. Some of those sediments were also deposited in intra-
mountainous basins during Lower to Middle Jurassic and are now
represented by up to 300 m thick conglomerates and coarse-
grained sandtsones (Strelkov and Vdovin, 1969; Vdovin, 1976).

During Cretaceous to Eocene times a large peneplanation sur-
face formed in the East Sayan with development of a weathering
crust (Strelkov and Vdovin, 1969; Mats, 1993; Kashik and Masilov,
1994; Logatchev et al., 2002). This surface is now dismembered in
several fragments such as the Oka plateau and those fragments are
distributed on several altitudes, mainly 500–600 m, 800–900 m,
and 1400–1600 m in the western part of the range and
1800–2200 m in the central and southern areas. This difference
in altitude is potentially linked to the Cenozoic orogeny but the
initial altitude of the surface (500–600 m similar to the altitude
of the Siberian platform?) remains unknown.

The Cenozoic phase started during Oligocene with a general up-
lift of the East Sayan ranges. This uplift induced renewed erosion
and the deposition of conglomerates and sandstones around the
range. New valleys have been carved by erosion of the previous
peneplanation surface and sediments were subsequently deposited
inside those valleys (Strelkov and Vdovin, 1969; Arsentyev, 1975;
Please cite this article in press as: Jolivet, M., et al. Geomorphic Mesozoic and C
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Mazilov et al., 1993; Arzhannikova et al., 2011). From lower Mio-
cene to Holocene the East Sayan range was affected by a strong
magmatic activity which driving mechanism remains to be con-
strained (Rasskazov et al., 2000) (see Sections 2.2 and 5).

2.2. Geological setting of the Oka-Jombolok region

The Oka plateau is a 120 � 75 km large plateau area divided in
two sections by the NW–SE Oka strike-slip fault (Fig. 2). To the
west, the morphology of the plateau is smooth with only a few
100–300 m high hills emerging from the surface. The average alti-
tude of this section does not exceed 2500 m. The eastern section of
the plateau is higher, tilted towards the east and culminates
around 2900 m. Incision of the surface is stronger than in the west
with a more coherent drainage pattern. Arzhannikova et al. (2011)
explained the difference in altitude by Late Pliocene thrusting
along the Oka fault which uplifted the eastern section of the
plateau. The lithologies exposed on the plateau are composed of
Neoproterozoic and Early Paleozoic rocks (granites, gneisses and
marbles) (Kuzmichev, 2004). The surface of the plateau is mostly
free of sediment except for a thin (<1 m) cover of Quaternary soil
and gravels.
enozoic evolution in the Oka-Jombolok region (East Sayan ranges, Siberia).
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Fig. 3. Pictures of the Oka plateau. The plateau is dissected by a number of valleys (such as the Sentsa valley) and partially covered by Neogene lava flows. The planation
surface is locally offset by Tertiary faults.
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The top of the Oka plateau is partially covered by Neogene lava
flows (Arsentyev, 1975; Kiselev et al., 1979; Rasskazov et al., 2000)
(Fig. 3), some of them clearly flowing below the top of the small
hills preserved on the surface. Like in the whole East-Sayan–Baikal
Rift region the volcanism in the Oka–Azas region occurs in areas
without visible tectonic extension. However it is clearly linked
to a swarm of secondary SW–NE trending strike-slip faults
(Grossvald, 1965).

Volcanism initiated in the Tunka basin during Late Cretaceous
(Rassakazov, 1993) but the main episode of volcanic activity in
the Oka–Azas region (as well as in the overall East Sayan–Baikal
Rift region) began in the Miocene (Rasskazov et al., 2002). It oc-
curred in several episodes (20–12 Ma, 12–7 Ma and 5.5–1.9 Ma)
separated by periods of low activity (Rassakazov, 1993; Rasskazov
et al., 2000; Yarmolyuk et al., 2001; Ivanov and Demonterova,
2009, 2010; Ivanov et al., 2011). Finally, Holocene lavas are also
present in the Oka-Azas region (Arsentyev, 1975; Kiselev et al.,
1979; Rasskazov et al., 2000; Sugorakova et al., 2003). The mor-
phology and emplacement of these recent lava flows will be de-
scribed in details below based on field observations.

Lavas are mainly subalkaline basalts, hawaiites and tholeites
with some occurrences of alkaline basalts (Rassakazov, 1993;
Yarmolyuk et al., 2001). Isotopic evidence as well as the petrology
of the numerous lherzolite xenoliths brought to the surface by the
magmas indicate that these lavas are derived from a lithospheric
mantle source. The frequent periods of activity separated by peri-
ods of low activity suggest that this magmatism may correspond
to a single phase of magmatism going on since 20 Ma. However
the depth of the mantle-derived component as well as its percent-
age in the final magmas vary during time (Rasskazov et al., 2002).
Ivanov and Demonterova (2010) recently demonstrated using the
SiO2 and Fe (FeO + Fe2O3) contents of the lava within the Azas re-
gion that magma generation occurred around 80 km depth (about
27 kbars). This depth increases up to about 117 km towards the
north of the Baikal Rift region. These values confirm the previous
value of more than 70 km for the thickness of the lithosphere
(defined as the depth of the 1300 �C isotherm) under the Baikal Rift
region (Ionov et al., 1995; Kiselev and Popov, 1992).
Please cite this article in press as: Jolivet, M., et al. Geomorphic Mesozoic and C
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It is beyond the scope of this work to discuss the mechanism
responsible for the formation of these magmas as well as their
potential sources and in the following discussion we will simply
use them as geomorphic markers for the evolution of the Oka-
Jombolok region. However, in order to use the volcanic structures
as passive markers to study the uplift history of the region, it is
important to assess wether or not the magmatic activity partially
controlled the tertiary uplift through underplating and isostasy.
The ‘‘active rift hypothesis’’ proposed by a number of authors for
the initiation and development of the Baikal Rift System considers
that rifting is driven by mantle plume-related processes acting on
the base of the lithosphere (e.g. Artemyev et al., 1978; Zorin, 1981;
Logatchev and Zorin, 1987). Cunningham (2001) explained the
uplift of the Hangai dome in Mongolia that started during middle
Oligocene by lithospheric thinning below the Hangay craton driven
by mantle flowing around an overthickenned lithospheric keel.
This thinning would lead to passive asthenospheric upwarp and
isostatic uplift. SKS waves analysis did not reveal the presence of
such a keel (Barruol et al., 2008) but joint inversion of gravity
and teleseismic data as well as geochemical analysis of the Mongo-
lian basalts do show low velocity/density magmatic bodies below
the Hangai dome (Barry et al., 2003; Tiberi et al., 2008). However,
recent geophysical data do not image a wide astenospheric plume
below Mongolia or the Baikal Rift System (Petit et al., 2008; Tiberi
et al., 2008). Ivanov and Demonterova (2009) argue for tectonic-
related uplift prior to the 17–15 Ma strong volcanic pulse in the
Tuva-Mongolia region and that much of the tectonic uplift (up to
1 km) occurred after this event due to contractional tectonics be-
tween that region and the Siberian craton. In the Bokson river area
south of the Big Sayan ridge, two episodes of uplift occurred before
the onset of the Miocene (20 Ma) and before the Pliocene (5 Ma)
volcanic events (Ivanov and Demonterova, 2009). A period of
regional uplift preceding a strong volcanic activity could well be
related to the isostatic compensation effects of underplated
magmas at the base of the crust. However, as noted by Ivanov
and Demonterova (2009) most of the uplift in the Tuva-Mongolia
region occurred after the Miocene volcanic event which is not
consistent with the fact that surface eruption would decrease the
enozoic evolution in the Oka-Jombolok region (East Sayan ranges, Siberia).
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amount of underplated magma and thus induce a negative isostatic
effect. They showed that volcanism in the Mongolia – Baikal region
occurred at different times during the Tertiary in relation with tec-
tonic movements between small-scale lithospheric blocks. Magma
underplating generating isostatic uplift would thus have to be cor-
related with local scale deformation and not with a passive, large
scale melting process occurring in the lithospheric mantle. We can-
not exclude the fact that isostatically driven uplift may be respon-
sible for some part of the uplift of the Azas–Oka-Jombolok region
but the short wavelength topography we are mostly interested in
appears clearly driven by tectonic forces. Keeping this in mind
we will consider the volcanic structures of the Oka-Jombolok re-
gion as passive topographic markers.

To the north, the Oka-Jombolok fault separates the Oka plateau
from the 3000 m high Kropotkin range (Fig. 2). The eastern termi-
nation of the fault connects with the Main Sayan fault. The kine-
matic of the Oka-Jombolok fault is very complex and variable
through time (e.g. Grossvald, 1965; Chipizubov and Serebrennikov,
1990; Parfeevets and Sankov, 2006). Arzhannikova et al. (2011) re-
cently proposed that the fault was mainly transpressive with only
minor horizontal displacement through Late Pliocene–Pleistocene,
leading to the topographic growth of the Kropotkin range. By Late
Quaternary, the kinematics of the Oka-Jombolok fault changed to
nearly pure sinistral strike-slip. This strike-slip faulting, associated
to rotation of some small, rigid blocks induced the formation of
local extension zones such as the Jombolok basin (or Oka Extension
Zone) (Fig. 2).

The Jombolok basin and valley are filled by several stacked lava
flows (Fig. 4). These lavas originated some 75 km to the west in the
upper Khi-Gol and Jombolok valleys along the SW–NE trending
Orossoyskiy fault (Fig. 2) (Arsentyev, 1975; Kiselev et al., 1979;
Rasskazov et al., 2000; Ivanov et al., 2011). The lava flow issued
from several eruption centers spread along the Khi-Gol and
Fig. 4. Neogene and Quaternary lava flows in the Jombolok basin. Top left: Google Earth�

below. Top right: geomorphic interpretation of the aerial picture showing the chronolog
river sediments. The youngest basalt flows are indicated in black on top of the oldest o
Jombolok basin. While the oldest ones are covered by saplings, the youngest ones are fre
maximum of a few hundred years old.
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Jombolok valleys, probably related to the extensive Azas lava pla-
teau situated to the west of the Oka plateau (Rasskazov et al.,
2000). Our own field investigation as well as previous studies by
Sugorakova et al. (2003) and Ivanov et al. (2011) revealed that
magmatism occurred in several episodes producing four lava flows.
Fig. 4 shows a series of small-scale secondary flows occurring on
the main lava body. The latest activity in the Khi-Gol volcanic cen-
ter, that produced the major Jombolok lava flow has been dated at
7130 ± 140 cal 14C years BP (Ivanov et al., 2011). Within the
Jombolok basin, trees and grass have already colonized the main
volcanic body called hereafter the «old» flows while the secondary
flows (or «young» flows) do not host any vegetation. This indicates
that the young flows are indeed much younger than the old flows
and are probably less than a few hundreds of years old (Fig. 4). The
apexes of all the young flows are systematically aligned parallel to
the Oka-Jombolok fault. The old and young lavas are flowing
towards the SE following the actual slope of the basin and no
change in that slope can be evidenced between the two genera-
tions of lavas. While it appears easy to understand the shape of
the old flows, it is more difficult to explain the geometry of the
young flows. The spreading centers of the young flows are not
obvious in the field and two hypotheses are suggested:

– Most young flows are filling depressions inside the old flows
(some of them even forming temporary lakes) and their edges
are formed by local topographic ridges that may be interpreted
as lava tubes inside the large old flow. These tubes would have
allowed the lava to be transported from further up in the Jom-
bolok valley towards the Jombolok basin where they would
have finally ruptured spreading the young lava flows. Given
the orientation of the apexes of the flows breaking of the lava
tubes may have been induced by a fault inside the Jombolok
basin, parallel to the main Oka-Jombolok fault.
picture of the basin showing the basalt flows in dark. (a) and (b) refer to the pictures
y between the various lava flows and the emplacement of the glacial moraines and
nes. Pictures (a) and (b): close and large view of the two sets of lava flows in the
e of vegetation, soil or any sort of sediments implying that they are probably only a

enozoic evolution in the Oka-Jombolok region (East Sayan ranges, Siberia).
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– The second hypothesis considers that the magmas from the
young flows did not originated from a spreading center further
up in the valley (Rasskazov et al., 2000) but was brought to the
surface along fractures parallel to the Oka-Jombolok fault. The
various lavas that originated from the Azas plateau are linked
to a swarm of secondary SW–NE trending strike-slip faults
(Grossvald, 1965) (see below), a direction consistent with the
direction of alignment of all the apexes of the young flows in
the Jombolok basin.

We do not have enough information to clearly choose between
those two hypotheses and further work will be necessary
especially on characterizing the spreading centers of the young
flows.

3. Fission track thermochronology

3.1. Methodology

The apatite samples were mounted on glass slides using epoxy
glue and polished. Samples were etched in 6.5% HNO3 (1.6 M) for
45 s at 20 �C to reveal the spontaneous fission tracks (Seward
et al., 2000), before being irradiated with a neutron fluence rate
of 1.0 � 1016 neutrons/cm2 (Oregon State University, Oregon,
USA). The micas used as external detector were etched in 40%
HF for 40 min at 20 �C in order to reveal the induced fission
tracks. The ages were calculated following the method recom-
mended by the Fission Track Working Group of the IUGS Subcom-
mission on Geochronology (Hurford, 1990) using the zeta
calibration method (Hurford and Green, 1983). CN5 glass was
used as dosimeter. Ages were calculated using an overall
weighted mean zeta value of 351 ± 20 a cm2 (MJ), obtained on
both Durango (McDowell et al., 2005) and Mount Dromedary apa-
tite standards (Green, 1985; Tagami, 1987). Fission tracks were
counted using the Autoscan� software (on manual mode) on a
Zeiss M1 microscope, with a magnification of 1250 under dry
objectives. All ages are central ages and errors are quoted at 2r
(e.g. Galbraith and Laslett, 1993; Galbraith, 2005). Data are re-
ported in Table 1.

Thermal history modelling was done using the QTQt software
(Gallagher et al., 2009) with the Ketcham et al. (2007) multikinetic
annealing model that takes into account the Dpar parameter (see
below). Variation in fission track annealing (and thus in apparent
fission track age and mean track lengths) is correlated with the
apatite cell parameters and is thus linked to crystallographic struc-
ture (e.g. Green and Durrani, 1978; Green, 1981; Donelick, 1991).
For that reason, as a general standard only crystal sections that
are parallel to the hci crystallographic axis have been analyzed
Table 1
Apatite fission track results. Lat./Long. are the latitude and longitude of each sample. Altitu
density of induced fission track density (per cm2) that would be obtained in each individ
dosimeter. Number in brackets is the total number of tracks counted. qs and qi represent sam
number of tracks counted. [U] is the calculated uranium density (in ppm). P(v2) is the proba
mean fission-track pit diameter in lm corrected following Sobel and Seward (2010) using a
lengths measurements were performed on horizontal confined fission tracks in crystal sec
Error is ±1r. Number in brackets is the total number of tracks measured. Std. is the standard
Ma. Ages have been calculated using the Trackkey software (Dunkl, 2002). Error is ±2r.

Sample Rock type Lat./Long. Altitude Nb qd � 104 cm�2 qs �

S07-3 Granite N52�35014.700/E099�25029.300 2009 25 142.6 (10,533) 41
S07-5 Granite N52�49052.000/E099�43042.300 2348 14 139.7 (10,533) 42
S07-7 Granite N52�48051.300/E099�44034.600 2113 28 130.9 (10,533) 31
S07-8 Granite N52�48045.200/E099�44047.100 2034 25 129.5 (10,533) 54
S07-11 Paragneiss N52�46050.000/E099�41011.300 1735 12 138.2 (10,533) 242
S07-12 Granite N52�45029.100/E099�39010.700 1464 20 135.3 (10,533) 87
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(for age determination and for track length measurements). Fission
tracks are distributed in all directions within the apatite crystals
but to provide an accurate length measurement only horizontal
tracks parallel to the sample’s surface and confined into the crystal
(i.e. that do not cross the surface and are thus not partially cut)
were measured (track length measurements are c-axis projected
values). Measurements were performed under reflected light at
1250� magnification (dry) and using the Autoscan� system (on
manual mode). The track lengths distribution histograms are pre-
sented in Fig. 5. The apatite chemical composition, and especially
the Cl and F content also controls the annealing properties of the
fission tracks (Donelick, 1993; Burtner et al., 1994; Barbarand
et al., 2003). For example an increase in Cl content will slow down
the annealing process and increase the apparent fission track age,
the mean track length and the track diameter relatively to a more
F-rich apatite. Variations in the fission tracks sensitivity to anneal-
ing can thus be deduced from variations of the fission track diam-
eter. The Dpar used as an input parameter in the QTQt model
corresponds to the diameter (measured on sections parallel to
the c-axis) of the etched trace of the intersection of a fission track
with the surface of the analyzed apatite crystal measured parallel
to the c-axis. Measurements were performed using a magnification
of 2000�. Each Dpar value reported in Table 1 represents the mean
value of 50–100 measurements.

The Ketcham et al. (2007) annealing model relies on track
lengths and Dpar measured after etching by a 5.5 M HNO3 acid dur-
ing 20 s (Donelick et al., 1999) whereas we used the 1.6 M HNO3

acid/45 s etching protocol. While the etching parameters can be
controlled well enough to have only a negligible effect on the mea-
sured mean fission track length, it does have a strong effect on the
Dpar value (Sobel and Seward, 2010). For that reason we corrected
the measured Dpar values following the method of Sobel and
Seward (2010) to fit with the Ketcham et al. (2007) annealing
model. The correction factor is 0.825 and corrected Dpar values
are reported in Table 1.

The annealing models and thus the thermal histories are only
valid within the apatite partial annealing zone (PAZ) temperature
range and the portion of the cooling curve obtained outside the
PAZ should not be interpreted. The PAZ can be defined as the tem-
perature interval within which the fission tracks anneal at a rate
compatible with the geological time scale. It is generally comprised
between 110 ± 10 �C and 60 �C (e.g. Green et al., 1989; Corrigan,
1991) but these values can slightly change due to the above-men-
tioned variations in the apatite chemical composition. For temper-
atures higher than about 110 �C, fission tracks will anneal nearly
instantaneously compared to the geological time scale wile for
temperatures below about 60 �C the annealing rate will be
extremely low.
de is the sampling altitude in meters. Nb is the number of crystals analyzed. qd is the
ual sample if its U concentration was equal to the U concentration of the CN5 glass

ple spontaneous and induced track densities per cm2. Number in brackets is the total
bility in % of v2 for v degrees of freedom (where v = number of crystals – 1). Dpar is the
correction factor of 0.825. MTL is the measured mean fission-track length in lm. Track
tions parallel to the c-crystallographic axis. Length values are c-axis projected values.
deviation for the track lengths measurements. FT age is the apatite fission-track age in

104 cm�2 qi � 104 cm�2 [U] P(v2) (%) Dpar

(lm)
MTL
(lm)(±1r)

Std.
(lm)

FT age
(Ma) (±2r)

.39 (601) 83.2 (1208) 7 71 1.0 13.1 ± 0.1 1.71 123.5 ± 9.6

.74 (106) 121.77 (302) 12 75 2.8 12.8 ± 0.1 2.00 85.6 ± 10.9

.43 (182) 83.59 (484) 8 83 1.7 13.3 ± 0.1 1.93 85.9 ± 9.0

.82 (358) 145.48 (950) 14 48 1.2 12.7 ± 0.1 2.10 85.2 ± 7.4

.53 (747) 505.52 (1557) 44 5 1.0 12.5 ± 0.1 1.83 114.6 ± 9.5

.64 (546) 260.03 (1620) 23 55 1.0 12.9 ± 0.1 1.72 79.6 ± 6.2

enozoic evolution in the Oka-Jombolok region (East Sayan ranges, Siberia).
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Fig. 5. Apatite fission track thermal modelling results of individual samples from the Oka plateau and the Kropotkin range. N, number of track lengths measured. The
histograms correspond to the measured data while the dashed line corresponds to the calculated data. The gray envelope on the thermal models corresponds to the 95%
credible expected thermal histories (Gallagher et al., 2009). The dashed line on the models corresponds to the average of all the models sampled. The horizontal lines indicate
the limits of the apatite partial annealing zone. Models are only valid within this temperature range. See text for complete discussion of the results.
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Fig. 6. Integrated thermal model for the Kropotkin profile. (a) Model including
samples S07-5, S07-7, S07-8 and S07-12. The light-gray envelope corresponds to
the 95% credible expected thermal histories for the upper sample (S07-5) and the
dark-gray envelope to the 95% credible thermal histories for the lower sample
(S07-12). The upper dashed line corresponds to the average of all the models
sampled for the upper sample. The lower dashed line corresponds to the average of
all the models sampled for the lower sample. (b) Similar model but excluding
sample S07-5. See text for a complete discussion.
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3.2. Results

The fission track samples were collected both on the Oka pla-
teau and on the southern edge of the Kropotkin range along the
scarp of the Jombolok fault. To prevent any thermal effect on the
fission track system, all samples were collected away from the
numerous lava flows that occur in the region. Sample locations
are indicated in Fig. 2 and in Table 1.

Sample S07-3 is a granite collected on the surface of the Oka
plateau (Fig. 2). It shows a central age of 123.5 ± 9.6 Ma and a mean
track length of 13.1 ± 0.1 lm with a standard deviation of 1.71 lm
and a Dpar of 1.0 lm (Table 1). The track length distribution is uni-
modal (Fig. 5) which, associated to the relatively high mean track-
length is typical of a simple one-phase exhumation history (e.g.
Galbraith and Laslett, 1993). However a number of short track
lengths (shorter than 10 lm) indicate a long period of residence
within the PAZ.

Samples S07-5, S07-7, and S07-8 are all granites collected along
a 350 m high subvertical profile on the southern edge of the Kro-
potkin range (Fig. 2). Central ages are similar from 85.9 ± 9 Ma to
85.2 ± 7.4 Ma with mean track lengths ranging from 13.3 ± 0.1
to 12.7 ± 0.1 lm, a standard deviation ranging from 2 � 10 to
1.93 lm and a Dpar ranging from 2.8 to 1.2 lm (Table 1). Like for
sample S07-3 the track lengths distribution is unimodal (Fig. 5)
but, except for sample S07-7 shows a higher number of medium
to short tracks. This is consistent with the slightly higher standard
deviations. All together those parameters are indicative of a simple
exhumation history marked by a long stage in the PAZ.

Sample S07-11 is a two micas paragenesis collected further
down and west from the previous profile, close to the Jombolok
fault into a block separated from the main Kropotkin range by a
secondary fault parallel to the Jombolok fault (Fig. 2). Sample
S07-11 which has a low Dpar of 1.0 lm shows a central age of
114.6 ± 9.5 lm (Table 1) older than the ages obtained on the sub-
vertical profile but younger than the age of sample S07-3 from
the Oka plateau. The mean track length is 12.5 ± 0.1 lm with a
standard deviation of 1.83 lm (Table 1).

Sample S07-12 is a granite collected immediately near the
Jombolok fault at the bottom of the scarp formed by the Jombolok
fault but still in the Kropotkin range. It shows a central age of
79.6 ± 6.2 Ma slightly younger than the age of the samples from
the subvertical profile but still within the error margin. The mean
track lengths value is 12.9 ± 0.1 lm with a standard deviation of
1.72 lm and again a low Dpar of 1.0 lm (Table 1). The track lengths
distribution is again unimodal.

Thermal modelling of the fission track data provides a statisti-
cal but more complete temperature-time history of the Oka pla-
teau and the southern Kropotkin range (Fig. 5). As already
suggested by the age and track lengths data, all the samples dis-
play a monotonous slow cooling through the PAZ. To prevent any
enforcement of the model a single, wide temperature-time con-
straint (a temperature–time «box» in which the model as to pass
through) was used in the model ranging from 250 to 150 Ma and
180 to 60 �C.

Sample S07-3 from the Oka plateau entered the PAZ during Early
Jurassic and crossed the 60 �C isotherm during Late Cretaceous.

Samples from the Kropotkin range have a similar thermal
history. They entered the PAZ during Late Jurassic (around
160–140 Ma) and slowly cooled down until they left the PAZ in
Late Cretaceous (between 70 and 60 Ma). This is consistent with
a homogeneous exhumation of the Kropotkin range, samples
S07-5, S07-7, S07-8 and S07-12 belonging to a single block. Sample
S07-5 at the top of the profile seems to have a slightly younger his-
tory. However, due to the very bad quality of the apatite crystals in
that samples (occurrence of numerous inclusions and very small
size of the crystals) only 14 individual ages and 37 track lengths
Please cite this article in press as: Jolivet, M., et al. Geomorphic Mesozoic and C
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were obtained. This could account for small variations and incon-
sistences in the modelled thermal history.

Sample S07-11 has a thermal history nearly identical to the
history of sample S07-3 confirming that the isolated block along
the southern edge of the Kropotkin does not follow the same
exhumation pattern as the range itself (illustrated by the exhuma-
tion of samples S07-5, S07-7, S07-8 and S07-12).

The QTQt software allows to model together all the samples
from a vertical profile. Each individual sample is considered as
part of a homogeneous section of crust submitted to a unique
thermal history. The software considers the vertical distance be-
tween the samples as constant through time and uses all the
available age, track lengths and Dpar data to constrain the ther-
mal history of the block. Fig. 6a shows an integrated cooling his-
tory for samples S07-5, S07-7, S07-8 and S07-12 that we
considered as part of the same block. Because of its obviously
different exhumation history sample S07-11 was not considered
in that model.

As expected the resulting model clearly shows a slow exhuma-
tion pattern during the Mesozoic and early Cenozoic. The integra-
tion of all the samples into a single data pool allows to better
constraint the high-temperature part of the cooling history and
the entry into the PAZ seems to occur around 130–120 Ma thus la-
ter than previously estimated from the individual samples (Fig. 5).
This age remains similar (140–125 Ma) when sample S07-5 which
is less constrained than the other ones (14 grains counted and only
37 tracks lengths measured) is excluded from the model (Fig. 6b).
enozoic evolution in the Oka-Jombolok region (East Sayan ranges, Siberia).
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Table 2
Cosmogenic 10Be results.

Samplea Type of sample Altitude (m) Latitude/longitude Stone scaling 10Beb (at/g) Uncertainty (at/g) Denudation
rate (m/Myrs)

Denudation
uncertainty (m/Myrs)

S07-Be1 Quartz pebble 2308 N52�33051.400/E099�26041.500 6.75 4.796E+06 0.758E+05 3.88 0.06
S07-Be2 Quartz pebble 2340 N52�33043.100/E099�26055.300 6.90 1.237E+06 0.321E+05 16.95 0.44
S07-Be3 Granite 2481 N52�31015.300/E099�25048.500 7.59 1.748E+06 1.585E+05 13.01 1.18
S07-Be4 Granite 2279 N52�31035.600/E099�24059.800 6.62 6.175E+06 43.666E+05 2.85 0.18
S07-Be5 Granite 2275 N52�31042.100/E099�24053.600 6.60 1.062E+06 0.303E+05 19.00 0.54

a Rock density of 2.5 g/cm3. Average thickness: 3 cm. Topographic shielding factor = 1.
b AMS measurements were performed at the French AMS National Facility, ASTER, located at the CEREGE in Aix-en-Provence. Beryllium data were calibrated directly

against the National Institute of Standards and Technology (NIST) beryllium standard reference material 4325 by using an assigned value of (2.79 ± 0.03) � 10�11; associated
blank ratio is 3.15 � 10�15.

Fig. 7. SRTM� topographic map of the Neogene lavas (in yellow) on top of the Oka
plateau between the Sentsa-Jombolok valley and the Tissa valley (SJT plateau area).
Ages are from Rasskazov et al. (2000) and from Ivanov and Demonterova (2009).
See Fig. 2 for location. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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4. 10Be analysis

The half-life of in situ produced cosmogenic 10Be nuclide
(1.387 Ma (Chmeleff et al., 2010; Korschinek et al., 2010)) allows
dating surficial rocks over a few hundreds of thousand years. In
surficial rocks the cosmogenic isotope concentration increases
with time until the loss in atoms due to radioactive decay and ero-
sion compensates the formation of new atoms within the rock.
When this steady state equilibrium is reached a mean erosion rate
(which is inversely proportional to the isotope concentration) can
be derived (Brown et al., 1995). In order to constrain the Late
Quaternary (Late Pleistocene–Holocene) erosion rates on the Oka
plateau we measured the in situ produced cosmogenic 10Be con-
centrations within quartz from granite boulders (samples S07-
Be3, S07-Be4 and S07-Be5) or quartz cobbles (samples S07-Be1
and S07-Be2) exposed on the Oka plateau (e.g. Lal, 1991; Ritz
et al., 2006; Vassallo et al., 2007a). Boulders were selected as large
as possible and encased in the matrix with only the top part stand-
ing out of the ground surface. As the samples were collected on a
flat topography in the most elevated regions of the mountain
range, topographic shielding is neglected here (Dunne et al., 1999).

The chemical treatment of the samples and the AMS
measurements were carried out at the CEREGE laboratory in
Aix-en-Provence. Samples were prepared for cosmogenic nuclide
concentration measurements following chemical procedures
adapted from Brown et al. (1991) and Merchel and Herpers
(1999). All the data reported in this study (Table 2) have been mea-
sured at ASTER (CEREGE, Aix-en-Provence). After addition in each
sample of �100 ll of an in-house 3 � 10�3 g/g 9Be carrier solution
prepared from deep-mined phenakite (Merchel et al., 2008),
all 10Be concentrations were normalized to 10Be/9Be SRM 4325
NIST standard with an assigned value of (2.79 ± 0.03) � 10�11

(Nishiizumi et al., 2007). This standardization is equivalent to
07KNSTD within rounding error.

Cosmocalc add-in for Excel (Vermeesch, 2007) has been used to
calculate sample thickness scaling (with an attenuation coefficient
of 160 g cm�2) and atmospheric pressures. Ston, 2000 polynomial
law has been used to determine surficial production rate assuming
a SLHL production rate of 4.49 at/g/yr for 10Be (T1/2 = 1.387 Ma).

Denudation rates (spanning a time range of several hundred
thousand years) derived from 10Be analyses vary from 2.85 ±
0.18 m/Myrs to 19.00 ± 0.54 m/Myrs with no observable difference
between the quartz samples and the granite samples. Samples S07-
Be1, S07-Be2 and S07-Be3 were collected from the top of small,
about 200 m high hills occurring on the generally flat plateau sur-
face while samples S07-Be4 and S07-Be5 were sampled on the
main plateau surface. Once more there is no apparent correlation
in calculated erosion rates and the position of the samples.

Overall the calculated erosion rates are very low with a mean
value of about 12 m/Myrs and a maximum value of about
20 m/Myrs similar to the 23.6 ± 3 m/Myrs value calculated for
Please cite this article in press as: Jolivet, M., et al. Geomorphic Mesozoic and C
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the 4000 m high Ih Bogd plateau in the Gobi Altay (Jolivet et al.,
2007; Vassallo et al., in press). Considering the mean cooling curve
obtained from fission track modelling of sample S07-3 from the
Oka plateau and a mean geothermal gradient of 30 �C km�1, the
mean exhumation rate between 190 Ma and 0 Ma would be of
17.5 m/Myrs, thus very similar to the much shorter term erosion
rate calculated from 10Be data. The interesting result is that even
if the instantaneous erosion rate probably varied during this huge
time interval as a consequence of the climatic oscillations, longer
term (fission tracks data describe the exhumation rates from Cre-
taceous to Present) and shorter term (cosmogenic 10Be data de-
scribe erosion rates from Late Pleistocene to Holocene) data are
consistent with a slow erosion in the Oka region. This major result
seems to contradict the observed rejuvenation of the relief during
the Cenozoic. However, the cosmogenic 10Be data have been ob-
tained on the undeformed Oka plateau and not from the actively
uplifted ranges surrounding it where Pleistocene to Holocene ero-
sion rates are certainly much higher. Ivanov and Demonterova
(2009) calculated incision rates (over the last 5 Ma) of 30 m/Myrs
in the Oka river and 70 m/Myrs for the Belaya river connected with
the Siberian platform further to the NE. They also calculated a Mio-
cene (16–13 Ma) uplift rate of 40 m/Myrs in the Hovsgol area. All
those values are 3–4 times higher than the erosion rate calculated
for the Oka plateau but this is consistent with both the incision of
the valleys within the initial surface of the plateau and the progres-
sive uplift of the remnants of that surface.
enozoic evolution in the Oka-Jombolok region (East Sayan ranges, Siberia).
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Fig. 8. Example of a natural section across a basalt lava flow (in yellow on the SRTM� topographic model) filling a paleovalley on top of the Oka plateau. The topographic
profile has been drawn in an area where the lava flow has been eroded away and closely corresponds to the pre-lava profile of the valley. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

10 M. Jolivet et al. / Journal of Asian Earth Sciences xxx (2011) xxx–xxx
5. Volcanism and Tertiary paleotopography

Deep post middle Miocene (post 10 Ma) incisions inside and
around the Oka plateau provide opportunities to reconstruct the
topography of the surface below the Miocene lava flows that cover
the plateau. Direct field observations have been completed by
Fig. 9. SRTM� topographic map of the Neogene lavas (in yellow) on top of the Oka
plateau between the Tissa valley and the Dibi valley (DT plateau area). Ages are
from Rasskazov et al. (2000) and from Ivanov and Demonterova (2009). See Fig. 2
for location. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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SRTM data, geological maps informations (VSEGEI, 1975) and
Landsat™ images.

The first basaltic flows, erupted between 20 and 12 Ma are sit-
uated in the west, north and east of the Oka plateau (Fig. 7) and are
the topographically highest flows (Rasskazov et al., 2000; Ivanov
and Demonterova, 2010). Those hundreds of meters thick flows
capped and preserved from erosion large surfaces of the pre-exist-
ing topography which allows us to reconstruct relatively accu-
rately the general early Miocene relief (Fig. 8). Within this first
group we especially concentrated on the basalt plateaus situated
between the Sentsa-Jombolok and Tissa valleys (SJT plateau)
(Fig. 7) and between the Dibi and Tissa valleys (DT plateau)
(Fig. 9), dated between 17 and 14 Ma using K–Ar and 40Ar–39Ar
(Rasskazov et al., 2000; Ivanov and Demonterova, 2010).

The SJT plateau is limited to the north by the Kropotkin range
and to the south and west by the Big Sayan Ridge. The mean
elevation of the plateau is 2250 m with several isolated summits
reaching 2500 m. The basaltic flows are separated by a series of
low-relief NW–SE trending ridges. Using the surface topography
of the flows we determined five eruption centers as well as the
flowing direction of the associated lavas (Fig. 7). These lavas are
implaced inside 150–200 m paleovalleys (Fig. 8) previously incised
into the generally flat surface of the plateau. This observation is
consistent with the results of Ivanov and Demonterova (2010)
which report the emplacement of 17–15 Ma old flows within
100 m deep valleys east of the Oka plateau, close to the Main Sayan
fault. These lavas were flowing towards the NE indicating that the
general slope in that region was towards the Siberian platform
(Vdovin, 1976).

Further south the DT plateau is separated in two parts by the
Balahta valley (Fig. 9). The 600–700 m deep incision of the Tissa
and Balahta valleys provide good sections of the pre-volcanic
topography. On the SE side of the Tissa valley, a 100–200 m deep
paleovalley is filled by a lava flow (Fig. 10). The same paleovalley
is also visible on both sides of the Balahta valley revealing that inci-
sion increases from NW to SE potentially indicating that the paleo-
river was flowing in that direction (Fig. 11). In the Balahta valley
the paleoincision is 4–5 km large and 300–400 m deep.

Numerous 10–11 Ma flows are exposed on the eastern part of
the DT plateau (Rasskazov et al., 2000). The eruption center is
the Shirokaya volcanoe (Fig. 9) and the lavas generally flowed to-
wards the SE. However, some of the flows were directed towards
the north, following a paleovalley corresponding more or less to
enozoic evolution in the Oka-Jombolok region (East Sayan ranges, Siberia).
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Fig. 10. Topography and pictures of the lava flow (in yellow on the topographic model) filling a 100–400 m deep and 4–5 km wide paleovalley that crosses the Tissa and
Balahta present valleys. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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the actual Dibi valley. The flows are several hundred of meters
thick and one of them emplaced in a 4 km wide and 350–400 m
deep valley.
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To summarize, in early Miocene the Oka plateau was affected by
a series of relatively large (up to 5 km), 100–400 m deep valleys
separating relatively flat surfaces with some 100–200 m high hills.
enozoic evolution in the Oka-Jombolok region (East Sayan ranges, Siberia).
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Further information on the Neogene topography of the Oka re-
gion are reported by Obruchev (1946) and Grossvald (1965) from
the study of the Dozor-Urda-Hyrpis basalt series in the Tissa valley
(Figs. 2 and 12). The section is composed of several lava flows int-
erbedded with argillite and lignite lens. The whole section lies on
Neoproterozoic schists. Immediately above the basement a 6 m
thick bed of sand and gravel yield an important flora. These sedi-
ments are capped by a 60 m thick volcanic tuff itself covered by
an about 5 m thick bed of fined grained, argillaceous sandstone
with fragments of volcanic tuff and quartz pebbles. Finally the
whole section is covered by a thick pile of basaltic flows dated at
7.9 ± 0.9 Ma (Rasskazov et al., 2000).
Fig. 11. Topographic reconstruction of the paleovalley across the Tissa–Balahta
area.

Fig. 12. General view (a) and details (b and c) of the Dozor-Urda-Hyrpis basalt series in th
(argilite and coal). 5: Basalt flows. See text for discussion and Fig. 2 for location.
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The flora preserved inside the sedimentary beds is mostly com-
posed of fragments of wood (Pinus sp., Pisea sp., and Tauga sp.)
(Obruchev, 1946). Pollen assemblages indicate a change from veg-
etation dominated by deciduous trees at the base of the section to
vegetation dominated by coniferous trees at the top of the section.
This change is interpreted either as a general climate change or as a
more local cooling due to the large amount of pyroclastic dust in
the atmosphere (Obruchev, 1946). Overall, floristic studies indicate
that during Miocene times the Oka region represented a large plain
covered mostly by deciduous trees and some marshes. To the south
a mountainous area (in place of the actual Big Sayan ridge) was
covered with coniferous trees (Abies, Pinus cembra and Tsuga) that
invaded the Oka plateau when the climate started to cool down
either for local or regional reasons. The plain was drained by a river
network forming 100–400 m deep, up to 5 km wide valleys. The re-
lief to the south prevented the lava flows to reach further south
from the actual Tissa valley. The paleo-Sentsa and paleo-Jombolok
valleys probably captured the lava flows issued from the Oka pla-
teau blocking their propagation towards the north.

Finally the last magmatic episode, from Pliocene to probably
Holocene produced large lava flows such as the one filling the
Khi-Gol and Jombolok valleys (up to 140 m thick). Following the
work of Ivanov et al. (2011), the main lava flow in the Jombolok
valley is 7130 ± 140 years old. However, several flows are piled
up in the basin and direct dating of those different flows will be
needed before they can be used to calculate geomorphic parame-
ters such as the precise Holocene incision rate (e.g. Allen et al.,
2011).
6. Discussion: topographic evolution of the Oka-Jombolok
region from Jurassic to present

During the Middle to Late Mesozoic the topography of most of
Central Asia was characterized by a planation surface which age
varies from early Jurassic in the Gobi Altay, Late Jurassic in the Tien
Shan and eastern Altay and finally Late Cretaceous–Paleogene in
e Tissa valley. 1: Neoproterozoic schists. 2: Colluvium. 3: Volcanic tuff. 4: Sediments
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northwest Altay (e.g. Burbank et al., 1999; Allen et al., 2001;
Cunningham et al., 2003; Jolivet et al., 2007, 2010; Vassallo et al.,
2007b; De Grave et al., 2008).

The topography of the East Sayan ranges clearly results from a
strong reworking of the pre-Oligocene topography by the Tertiary
tectonic phase. However, the apatite fission track results obtained
in this work indicate that some of the topography and especially
the large plateau areas represent remnants of the Late Mesozoic–
Early Cenozoic (at least 140–120 Ma) surface. Similar fission track
ages have been obtained by De Grave and Van den haute (2002)
and De Grave et al. (2008) in northeast Altay near Lake Teletskoye
and on the Chulyshman plateau. Unlike our own results most of
these data show a two-stages cooling history with a first Late
Jurassic–Cretaceous cooling event followed by a Late Cretaceous–
Paleogene isothermal stage and a final Neogene to present cooling
event.

The authors interpret the first cooling stage as resulting from the
far-field effects of the closure of the Mongol-Okhotsk ocean (e.g.
Kravchinsky et al., 2002; Metelkin et al., 2007, 2010) that poten-
tially affected the whole Sayan, Baikal and Transbaikal regions
(Ermikov, 1994; Delvaux et al., 1995, 1997; Dobretsov et al.,
1996; Zorin, 1999; Jolivet et al., 2009). Studying the Mesozoic sed-
iments of the Kuznetsk basin, northwest of the West Sayan ranges
Davies et al. (2010) reported at least three episodes of deformation
in Middle Triassic–Early Jurassic, in Late Jurassic–Early Cretaceous
and in Late Cretaceous or Cenozoic. However, while the Middle Tri-
assic–Early Jurassic sediments are formed by coarse conglomerates
clearly indicating strong uplift and erosion in the hinterland, the
Cretaceous series are represented by thin, fine-grained deposits
suggesting no uplift in the hinterland. Le Heron et al. (2008) also re-
ported the development of a Middle Jurassic peneplanation surface
in the North Altay–West Sayan area. A phase of extensive regression
during the Early Cretaceous in the Mariinsk–Krasnoyarsk region of
the West Siberian basin (Fig. 1) associated to coarse clastic sedi-
ments indicates renewed uplift and erosion around the southern
edges of the basin (Le Heron et al., 2008). Finally, along the eastern
edge of the Siberian craton, a Late Jurassic–Early Cretaceous episode
of strong cooling is also reported by Van der beek et al. (1996) in the
Olkhon island and on the eastern side of Lake Baikal. Late Jurassic
cooling also affected the southwestern part of the Patom range,
north of Lake Baikal (Jolivet et al., 2009). In the eastern Transbaikal
region, around the Early–Middle Jurassic boundary flyshoïd sedi-
ments gave way to continental molasse deposits (Mushnikov
et al., 1966; Ermikov, 1994; Zorin, 1999) indicating the possible clo-
sure of the Mongol–Okhotsk ocean in that region. During Middle–
Late Jurassic, intermountain basins accumulated calc-alkaline and
sub-alkaline magmatism interbedded with continental sediments
(Mushnikov et al., 1966). However, Enkin et al. (1992) and Metelkin
et al. (2007, 2010) calculated using paleomagnetic data that by late
Middle–early Late Jurassic the Mongol-Okhotsk ocean was not
completely closed and that this closure only occurred in Early Cre-
taceous. This Early Cretaceous estimate for the closure of the Mon-
gol-Okhotsk ocean seems nonetheless incompatible with the
contemporaneous formation of rift basins and metamorphic core
complexes in the Transbaikal and northern Mongolia region (e.g.
Zorin, 1999; Donskaya et al., 2008; Daoudene et al., in press).

To summarize, Middle Jurassic–Early Cretaceous deformation
probably linked to the closure of the Mongol-Okhotsk ocean and
the collision between Mongolia and Siberia did occur in the
Altai-Sayan, Baikal and north Mongolia region. However, the pre-
cise timing of this collision remains to be assessed to confidently
relate the Late Jurassic–Early Cretaceous cooling observed in the
East Sayan to this geodynamic phase.

The Late Cretaceous-Paleogene isothermal stage observed by De
Grave and Van den haute (2002) and De Grave et al. (2008) is
interpreted by these authors as corresponding to the end of the
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planation process and the development of a lateritic-kaolinic
weathering crust similar in type and age to the one observed in
some areas of the East Sayan ranges (Mats, 1993; Kashik and
Masilov, 1994; Logatchev et al., 2002; Dehandschutter et al.,
2002). Such a weathering crust is also reported from further east
in the Transbaikal area (Mats, 1993). While rapid cooling outside
the apatite fission track partial annealing zone during the
Cretaceous does not allow imaging a possible Late Cretaceous–
Paleogene isothermal stage in the Olkhon region (Van der Beek
et al., 1996), this one is observed in the samples from southwest
Patom and east Baikal (Van der beek et al., 1996; Jolivet et al.,
2009). However, our fieldwork in the Oka plateau area did not
reveal any occurrence of such a weathering crust and the Late
Cretaceous–Paleogene isothermal stage observed in northwest
Altay is not represented in the cooling history obtained for the
Oka plateau (Fig. 5 and 6). We cannot rule out the possibility that
a weathering crust formed at some stage on the Oka plateau and
was subsequently eroded away during the Cenozoic general uplift
phase. However, based on the complete absence of remnants of
this crust, on the slow, continuous cooling pattern observed in
the apatite fission track cooling history consistent with the erosion
rates derived from the 10Be data on the Oka plateau (12–20 m/Ma)
we propose that this crust never develop in the Oka-Jombolok area.

By protecting the pre-Miocene surface the lava flows that cover
an extensive surface of the Oka plateau provide a unique opportu-
nity to describe this peneplain at least in the East Sayan region.
While many researchers describe the occurrence of a peneplana-
tion surface in Central Asia during the Mesozoic, no large-scale de-
tailed geomorphologic description of this surface has been
reported up to now. The occurrence of wide (up to 5 km) but rela-
tively shallow (100–400 m) valleys separating plateaus indicate
that in early Miocene this surface was not perfectly flattened by
erosion and that a coherent drainage pattern existed. However sed-
iments indicate that the Cenozoic uplift initiated during Oligocene
times in the East Sayan (Strelkov and Vdovin, 1969; Arsentyev,
1975; Mazilov et al., 1993) so probably slightly before the onset
of the strong magmatic episode that generated the Oka–Azas lavas.
In the West Siberian basin the absence of significant post-Oligo-
cene sediments (Kontorovich, 1975; Vyssotski et al., 2006) associ-
ated to Oligocene (around 25 Ma) folds and a still ongoing phase of
subtle, long wavelength surface deformation have been attributed
to the far field effects of the India Asia collision (Allen and Davies,
2007). It is thus possible that the early Miocene valleys were newly
acquired features on a previously flat surface. This would be con-
sistent with the fact that no Cretaceous or Paleogene sediments
have been described in these valleys (some of them might be pres-
ent but either not accurately dated or not exposed). The general
slope towards the east (either NE or SE) indicated by the flow
direction of the lavas in the eastern Oka plateau (Vdovin, 1976;
Ivanov and Demonterova, 2010) or the progressive deepening of
the paleovalley crossing the Tissa and Balahta valleys (this study)
is consistent with a base level situated on the Siberian platform. Fi-
nally the downcutting of valleys during the Oligocene is also coher-
ent with the plateaus themselves: if a permanent drainage
network formed by such valleys had existed since the Mesozoic
it would have been difficult to develop flat areas in-between the
valleys and the topography would have rather been composed of
small hills separated by valleys.

If the paleovalleys that cut through the plateau can possibly be
Cenozoic features, the small 200–300 m high hills preserved on top
of the plateau surfaces are more difficult to explain in terms of
rejuvenated topography. As indicated previously, those hills form
NW–SE trending ridges that separate the Miocene lava flows and
were thus pre-existing to the lavas. They do not seem to be con-
nected to the paleovalleys but are rather inselbergs preserved on
the overall planted surface.
enozoic evolution in the Oka-Jombolok region (East Sayan ranges, Siberia).

http://dx.doi.org/10.1016/j.jseaes.2011.09.017


Fig. 13. (a) Picture (top) and drawn interpretation of the Oka-Jombolok fault near the outlet of the Tachalur-Jalga river incision. The fault is separated in two major planes F1
and F2 plus a number of secondary, paralell segments. (b) General overview of the fault planes within the Vendian–Cambrian marble unit at the Tachalar-Jalga river point.
Foliation trends are indicated as well as the degree of fracturing of the marble. Thick dashed lines underline the three main faults. Note the occurrence of previously formed
ductile structures and of gouge level on the left part of the outcrop.
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The late Mesozoic topography of the Oka-Jombolok region may
thus be represented by a generally flat peneplanation surface with
some 200–300 m high inselbergs and a poorly developed drainage
pattern. This topography developed after the Late Jurassic–Early
Cretaceous general exhumation event that affected most of the
North Altay, Sayan, Transbaikal and South Patom area. However,
unlike in other regions, constant mechanical erosion (which pro-
cess remains to be understood) prevented the formation of a later-
itic-kaolinic weathering crust.

During the late Cenozoic the Mesozoic peneplanation surface
was also dismantled by movements along major faults such as
the Jombolok fault. This very complex tectonic lineament revealed
several episodes of movement, with different directions of motion
superimposed on the same fault planes. Arzhannikova et al. (2011)
recently showed that vertical movements occurred along the
Oka-Jombolok fault during Pliocene to Pleistocene, leading to a
roughly 400 m uplift of the Kropotkin range above the level of
the Oka plateau. However, this uplift seems to decrease towards
the west of the Jombolok basin where remnants of the peneplana-
tion surface are preserved (at different altitudes) on both sides of
the Oka-Jombolok fault (Fig. 3). This is consistent with the mostly
horizontal fault kinematic observed on the various outcrops in the
Tachalur–Jalga valley (Fig. 13). The vertical motion along the fault
would thus be restricted to limited segments as already suggested
by Arzhannikova et al. (2011). Those observations indicate that the
Cenozoic topography of the East Sayan region evolves following
two modes:

– A short wavelength relief is formed locally along discrete tec-
tonic structures such as the Oka extension zone or the Tunka
range and basin. This highly dissected relief forms the most
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prominent structures. However, uplift and denudation are local-
ized along the faults and in the glacial valleys, preserving the
slow ‘‘background’’ erosion signal of the plateau remnants.

– A general uplift of the region occurs at a much longer wave-
length uplifting the preserved remnants of the Mesozoic pene-
planation surface to altitudes between 500–600 m west of the
East Sayan ranges and 1800–2200 m in the central and southern
area of the East Sayan ranges. The mechanism at the origin of
that uplift is still to be understood. Part of it may be due to local
underplating of mantle-derived magmas but several evidences
such as the variations in time and space of the uplift suggest
that it is not the only and probably not the main mechanism
but that subtle deformation associated to the far field effects
of the India–Asia collision may also be implied (Allen and
Davies, 2007). This long-wavelength uplift probably caused
the downcutting of the Cenozoic valleys (the initial pre-
Miocene paleovalleys but also some of the actual ones) but its
impact on the dismembering of the Mesozoic surface is limited.

7. Conclusions

The planation surface still preserved on the Oka plateau
developed during the Mesozoic following the dismantling of
Middle Triassic–Early Jurassic and probably Late Jurassic–Early
Cretaceous relief. In that respect, the large-scale peneplanation
process observed in Central Asia during the Mesozoic may be dia-
chronous from south to north. Furthermore, unlike its equivalent in
Goby Altay, Altay or West Sayan, the East Sayan planation surface
has been constantly rejuvenated by slow erosion since its forma-
tion (the topography remained flat but the surface was constantly
stripped away by erosion). The long-term exhumation rates (about
enozoic evolution in the Oka-Jombolok region (East Sayan ranges, Siberia).
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150 Myrs) of about 17.5 m/Myrs obtained from apatite fission track
thermochronology on the Oka plateau are coherent with the short-
er term (less than 1 Ma) erosion rates (between 12 and 20 m/Myrs)
derived from 10Be analysis implying that the mean erosion rate on
the plateau remained largely constant through time. This erosion
prevented the formation of a lateritic–kaolinic weathering crust
on the surface during Late Cretaceous–Paleogene as observed on
numerous other plateaus in southern Siberia. In that respect the
Oka plateau is a unique feature where the ‘‘background’’ erosion
related to the mean climatic erosional mechanism can be observed.
The concordance between climatic erosion rates over hundreds of
million years and over the last few hundreds of thousand years is
striking.

The planation surface on which only some small 200–300 m
high hills but no structured drainage network remained, started
to be affected by river incision during the Oligocene–early
Miocene. This renewed incision is probably linked to a large-scale
long-wavelength uplift of the region and the development of a gen-
eral slope towards the Siberian platform. The newly formed valley
as well as the surrounding flat surfaces were then partially sealed
by Miocene mantle-derived lavas which driving mechanism re-
mains to be understood.

Finally, from Pliocene to Present the East Sayan region has been
affected by transpressional and transtensional movements local-
ized along major inherited fault zones such as the Oka-Jombolok
fault. These last tectonic movements further dismembered the
Mesozoic planation surface by creating a short-wavelength relief
formed by ridges (such as the Kropotkin ridge) and basins (such
as the Jombolok basin).

The complex morphology of the East Sayan ranges thus derives
both from a strong reworking of a Mesozoic planation surface and
the development of new Tertiary transpressional and transtension-
al structures. However, our results demonstrate that this morphol-
ogy remained relatively simple until the Pliocene onset of localized
deformation. Where it is preserved the planation surface can be
used as a reference level to estimate the amount of post Pliocene
differential uplift across the various faults. Finally, the Oligo-
cene–early Miocene long wavelength uplift remains to be quanti-
fied and explained.
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