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ABSTRACT. Thermotectonic modeling was performed for the crystalline rocks of South Tuva using the apatite fission-
track analysis. Thermotectonic modeling made it possible to visualize the Late Mesozoic and Cenozoic cooling history of
the Pre-Mesozoic basement rocks, and to reconstruct the chronology and scale of the denudational processes over the
last 125 myr and the evolution of paleorelief of South Tuva over the last 100 myr. The modeling results depicted several
Mesozoic-Cenozoic episodes of cooling due to differential denudation and exhumation of the Pre-Mesozoic basement
rocks. A differential denudation is related to an asynchronous activation of fault structures controlling the tectonic evolu-
tion of South Tuva. It is shown that the Early Cretaceous (~125-100 Ma) activation of the Agar-Dag-Oka thrust fault
zone could result from the post-collisional processes after the collision between Siberia and Amuria and/or consecutive
collision between the Cimmerian blocks. An intense activation of the Agar-Dag-Oka fault zone in the Late Cretaceous
(~100-75 Ma), accompanied by significant basement rock exhumation in the eastern South Tuva to absolute heights of
1200 m, could be caused by the Karakoram-Pamir collision in the south of Eurasia. The Late Cenozoic (25-0 Ma) activa-
tion of the main fault zones of South Tuva represents a far-field effect of the Indo-European collision on the southern
Eurasian continent. At the same time, there were the maximum basement uplift in the junction zone between the South
Tannuola and Ubsunur-Bii-Khem fault zones and the transformation of relief of South Tuva from moderately dissected,
with absolute heights of 500 to 1400 m, to modern, with absolute heights of 800 to 2600 m.
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1. INTRODUCTION

The study of tectonic stages in the development of the
Central Asian Fold Belt (CAFB) is an essential aspect for un-
derstanding a long-term evolution of orogens. The CAFB,
located between the cratons of North China, Tarim, Siberia
and Baltica, is the largest orogen in the world [Sengér et
al., 1993; Windley et al., 2007]. Its structure represents
a complex collage consisting of terrains of various geo-
dynamic nature (island-arc, collisional, intraplate), over-
lapped in result of the closure of different Paleo-Asian
oceanic branches and the Paleozoic accretionary-collisional
events [Dobretsov, 2003; Buslov et al., 2004, 2013; Windley
etal, 2007; Wilhem et al., 2012; Xiao et al.,, 2013]. It is con-
sidered that the final closure of the Paleo-Asian Ocean oc-
curred in the Late Paleozoic [Didenko et al., 1994; Buslov,
2011, 2014] and was accompanied by collisional and/or
post-collisional tectonomagmatic activity [Wang et al., 2009;
Wilhem et al., 2012; Vetrov et al., 2021a]. After the Paleo-
zoic assembling, the different segments of the CAFB were
reactivated during the Mesozoic and Cenozoic as a result
of tectonic events at the southern and southeastern mar-
gins of the Eurasian continent [Molnar, Tapponnier, 1975;
Dobretsov et al., 1996]. A large-scale reactivation of the
CAFB structures caused a deformation of the upper conti-
nental crust and the formation of intracontinental moun-
tain ranges, intermountain depressions and basins filled
with the Mesozoic and Cenozoic sedimentary deposits. The
sedimentary record preserved in intermountain depres-
sions and basins gives an implication of the character of
tectonic regime at that time. A full understanding of the
Mesozoic-Cenozoic tectonic evolution of different segments
of the CAFB is impossible without using precision methods.
One of such methods capable of providing information on
the Mesozoic and Cenozoic tectonic processes in the upper
crust is apatite fission-track analysis. The present paper
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Fig. 1. Location of the study area in the northern part of the CAFB.
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presents the results of a study of the thermotectonic evo-
lution of basement rocks of one of the northern segments
of the CAFB (Fig. 1) - South Tuva. The Pre-Mesozoic base-
ment of South Tuva was largely formed during the Late Pro-
terozoic - Early Paleozoic accretionary-collisional events
[Zonenshayn et al., 1990; Berzin, Kungurtsev, 1996; Dob-
retsov et al., 2003; Gordienko, 2004, 2019; Vladimirov et al.,
2005; Dobretsov, Buslov, 2007; Vetrov et al., 2019]. Its fur-
ther tectonic evolution is related to multiple reactivations
oflarge fault structures, such as South Tannuola, Ubsunur-
Bii-Khem and Agar-Dag-Oka fault zones (Fig. 2) [Vetrov et
al., 2020]. Modern earthquakes with a magnitude of up to
7 [Ovsyuchenko, Butanayev, 2017] imply that the faults in
the study area are active and still control neotectonic evo-
lution of the Tannuola range and the Sangilen upland.

The Proterozoic-Paleozoic rocks of South Tuva are over-
lain by the Mesozoic and Cenozoic deposits though the
preserved sedimentary record shows the character of tec-
tonic regime for only a limited time interval, and numerous
questions concerning the stages of the Pre-Mesozoic base-
ment growth and denudation remain open. In this connec-
tion, thermotectonic modeling was performed based on the
apatite fission-track analysis data [De Grave et al., 2014;
Vetrov et al., 2022] for the crystalline rocks of South Tuva.
The aim of the study is to visualize the Late Mesozoic -
Cenozoic cooling history of the Pre-Mesozoic basement
rocks of South Tuva, chronology and scale of denudational
processes, and to reconstruct the evolution of the paleo-
relief over the last 100 Ma.

2. THERMOTECTONIC MODELING TECHNIQUE
The thermotectonic modeling strategy was earlier de-
scribed in detail in [Vetrov, 2016]. This study involved a
similar technique exemplified by another object within
the CAFB. The apatite fission-track (AFT) analysis is one
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Fig. 2. The main fault zones of South Tuva and the results of AFT dating after [De Grave et al., 2014; Vetrov et al., 2022]. The sample numbers shown on the map are consistent with the serial numbers

in Table 1.
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Table 1. Sampling sites, lithology, and fission-track parameters

Coordinates

Ne Sample Height, m Sampling site Lithology AFT age, Ma Mean track length,
Latitude  Longitude Hm

1 2012 51°10'05" 93°42'07" 1249 Khovu-Aksy Stlmt granite 57.2+6.1 -

2 2100 51°02'13" 93°59'10" 1315 Kyzyl-Erik River diorite 69.9+4.2 -

3 2080 51°01'30" 93°33'43" 1664 Ulug-Sailyg River plagiogranite 50.8+5.6 -

4 2206 50°59'20" 93°30'11" 1805 Ulug-Sailyg River diorite 83.4+4.7 11.4+1.3 (41)
5 4545 50°56'06"  93°25'05" 1768 Kholy River granite 44.7%4.6 -

6 3640 50°45'32"  93°22'16" 1225 Ak-Chira Stlmt diorite 45.3%2.2 11.5+1.6 (43)
7 2223 50°43'23"  93°48'25" 1145 Despen River granite 35.5%2.2 12.1+1.8 (43)
8 2224 50°43'52" 93°48'25" 1226 Despen River granite 73.2+4.6 11.9+1.5 (51)
9 2225 50°44'35" 93°48'43" 1313 Despen River granite 55.1+4.8 12.1+1.7 (47)
10 2226 50°45'14"  93°48'50" 1439 Despen River granite 74.9+3.8 11.8+1.5 (58)
11 2227 50°45'50"  93°48'50" 1452 Despen River granite 56.8+3.5 12.2+1.5 (50)
12 2228 50°46'23" 93°48'54" 1523 Despen River granite 59.3£3.1 12.3+1.6 (53)
13 TV-57 50°37'31" 95°13'28" 1365 Samagaltay Stlmt diorite 94.1+5.2 13.1+1.5 (60)
14 TV-58 50°38'14" 95°18'34" 1210 Samagaltay Stlmt granodiorite 90.6+9.3 -

15 TV-41 50°26'22"  94°46'29" 1225 Tes-Khem River tonalite 92.8+5.7 13.5£1.8 (100)
16 TV-50 50°28'31" 94°58'46" 1240 Tes-Khem River diorite 87.7+4.9 13.9+£1.6 (73)
17 TV-46 50°30'19" 94°44'46" 1010 Tes-Khem River granodiorite 94.7%5.0 12.7£2.3 (64)
18 TV-56 50°17'43" 95°17'11" 1250 Moren-Erzin Stlmts aplite 89.3+7.5 -

19 TV-55 50°17'28" 95°18'18" 1140 Moren-Erzin Stlmts granite 80.8+7.2 -

20 TV-54 50°17'45" 95°17'10" 1270 Moren-Erzin Stlmts granite 80.7+3.9 13.6+0.9 (100)
21 TV-38 50°12'58" 95°25'21" 1235 Erzin Stlmt granite 83.1+3.6 13.7+1.3 (100)
22 TV-37 50°11'45" 95°36'24" 1385 Erzin Stlmt gneiss 87.0+5.7 13.2+£1.7 (100)
23 TV-36 50°11'08" 95°36'49" 1540 Erzin Stlmt gneiss 93.8+4.3 13.5+2.1 (100)

Note. Apatite fission-track ages and mean track lengths * standard deviation after [De Grave et al., 2014; Vetrov et al., 2022]. The number of measure-
ments from which the mean track lengths were obtained is shown in parentheses.

of the most sensitive low-temperature geochronological
methods for obtaining quantitative information on tectonic
processes in the upper crustal conditions at time intervals
from millions to hundreds of millions years. As well as in
case of other thermochronological methods, the AFT ana-
lysis is a method of geological dating at which the preser-
vation of U?®*® radioactive decay products is sensitive to
high temperatures (higher than 120 °C). The temperature
range for partial track annealing in apatite is constrained
to an interval of ~60-120°C, which, according to geother-
mal gradient ~25 °C/km (typical foldbelts), corresponds
to an upper crustal depth of ~2 km ~5 km [Wagner, Van
den Haute, 1992]. This method is a good tool for recon-
structing thermal history of the basement rocks over a long
period of time (to ~200-150 Ma for the CAFB). In many
cases, the low-temperature thermochronometers show the
ages which are rarely related to the start time of isotopic
activity. These ages often record thermal and tectonic pro-
cesses reflecting the result of a long-term surface denuda-
tion rather than the formation ages of the rocks studied.
Most of the AFT ages are "mixed", showing an integrated
result of low-temperature thermal history in upper crustal

conditions. Thermotectonic modeling based on the param-
eters, obtained from the AFT analysis, and thermal histories
for certain samples makes it possible to visualize differen-
tial cooling history of basement rocks, their denudation,
and instrumentally confirmed evolution of relief [Kohn
etal, 2002; Vetrov et al., 2016].

Thermotectonic modeling implies drawing regional
schemes for distribution of AFT parameters (AFT ages and
mean track lengths) and a series of spatiotemporal images
demonstrating the dynamics of basement rock cooling from
120 °C to temperatures of a modern surface, denudation
chronology, and evolution of relief. The schemes for re-
gional distribution of the AFT dating data allow visualizing
a spatial inhomogeneity of the AFT parameters obtained
and estimating the age of the oldest discrete tectonic event.
The results of individual thermal histories for certain sam-
ples are represented as consecutive images of certain time
intervals, showing the regional history of basement rock
cooling [Gallagher, Brown, 1999; Kohn et al., 2002]. Where-
as the results of individual thermal histories emphasize
the detailed aspects of cooling histories for certain sam-
ples, the regional representation provides a quantitative
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assessment for an average basement denudation rate as a
function of time. Geothermal gradient ~25 °C/km can be
used to convert temperature values to quantitative estima-
tions of the basement denudation volumes. Such approach
allows the reconstruction of denudation chronology for
each sample and uses the nearest neighbor interpolation
to create a spatial grid for each time step.

This grid is then spatially integrated in subsequent time
intervals to obtain the regional denudation chronology. This
scheme satisfies the data obtained and involves weighting
based on a spatial distribution of these sites to do interpo-
lation. This method does not need smoothing and elimi-
nates a general problem of indefinite characteristics in the
interpolated field. A combination of the denudation model
and the digital elevation model data provides a possibility
of modeling the paleotopographic evolution. Paleotopogra-
phy is assessed using a serial subtraction of the amount of
material denuded in a certain period of time on the current
surface with regard to isostatic equilibrium. The estimat-
ing of paleoheights, reconstructed during thermotectonic
modeling, reflect only a passive response to denudation
discharge and, for better reliability, can be supplemented
with other parameters, for example, the data on sea-level
change relative to the present-day Earth’s surface or as-
sessments of local deformation and/or thrust amplitudes
[Kohn et al., 2005]. The present study deals with thermo-
tectonic modeling for the Pre-Mesozoic basement of South
Tuva from the AFT analysis data including 23 dates and
16 thermal histories [De Grave et al., 2014; Vetrov et al,,
2022]. The AFT samples were taken from the Paleozoic
magmatic and metamorphic rocks in the height interval
1000-1800 m along three profiles (Fig. 3), intersecting the
main fault zones of South Tuva (Table 1).

The results obtained from analytical procedures are
presented in Table 1 and Fig. 4. Thermal history modeling
(see Fig. 2) was conducted using QTQt [Gallagher, 2012]

Profile B

South Tannuola |

fault zone
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and HeFTy [Ketcham, 2005], annealing equations [Ketcham
etal, 2007], and Markov Chain Monte Carlo based inverse
modeling. The details of analytical works and thermal his-
tory modeling techniques are reported in [De Grave et al,,
2014; Vetrov et al., 2022]. The regional schemes of distri-
bution of AFT parameters (Fig. 5) and series of spatiotem-
poral images are drawn using ArcMap and ArcScene tools
algorithms (version 10.4.1) (Fig. 6, 7, 8). Cooling history
of basement rocks (see Fig. 6) and denudation chronology
(see Fig. 7) are presented in a two-dimensional format over
the last 125 Ma at 25 Ma intervals. The evolution of relief
is estimated using the SRTM data and represented in a
three-dimensional format over the last 100 years at 25 Ma
intervals (Fig. 8).

3. APPLICATION OF APATITE FISSION-TRACK
ANALYSIS IN THE STUDY OF THE ROCKS
OF SOUTH TUVA

The results of AFT analysis (AFT ages and mean track
lengths) for the basement rocks of South Tuva are pre-
sented in Table 1. Generally, the AFT ages obtained are
varying from the Late Cretaceous (94.7+5.0 Ma) to the
Late Eocene (35.5%£2.2 Ma). AFT ages from the basement
rocks of South Tuva are somewhat younger than those
from other northern segments of the CAFB [De Grave et
al,, 2009, 2011; Arzhannikova et al., 2013; Zhimulev et al.,
2021; Vetrov et al.,, 2021b]. Note that the Cretaceous and
Eocene ages were obtained at similar heights and, on the
contrary, similar ages were obtained for the samples taken
at different heights. For example, sample TV-46 was taken
at an absolute height of 1010 m and yielded the Late Creta-
ceous (~95 Ma) AFT age, though sample TV-36, taken at a
height of 1540 m, yields a similar age. As shown in Fig. 3,
such data scattering is observed for three profiles inter-
secting the major fault zones of the study area. However,
in case of the South Tannuola and Ubsunur-Bii-Khem fault

Profile A NE

2000
L m

1500

1000

Agar-Dag—Oka fault zone

Fig. 3. Profiles intersecting the fault zones of South Tuva plotted using the results of AFT dating (Ma). The profile lines are shown by

white dotted lines in Fig. 2.
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zones, the "normal” vertical profile disturbance is related
to activation of normal fault structures, and in case of the
Agar-Dag-0Oka fault zone - to that of reverse fault struc-
tures. It is obvious that the main activation phase of fault
structures with different kinematics occurs at different
times. To assess the periods of tectonic reactivation (fast
cooling) and those of tectonic quiescence (slow cooling)
from the AFT parameters, a comparison was made of the
mean track lengths for each sample depending on its age
(see Fig. 4). The mean track lengths for the basement rocks
of South Tuva vary in the range of 11.4+1.3 to 13.9£1.6 um.
Most of the track length distributions are asymmetric mode
[De Grave et al., 2014; Vetrov et al.,, 2022]. A relationship
between the AFT age and the mean track length shows that
the Pre-Mesozoic basement of South Tuva experienced sev-
eral tectonic events. On this graph, the Cretaceous dates
correspond to higher values of the mean track lengths,
thus implying a rapid removal of basement rocks from the
apatite partial annealing zone (ARAZ, temperature inter-
val 120-60 °C). In its turn, a decrease in the AFT ages (from
Cretaceous to Eocene) with a decrease in the mean track
lengths (from 13.6 to 11.5 um) testifies to a long-term
presence of the analyzed rocks in the APAZ or even in
deeper upper crustal zones.

Within the study area, 16 thermal histories of the Pre-
Mesozoic basement rocks of South Tuva were modeled
using Monte Carlo randomized algorithm. The obtained
models of thermal histories show different rock cooling
scenarios: one-, two-, three- and five-stage (see Fig. 2). One-
stage cooling was modeled for samples 2223 and 2226
implying a moderate constant-rate basement rock cooling
from 120 °C to the present-day surface temperatures. A

two-stage model of thermal history obtained for samples
TV-50 and TV-54 shows the Late Cretaceous (~100-80 Ma)
stage of fast cooling from 120 °C to total annealing zone
(TAZ, lower than 60 °C) with a subsequent subhorizontal
behavior of the T-t trend curve up to the present.

The three-stage basement rock cooling is recorded in
sample TV-46, demonstrating two fast cooling stages (125-
100 Ma and the last 60 Ma), separated by the Cretaceous-
Paleogene moderate cooling stage. Some other samples
(for example, sample 3640), beside these three stages, re-
corded also two other, even older stages - Jurassic-Creta-
ceous (~190-140 Ma) slow cooling and Early Cretaceous
(~140-125 Ma) stability or even insignificant heating.

4. THERMOTECTONIC MODELING RESULTS

Late Mesozoic and Cenozoic cooling history of the
Pre-Mesozoic basement rocks. In order to perform the
analysis of AFT parameters (AFT ages and mean fission-
track lengths) obtained on the rocks of South Tuva, there
is shown their regional distribution (see Fig. 5). This dis-
tribution demonstrated a high concentration of the Creta-
ceous (~90 to 80 Ma) dates in the eastern part of the study
area (Sungilen upland) and that of the younger, Paleo-
cene-Eocene (~60 to 45 Ma) dates in its western part
(Tannuola range). The regional distribution of the mean
track lengths, with the least lengths (11.6 to 12.0 um) con-
centrated in the junction area between the South Tannuola
and Ubsunur-Bii-Khem fault zones, correlates with the
AFT age distribution. To make a generalization of different
types of thermal histories, a series of images (see Fig. 6)
was drawn to reflect a regional cooling history of the South
Tuva basement rocks during their transportation to the
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Fig. 4. Plot of AFT ages versus mean track lengths (bottom), frequency distribution of AFT ages (top).
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Fig. 5. Regional distribution of AFT ages (top, Ma) and mean fission-track lengths (bottom, um) for the Pre-Mesozoic basement rocks

of South Tuva.

surface through the upper crust. This image series implies
the assumption of common trends in dynamically hetero-
geneous cooling of the South Tuva basement rocks. The
most contrasting cooling of the area occurred in the Late
Cretaceous (100-75 Ma) and Late Oligocene-Holocene (25-
0 Ma). The Cretaceous-Paleogene (75-50 Ma) interval is
characterized by a relatively stable position of paleoiso-
therms.

Late Mesozoic and Cenozoic denudation of the Pre-
Mesozoic basement rocks. Differential basement sur-
face cooling of South Tuva may result from uneven exhuma-
tion and denudation of the basement rocks due to different
stages of tectonic activation of the major fault zones. To vi-
sualize the regional denudation events over the last 125 Ma,
the image series shows denuded zones at intervals of 25 Ma
within 0 to 2000 m (see Fig. 7). The change of areas with
high volumes of denuded zones marks different stages of
activation of the regional Paleozoic fault zones controlling
the basement evolution of South Tuva. Regional models
reveal somewhat high denudation rate (to 40 m/myr) of
the South Tuva basement rocks in the junction area be-
tween the South Tannuola and Agar-Dag-Oka fault zones
at the end of the Early Cretaceous (125-100 Ma). And at
the same time denudation rates for the rest of South Tuva
remained generally low (10 to 20 m/myr). In the Late Cre-
taceous (100-75 Ma), the rate of basement denudation
increased (to 70 m/myr) in the eastern part of the study
area mostly due to activation of the Agar-Dag-Oka fault

zone. The Late Cretaceous - Early Paleogene (75-50 Ma)
is characterized by some stability of denudation rates; at
least the major fault structures of South Tuva were tec-
tonically stable. A subsequent increase in the rate of base-
ment denudation (to 40 m/myr against the background of
10-20 m/myr) for South Tuva occurred along the South
Tannuola fault zones in the Late Paleogene (50-25 Ma).
The Late Paleogene basement denudation and exhuma-
tion gave rise to coarse-grained sediment deposition of the
Late Eocene Kurgak formation in the Ubsunur basin to the
south of the South Tannuola fault zone. The denudational
processes continued in the Neogene (25-0 Ma), having
attained their maximum (to 50 m/myr) in the junction
area between the South Tannuola and Ubsunur-Bii-Khem
fault zones. Denudation rates are at the same time insig-
nificant (15-20 m/myr) in the area controlled by the Agar-
Dag-0Oka fault zones. High rock denudation and exhuma-
tion rates of South Tuva in the Neogene are confirmed by
the occurrence of continental molasse in the Ubsunur ba-
sin. The Late Neogene reactivation process of the South
Tannuol and Ubsunur-Bii-Khem fault zones was going on
during the Quaternary and continues to this day. This is evi-
denced by the concentration of epicenters of recent earth-
quakes with a magnitude of up to 7 and 3000-3500 years
old earthquakes known within South Tuva [Ovsyuchenko,
Butanayev, 2017].

Late Mesozoic and Cenozoic relief development his-
tory. Thermotectonic modeling based on the AFT analysis

https://www.gt-crust.ru
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data, including thermal histories, allows estimating only
the dynamics of vertical movements. However, this is one
of the few methods capable of reconstructing an instru-
mentally reasonable long-term landscape evolution model.
Fig. 8 shows a series of 3D relief images for five time slices
over the last 100 Ma. Paleotopographic scheme ofa 100 Ma
time slice demonstrates that at the beginning of the Late
Cretaceous South Tuva was an even surface with absolute
heights up to 750 m. Then, at the end of the Late Cretaceous
(75 Ma), against the background of global sea level rise,
within South Tuva there occurred uplifted segments (near
the present-say Sangilen upland) with absolute heights of
800 to 1200 m relative to the sea level of that time. The
epicontinental sea basin (West Siberian), existed on the
adjacent area at that time, was connected with the World
Ocean and could serve as a denudation base [Novikov et
al., 2019]. The Cretaceous-Paleogene stage (75-50 Ma) is
characterized by an even rock denudation rate of South
Tuva and the absence of any contrasting tectonic uplifts.
At that time, in the northern regions of the CAFB, there
occurred a peneplanation with the formation of weather-
ing crusts due to climate warming [Dobretsov et al.,, 1996;
Velichko, 1999]. Some increase in the heights on the paleo-
topographic scheme for a 50 Ma time slice, as compared to
a 75 Ma time slice, can be caused by a 100-125 m sea level
decrease in the Cretaceous-Paleogene (75-50 Ma). In the
Late Paleogene (25 Ma) there was a moderately dissected
relief with absolute heights of 500 to 1400 m, with a rise of
the western part of the study area (present-day Tannuola
range) started at the same time. The present-day orogra-
phy of South Tuva was formed over the last 25 Ma. In that
period of time there formed the highest mountain systems
(for example, Tannuola range) which provided debris sup-
ply into the neighboring Ubsunur basin.

5. THE MESOZOIC AND CENOZOIC UPPER CRUSTAL
TECTONIC PROCESSES IN SOUTH TUVA. DISCUSSION

Thermotectonic modeling for the upper crust of South
Tuva, based on the AFT analysis data, demonstrates sev-
eral Mesozoic-Cenozoic cooling episodes related to dif-
ferential denudation and exhumation of the Pre-Mesozoic
basement after its Late Paleozoic consolidation. It is con-
sidered that the denudation rate and, therefore, dynamics
of basement tectonic uplift can be affected by a number
of factors including tectonics, climate, and global sea-level
fluctuations. In case of South Tuva, a regional differentia-
tion of denudational history, related to uneven basement
rock exhumation, can hardly be attributed to global sea-
level drop/rise and climate changes. Therefore, the key role
in the Mesozoic and Cenozoic history of geological evolu-
tion of the upper crust of South Tuva is played by tectonic
factors. During the study of the Mesozoic and Cenozoic
tectonomagmatic events of the Tuva segment of the CAFB,
the assumption was made about active mantle-crust in-
teraction therein [Yarmolyuk et al., 2001; Lebedev et al,,
2001, 2016], which can be responsible for periodic activa-
tion of fault structures. However, the identified episodes of
rock denudation and exhumation can hardly be explained

by mantle plume activity beneath the basement of South
Tuva. If vertical movements were caused by convection cur-
rents in the mantle, they would have occurred more widely
and resulted in synchronous activation of different regional
fault structures. Besides, the southern part of the study
area - the Tuva segment of the CAFB - yielded no Mesozoic
or Cenozoic magmatic formations which could be indica-
tive of mantle plume activity beneath the lithosphere of
South Tuva.

The episodes of tectonic activity of regional fault struc-
tures accompanied by rock denudation and exhumation of
South Tuva could occur as a result of the Mesozoic and Ce-
nozoic far-field tectonic effects on the southern and south-
eastern boundaries of Eurasia. An increase in denudation
and basement tectonic uplift rates of South Tuva in the
Early Cretaceous (120-100 Ma) could be due to far-field ef-
fects of (1) post-collisional lithospheric extension after the
closure of the Mongol-Okhotsk Ocean and subsequent con-
vergence between Siberia and Amuria [Yang et al., 2015;
Jolivet et al., 2017], (2) collision of the Lhasa block against
the southern margin of Eurasia [Kapp etal., 2007; Zhu et al,,
2013, 2016] or (3) collision between the Karakoram and
the Pamir (see Fig. 7). The Late Jurassic to Early Cretaceous
interval after the closure of the Mongol-Okhotsk Ocean is
characterized by an extensional tectonic regime [Zorin,
1999; Sklyarov et al.,, 1997; Donskaya et al., 2013; Sorokin
et al., 2020], associated with gravitational collapse of the
Mongol-Okhotsk orogen [Jolivet et al.,, 2017] at the south-
eastern margin of Eurasia. It is inferred that this event oc-
curred almost simultaneously with the Lhasa-Qiangtang
collision along the southern margin of Eurasia. After that
there was a collisional process between the Karakoram
and the Pamir, which preceded the main phase of the Late
Cretaceous convergence between these blocks. All these
tectonic events could result in Early Cretaceous (~125-
100 Ma) basement denudation and exhumation of South
Tuva, though it is difficult to estimate the contribution of
each thereto.

In the Late Cretaceous (100-75 Ma), the Karakoram
block moved northward and collided with the Pamir at
the southern margin of Eurasia [Schwab et al., 2004]. The
stress field, produced by the Karakoram-Pamir collision,
propagated towards the northeast deep into the continent
of Eurasia and caused reorganization of tectonic blocks of
the CAFB and reactivation of thrust structures such as the
Agar-Dag-0Oka fault zone which resulted in basement ex-
humation of the eastern South Tuva at that time.

Subsequently, as a result of the closure of the Neo-
Tethys Ocean, there was the Early Cenozoic Indo-Eurasian
collision which gave rise to development of a wide orogeny
in the south of the Eurasia continent [Yin, Harrison, 2000;
Green etal.,, 2008]. This large-scale collision initiated a new
episode of reactivation of numerous segments north of the
southern margin of Eurasia and could initiate another ep-
isode of basement exhumation of South Tuva due to reac-
tivation of large fault structures (such as South Tannuola
and Ubsunur-Bii-Khem fault zones). The Late Paleogene
(50-25 Ma) Indo-Eurasian collision initiated activation of
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the South Tannuola and Ubsunur-Bii-Khem fault zones and
a moderate-rate uplift of the eastern South Tuva. In the
Neogene (25-0 Ma), this collision entered the main phase
with the maximum basement uplift of South Tuva in the
junction area of normal-fault zones. The obtained gener-
alized regional denudation model yields a rough age esti-
mate for the Neogene reactivation of fault structures and
can always be refined based on the analysis of individual
thermal histories modeled for individual samples. For ex-
ample, according to individual thermal histories and a com-
plex model of the Tannuola range [Vetrov et al., 2022], the
maximum basement rock denudation of South Tuva began
~15 Ma in the junction area between the South Tannuola
and Ubsunur-Bii-Khem fault zones.

6. CONCLUSION

Thermotectonic modeling, based on the apatite fission-
track analysis data, visualized the Late Mesozoic - Ceno-
zoic cooling history of the Pre-Mesozoic basement rocks in
South Tuva, and provided a framework for reconstructing
chronology and scale of denudation events and evolution
of the paleorelief over the last 100 Ma. There was revealed
a differential cooling of basement surface in South Tuva -
the most contrasting cooling occurred 100-75 Ma and over
the last 25 Ma. The analysis of denudational chronology
also showed an uneven rock exhumation due to the pro-
cess of staged reactivation of the main fault structures con-
trolling tectonic evolution of the Pre-Mesozoic basement
in South Tuva. In its turn, the activation of fault structures
is caused by the far-field tectonic effects on the southern
and southeastern margins of the Eurasia continent. The
Early Cretaceous (~125-100 Ma) activation of the Agar-
Dag-0Oka thrust fault zone could result from the post-col-
lisional processes after the convergence between Siberia
and Amuria and/or a consecutive collision between the so
called Cimmerian blocks (Lhasa, Qiangtang, Karakoram,
Pamir). The Late Cretaceous (~100-75 Ma) tectonic pro-
cesses in the south of Eurasia, such as the Karakoram-
Pamir collision, intensified the activation of the Agar-Dag-
Oka fault zone and caused an extensive basement exhuma-
tion in the eastern South Tuva at that time. The Cenozoic
activation of the main fault zones in South Tuva is caused
by alarge-scale reorganization of tectonic blocks due to the
Indo-Eurasian collision in the southern Eurasia continent.
The main phase of this collision (25-0 Ma) is associated
with the maximum basement uplift in South Tuva in the
junction area between the South Tannuola and Ubsunur-
Bii-Khem fault zones.

The reconstructed evolution of the paleorelief of South
Tuva showed that at the beginning of the Late Cretaceous
(~100 Ma) South Tuva was an even surface with heights to
750 m. At the end of the Late Cretaceous (75 Ma), the up-
lifted segments began to emerge, with absolute heights of
800 to 1200 m. In the Late Paleogene (25 Ma), there was a
moderately dissected relief with absolute heights of 500 to
1400 m. The present-day relief of South Tuva was formed
over the last 25 Ma, with the most intense transformations
in the last 15 myr.
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