International Journal of Geosciences, 2014, 5, 497-518
Published Online April 2014 in SciRes. http://www.scirp.org/journal/ijg
http://dx.doi.org/10.4236/ijg.2014.55047

Late Cenozoic Tectonic Uplift Producing
Mountain Building in Comparison with
Mantle Structure in the Alpine-Himalayan
Belt
Vladimir G. Trifonov*, Sergey Yu. Sokolov
Geological Institute of the Russian Academy of Sciences, Moscow, Russia
Email: *trifonov@ginras.ru, *vgtrifonov@yandex.ru, sysokolov@yandex.ru
Received 26 February 2014; revised 25 March 2014; accepted 12 April 2014
Copyright © 2014 by authors and Scientific Research Publishing Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY).
http://creativecommons.org/licenses/by/4.0/

Abstract
Tectonic uplift producing recent mountain systems has spanned in the Alpine-Himalayan Belt the
time interval from Oligocene to Recent (the last 30 - 35 Ma), being divided into two stages. During
the first stage, local uplands, usually not higher than middle-elevated mountains, rose and their
total area increased. During the second stage (the last 5 - 2 Ma) this process was accompanied by a
total uplift of the greater part of the belt. As a result, the rate of vertical movements increased, the
recent mountain systems were formed, and the coarse molasses accumulated in the adjacent basins. Uplift of the land surface resulting in formation of mountain topography is an isostatic reaction to decompaction of the upper spheres of the Solid Earth. Three factors of the decompaction
are discussed in the paper. These are: I, collisional compression, resulting in deformational thickening of the Earth’s crust (folding, thrusting, etc.); II, partial replacing of the lithosphere mantle by
the lower-dense asthenosphere material and, as a result, decompaction of the uppermost mantle;
and III, retrograde metamorphism of high-metamorphosed rocks within the lower crust and near
the crust-mantle boundary and, as a result, decompaction of these rocks. These processes were
initiated or facilitated by the lateral asthenosphere flows. According to the seismic tomography
data, the flows spread from the stationary developed zone of the rise of deep mantle material that
is expressed in the recent structure as the Ethiopian-Afar super-plume. Reworking the 400 700-km deep transition layer of the mantle, the sub-lithosphere flows could be enriched in
sources of aqueous fluids. The flows and their fluids initiated factors II and III of the tectonic uplift
and caused softening and detachment of the lithosphere, facilitating deformational thickening of
the Earth’s crust, i.e., the factor I. The latter produced uplands during the entire Oligocene-Quaternary development of the orogenic belt, while the factors II and III manifested themselves only
during the second stage of mountain building. The detailed studies in the Central Tien Shan and
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the Greater Caucasus showed that the acceleration of uplift at the second stage was caused mainly
by the factor II in the Central Tien Shan and the factor III in the Greater Caucasus.
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1. Introduction
Uplift of land surface producing mountain building is an isostatic result of decompaction (decrease of density)
of the upper spheres of the Solid Earth in the lithosphere level. Three factors of the decompaction are discussed
below. They are: I, lateral compression, resulting in deformational thickening of the Earth’s crust (folding, flattening, thrusting, etc.); II, partial replacing of the lithosphere mantle by the lesser-dense asthenosphere material;
III, partial decompaction of some volumes within the crust and near the crust-mantle boundary because of the
retrograde metamorphism of the high-metamorphosed rocks.
To estimate a role of the factor I, we used the equations [1]:

∆=
hc h1 –=
h0 ( L0 – L1 ) L1  h0 ;
( ρ m − ρc ) ρ m  ∆hc ,
Hc =

(1)
(2)

where Hc is crustal uplift under local isostasy (m), Δhc is thickening of the crust (m), L0, L1, h0, h1 are the initial
and final values, correspondingly, of the width of the compressed area and the thickness of its crust (km), ρm is
density of the most upper mantle (kg/m3), and ρc is the average density of the continental crust (kg/m3). Many
researchers consider this factor to be the single or, at least, main source of the Late Cenozoic tectonic uplift.
During the last years, the authors of the present paper published several papers, where they argued the significant and leading in many areas role of the factors II and III in this uplift [2]-[6]. The present paper is the synthesis of the data on history, mechanisms and sources of the Late Cenozoic (Oligocene-Quaternary, i.e., the last ~30
- 35 Ma) uplift producing mountain building in the central Alpine-Himalayan Orogenic Belt from the Eastern
Alps and Dinarides-Hellenides up to the Himalayas and Central Asia (Figure 1). Because detailed evidence of
the data under discussion has been published in our previous papers, we do not represent here this evidence, referring to the corresponding publications.

2. Neotectonic Data
2.1. Pre-History
The mountain systems of the central Alpine-Himalayan Belt inherit structures related to evolution of the Tethys
Ocean. The longitudinal zoning of the belt, with the continental crust becoming younger toward the south, is determined by the Tethys geodynamics. Its south-western margin was passive, whereas its north-eastern margin
was active. On the passive margin, rifting, which transformed into spreading, separated Gondwana fragments
and they moved to the north-east. Here the Tethyan oceanic lithosphere subducted beneath the margins of the
northern plates. The successive formation of the Paleo-, Meso-, and Neo-Tethys led to the accretion of new
Gondwana fragments to the northern plates; the fragments were separated by sutures, accretionary wedges, and
magmatic manifestations of the corresponding stages of Tethyan evolution. This process began with the breakup of Pangea and became well-defined in the Mesozoic and Cenozoic, when the northern plates merged into the
Eurasian Plate.
The mountain systems of the belt inherit mainly the northern active margin of the Neo-Tethys, whereas its
southern passive margin is host to few mountain systems, the largest being the Himalayas and the Zagros. The
mountains of the northern edge of the belt (the Greater Caucasus, the Kopet Dagh, the Tien Shan, the northern
Afghanistan, the northern Pamirs, the Kunlun, and the northern Tibet) formed on the Paleozoides, whose portion
in the orogenic belt decreased to the west. Farther south, there are sutures and other structural indicators of dif-
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Figure 1. Pliocene-Quaternary structure of the Alpine-Himalayan Belt from Eastern Mediterranean to Central Asia. 1, basins
with sub-oceanic crust; 2, major basins on continental crust; 3, mountains (in Figure 1) and uplands not higher than 1.5 km
(in Figure 6); 4, highest mountains; 5, boundaries of mountains and basins: (a) in Figure 1 and (b) in Figure 6; 6 - 10, faults
(the largest faults are shown by thickened lines in Figure 1): 6, thrust or reverse fault, 7, strike-slip fault, 8, normal fault, 9,
extension fault, 10, flexure; 11, the Tesseire-Tornquist and Palmyra-Apsheron lineaments (in Figure 6). Mountains: (1)
Greater Caucasus, (2) Eastern Carpathians, (3) the Himalayas, (4) Hindu Kush, (5) Zagros, (6) Western Tien Shan, (7)
Karakoram, (8) Kokshaal, (9) Kopet Dagh, (10) Kunlun, (11) Makran, (12) Lesser Caucasus, (13) Pamirs, (14) Northern
Carpathians, (15) Tibet, (16) Khan Tengri, (17) Central and Eastern Tien Shan, (22) Elbrus, (30) Dinarides, (45) Coastal
Range (in Syria), (47) Lebanon Range; basins: (18) Afghan-Tadjik, (19) Eastern Black Sea, (20) Terek-Derbent, (21) Western Black Sea, (23) Misis-Andirin (paleo-basin), (24) Red Sea (rift), (25) Levantine, (26) Mesopotamian, (27) Azov-Kuban,
(28) Tarim (microplate), (29) Focsani (a part of the Carpathian Foredeep), (31) Aegean, (32) South Caspian; platforms: (33)
Anatolian, (34) Arabian, (35) Moesian, (36) Scythian, (37) African; faults and fault zones: (38) East-Anatolian Zone, (39)
Herat, (40) Main Recent Fault of Zagros, (41) Darvaz, (42) North-Anatolian Zone, (43) Dead Sea Transform, (44) Chaman,
(46) South Taurus; tectonic zones: (48) Indus-Tsang Po, (49) Quetta, (50) Cyprus Arc, (51) Crete-Hellen Arc, (52) Palmyrides, (53) Hellenides, (54) Sanandaj-Sirjan; rivers: (55) Euphrates, (56) Nile.

ferent stages of the Meso-Tethys; and still farther south there are those of the Neo-Tethys [7]-[10]. The active
margin was complicated by back-arc basins with a thin sub-oceanic crust, which closed simultaneously with the
Tethys or later. Relics of the subducted oceanic and sub-oceanic crust are preserved in the form of high-velocity
matter at different lithosphere levels and are expressed by igneous xenoliths.
From the Late Paleozoic till the Paleogene, the Tethys was a bay of the Pacific narrowing to the north-west
and linear rates of horizontal movements decreased to the west as a whole at different stages of its development
and closure. This trend continued after beginning of collision in the Cenozoic. This is expressed both in different
magnitudes of strike slip in similar local structures (for example, on the western flank of the Indian Plate as
compared with the Arabian Plate) and in different transverse shortening of the belt segments [7] [8] [11].
In the Eocene, the vast eastern portions of the future mountain belt were flat or hilly lowlands, whereas the
rest of the territories, mainly in the west, were covered by shallow epi-continental seas. Thin-crust (sub-oceanic)
basins stood out this background and represented relics of the Tethys itself and its back-arc basins [12]-[15]
(Figure 2). The Tethyan relics existed in the Trans-Himalayas (Indus-Tsang Po Zone), southwards of the Makran (this basin would later become the periphery of the Indian Ocean), between the future Arabian Plate and the
Sanandaj-Sirjan Zone of Iran, and in front of the north-western Arabian Plate. Among the back-arc basins, the
near W-E-trending Carpathian-Greater Caucasus system of troughs was the largest. It extended from the Outer
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Figure 2. Conceptual map of the basins with a thin (suboceanic) crust in the Alpine-Himalayan Belt in the Eocene (~45 Ma ago), modified after [5] [6] [12]-[15]. 1, thin-crust basins; 2, Red Sea proto-rift basin; 3, major thrusts and subduction zones; 4, major transform
and other faults and their supposed continuations. AD, Adjaro-Trialetia; AF, African Plate;
AL, Alborz; AP, Arabian Plate; AT, Afghan-Tadjik Basin; CB, Carpathian Basin; Ch,
proto-Chaman Transform; CI, Central Iran Microplate; EB, Eastern Black Sea Basin; EE,
East European Platform; EI, East Iranian Basin; GC, Greater Caucasus Basin; HR,
Hari-Rud Basin; IN, Indian Plate; L, proto-Levant Transform; LT, Lut Microplate; NT,
Neo-Tethys relics; PT, Pamirs, Tibet; SB, Sabzevar Basin; SC, South Caspian Basin; SS,
Sanandaj-Sirjan zone; T, proto-North Anatolian Fault, extending into the PechenegaKamena Fault and the Tesseire-Tornquist Line; TA, Talysh; WB, Western Black Sea Basin;
Z, Main Zagros Thrust.

Carpathian Zone up to the proto-South Caspian Basin. The troughs were separated by the NW-trending relative
uplifts, being partly areas of shallow-water sedimentation. To the south of this system, the Sabzevar trough
reached Talysh in the west, extended to the east as the Hari-Rud Basin, and was linked with the Makran Tethyan
relic via the East Iranian Basin. The sub-oceanic basins were shorted by the folding, which began at the late
Middle Eocene.
The further Late Cenozoic uplift producing mountain systems developed in two stages: 1) from the Oligocene
until the Early Pliocene, and 2) during the last ~5 - 2 Ma (perhaps, from the Late Miocene in some regions). The
history of the uplift is analyzed lower in the examples of the Central Tien Shan and the Greater Caucasus.

2.2. The Central Tien Shan
The Central Tien Shan (CTS) is a part of the Tien Shan Mts. between the epi-Paleozoic Kazakh Shield in the
north, the Tarim microplate in the south, the Talas-Fergana Fault in the west, and the Eastern (Chinese) Tien
Shan in the east (Figure 3). The CTS formed on the epi-Paleozoic continental crust, which was similar initially
with the ~42-km thick recent crust of portions of the Kazakh Shield, non-deformed in the Late Cenozoic [16].
The Cenozoic evolution of the CTS is described, using the data from [4] [17]-[21].
At the Paleocene and Eocene, the CTS area was a peneplain with mutual uplifts reaching few hundreds of
meters, which was considered a pre-orogenic planed surface. Resedimented crust of weathering forms the thin
clastic unit with fossils of the Middle-Upper Eocene and perhaps the Lower Oligocene. Its lower part includes
basalts with the K-Ar and Ar-Ar dates of 54 - 70 Ma [22]-[24].
The Oligocene is represented by conglomerates (mostly fine-pebble) and finer clastic deposits. The domestic
clastic material is present and often dominates in pebbles [25]. This proves that basic structures of recent topography were originated just at that time. They were the ENE-trending still low, according to the data on magnitudes of incision, uplands (areas of denudation) and basins (areas of sedimentation). Intensity of vertical move-
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Figure 3. The Cenrtal Tien Shan. A, Atbashi Basin; Ak, Aksai Basin; C, Chu Basin; F, Fergana Basin; H, Khan Tengri; I, Ili
Basin; Is, Issyk-Köl Basin; Ka, Karkara Basin; Ko, Kochkor Basin; K, Kokshaal; N, Naryn Basin; T, Talas-Fergana Fault;
Ta, Tarim Basin; Te, Tekes Basin. The China-Kyrghyzstan boundary is shown.

ments and incision decreased in the Miocene (Table 1 and Figure 4). The fine-grained lake deposits (with
evaporates in some areas) dominate, whereas the alluvium is relatively rare [25]. Areas of sedimentation expanded into a part of the Oligocene uplands. To the south and east, towards the highest recent mountains—the
Kokshaal Ridge and Khan Tengri, the clastic material becomes coarser that indicates the higher elevation and
erosion. In the Late Miocene, the incision on mountain slopes and basin sedimentation accelerated and content
of coarse-grained material increased in the sediments, but they became finer-grained again in the Pliocene
(Table 1 and Figure 4). The average height of the CTS did not probably exceed ~1 km in the end of the Pliocene and it could be more only in the Khan Tengri area. If the average altitude of the pre-orogenic peneplain was
~0.3 km, the magnitudes of uplift reached ~0.7 - 1 km during the stage 1 (Oligocene to Pliocene).
Using the data from [4] [26] [27], we estimated the total Oligocene-Quaternary transverse shortening of the
CTS as 50 - 70 km. So, the average rate of the shortening is ~2 mm/a (mm per year), and the initial width of the
CTS (L0) was 450 - 470 km. Substituting these values to Equations (1) and (2), we receive Δhc = 4 - 6 km and Hc
= 0.6 - 0.9 km for the stage 1. Hc coincides approximately with the geological estimate of uplift. This proves that
compression was the main source of uplift during the stage 1.
During the stage 2 (the last ~2 Ma), a quick rise of the CTS mountains took place, including some portions of
intermountain basins and the foredeep. This is proved by high magnitudes of incision in mountain slopes
(Figure 4) and accumulation of coarse molasses in basins. The average altitude of the CTS reached ~3 km and
some mountains rose up to 6 - 7 km in the south-east. According to the GPS data, the rate of transverse shortening is 10 - 13 mm/a in the Kyrghys part of the CTS [28] [29] and ~20 mm/a in the CTS as a whole [30] [31].
The rate of shortening, calculated by summing seismic moments of the XX century earthquakes is 7 ± 2 mm/a
[32]. The rate of shortening, calculated by summing offsets on active faults of the Kyrghys CTS is ~10 mm/a
[33] or >5 mm/a [34]. If we take the average rate of shortening of ~10 mm/a for the stage 2 and use Equations
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Duration,
Myr
Boundaries,
Ma

Series

Basin
Chu (south) Kochkor

Issyk-Kul

Tekes

Karkara

350
0.28

>20
>0.017

300
0.25

>300
>0.25

300
0.25

1250 - 1700
0.4 - 0.57

200 - 850
0.067 0.283

1450
0.483

650
0.217

600
0.2

380 - 880
0.127 0.293

1200
0.4

650
0.217

1000
0.333

950
0.136

150 - 1000
0.0214 0.143

1380
0.197

1400
0.2

230 - 800 125 - 760
0.033 - 0.018 0.109
0.144

2000
0.286

2500
0.357

1200
0.171

150 - 600 450 - 1700
0.015 - 0.06 0.045 - 0.17

800
0.08

670 170 - 500 150 - 700 160 - 670
1000
0.017 - 0.015 - 0.016 0.067 0.05
0.067
0.07
0.1

450 1000
0.045 0.1

450
0.045

1.2

N 22

ts2

3

2
5

N13 − N12

ts1

7

5
12

kz2

10

12
22

kz1

8

22
30

150 - 600
0.019 0.075

200 - 250
0.025 0.031

500 - 600
0.063 0.075

No data

E

36

30
60

150 - 635
0.0041 0.0176

7
0.0002

100 - 550
0.0028 0.0153

No data No data

Kyrgyz

E 3 ( E 32−3 )
−N a

PaleoceneEocene

1
1

E1−2 −

(E )
1
3

Aksai

250
0.208

Sh

N −N

Atbashi

500
0.417

Q1

2
1

Naryn

200
0.167

0.8 1000 - 1300
0.8 - 1.08
2

Sh

1
1

Ili

Thickness, m/Rate, mm/year

Tien Shan

Stage

Complex

Table 1. Thicknesses and rates of accumulation of the Paleogene—Lower Quaternary molasse complexes in the Central Tien
Shan, data from [4] [17] [18] [20] [23].

200
0.025

390
0.049

500
0.063

600
0.075

100 - 450
0.012 0.056

320
0.0089

100
0.0022

80
0.0022

10 - 350
0.0003 0.0098

Figure 4. Changes of the rates of sedimentation in the Cenozoic basins and in rates of incision
of drainage systems into ridges of the Central Tien Shan. Deceleration of deposit accumulation
in the Aksai, Kochkor, Naryn basins in the Quaternary was caused by the transition from basin
sedimentation to terrace regime. Basins: Ak, Aksai; At, Atbashi; Ch, Chu; I, Issyk-Köl; K,
Kochkor; N, Naryn.
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(1) and (2), Δhc = 2.3 - 2.4 km and Hc = 0.35 - 0.36 km. This is less than 20% of the total uplift of the CTS during the stage 2.

2.3. Greater Caucasus
To understand sources of uplift of the Greater Caucasus (GC), we estimated consequently the following characteristics: 1) thickness and composition of the Earth’s crust before its compressional deformation; 2) values of
transverse shortening, thickening and uplift of the crust because of the compression; 3) transformation of the
deformed crust into the recent mountain system. The used data on the Mesozoic-Cenozoic geology of the GC
are based on the publications [14] [35]-[38]. The main part of the GC formed in the margin of the epi-Paleozoic
Scythian Plate. Its part, weakly deformed in Mesozoic and Cenozoic is separated from the GC by the foredeeps,
Azov-Kuban in the west and Terek-Derbent in the east (Figure 5). The transitional Laba-Malka Zone (LMZ),
including the East Balkar sub-zone and Limestone Daghestan, extends along the northern slope of the GC [14].
The thickness of the LMZ sedimentary cover varies from 5 - 5.5 km in the central part to 6.5 - 7 km in the east
and ~10 km in the north-west. The GC itself consists of the north-western, central and eastern segments. The
North-Western Caucasus is composed of the Jurassic, Cretaceous, and Paleogene (in the peripheral parts) deposits; their total thickness is up to 14 km. The same deposits were ~11 km thick in the Eastern Caucasus in the
Early Miocene, although that region was subjected to the Cimmerian (pre-Bathonian and pre-Callovian) folding.
In the Central Caucasus, the Lower and Middle Jurassic deposits were intensively deformed by the Cimmerian
folding and preserved only in compressed synclines between the Paleozoic blocks. Upper Jurassic to Paleogene
deposits covered this uplift of the basement. We estimated their total thickness in the Early Miocene as ~2 - 2.5
km. The southern part of the GC (Zone of Southern Slope, ZSS) is separated from the GC itself by the Main

Figure 5. Greater Caucasus. AC, Azov-Kuban Basin; CC, Central Caucasus; EC, Eastern Caucasus; LC, Lesser Caucasus;
LD, Limestone Daghestan; LM, Laba-Malka Zone; MC, Main Caucasus Fault; NW, North-western Caucasus; SP, Scythian
Platform; SS, Southern Slope Zone; TD, Terek-Derbent Basin.
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Caucasus Reverse Fault. Near this fault, the ZSS is composed of the Lower and Middle Jurassic deposits, which
are overlaid with the Upper Jurassic to Paleogene mainly flysch deposits farther to the south. Both parts of the
ZSS represented a single basin with the 15 - 20-km total thickness of the sediments in the Early Miocene. Reconstructing the Earth’s crust structure of different zones of the GC in the Early Miocene (Table 2), we considered that the crust was in isostatic balance at that time and the land surface differed from the sea level not more
than to ~300 m. We estimated the average density of the sedimentary cover as 2.5 g/cm3 and considered that the
density of the basement beneath thick sedimentary basins increased up to 2.9 - 2.93 g/cm3, by analogy with other
similar structures [1].
The Mesozoic and Cenozoic deposits of the GC are deformed by folds and faults. We analyzed deformation
that was due to compression and resulted in transverse shortening of the Earth’s crust. Using the published data
[14] [26] [38]-[42], supplemented by our calculation of shortening in the LMZ and Limestone Daghestan, we
estimated the transverse shortening and, correspondingly, the deformational uplift of the land surface in different
zones by Equations (1) and (2) (Table 3).
The age of main phase of the Late Alpine deformation is under discussion. We consider it to be post-Maykopian, i.e., late Early and Middle Miocene, because the Maikopian (Oligocene—Lower Miocene) marine deposits
covered the Greater Caucasus and the Maikopian Basin inherited the previous sedimentation in the region [37]
[43]. But the actual situation is more complicated. In the Central Caucasus, the significant deformation occurred
at the pre-Bathonian and pre-Callovian time. As a result, the area became the uplifted block of the consolidated
crust. Thickening and isostatic uplift of the Central Caucasus crust explain erosion of the Lower and Middle Jurassic deposits and exhumation of the Paleozoic basement. However, the Cimmerian deformation in the Eastern
Caucasus did not produce significant pre-Late Jurassic uplift and erosion. The Moho is characterized there by
the boundary velocities VP = 8.2 - 8.3 km/s. The seismic profiling found the layer with the velocities decreased
up to 7.8 km/s under the Moho at the depths of 59 - 66 km and the discontinuity with boundary velocity VP = 8.5
km/s under it [44]. Perhaps, this lower discontinuity is a relic of the former bottom of the crust. Its lower layers
were subjected to metamorphism and their density came nearer to the mantle one. The densification comTable 2. Calculated characteristics of the Earth’s crust of Greater Caucasus in the Early Miocene.
Tectonic zone
Zone of the Southern Slope
North-Western Caucasus
Central Caucasus

Thickness of J-Pg cover

Thickness of basement

18 ± 2 km

Density of basement
3

~16 ± 1 km

~14 km

2.93 g/cm

3

~21 km

2 - 2.5 km?

2.9 g/cm

~40 km

Thickness of the crus
~34 ± 2 km
~35 km

3

~42 km

3

2.83 g/cm

Eastern Caucasus

~11 km

~25 km

2.87 g/cm

~36 km

LMZ, western segment

~10 km

~26 km

2.85 g/cm3

~36 km

3

LMZ, central segment

~5 km

~34 km

2.84 g/cm

~39 km

LMZ, eastern segment

~7 km

~31 km

2.85 g/cm3

~38 km

LMZ is the Laba-Malka Zone.

Table 3. Calculated values of the fold thickening of the Earth’s crust and related isostatic uplift of the land surface in the
Greater Caucasus.
Tectonic zone

Initial thickness of
the crust, km

Shortening

Post-folding thickness
of the crust, km

Thickening of
the crust, km

Isostatic uplift, km

ZSS

~34 ± 2

~50%

~68 ± 4

~34 ± 2

~4.8 - 5.4

North-western Caucasus

~35

~20%

~44

~9

~1.4

Central Caucasus, Cimmerian

~38?

20% - 30%?

~48 - 52?

~10 - 14?

~1.5 - 2.1?

Central Caucasus, Late-Alpine

~42

10% - 20%?

~47 - 52

~5 ~ 10?

~0.8 - 1.5?

Eastern Caucasus, Cimmerian

~38

20% - 30%

~48 - 52

~10 - 14

~1.5 - 2.1

Eastern Caucasus, Late-Alpine

~36

10% - 20%

~40 - 45

~4 - 9

~0.6 - 1.4

Limestone Daghestan

~38

10% - 20%

~42 - 48

~4 - 10

~0.6 - 1.5

LMZ, east and center

~36 - 39

<10%

~39 - 43

<3 - 4

<0.4 - 0.6
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pensated the thickening of the crust and the Cimmerian uplift was not significant. The calculated crust thickness
after the Late Alpine deformation differ in majority of the GC zones from the recent thickness of the Earth’s
crust, as it is determined by seismic profiling [44] [45]. The ZSS demonstrates the highest difference. This abnormally high calculated crust thickness and uplift are not corroborated by geophysical, geomorphological and
geological (composition of molasses) data. Perhaps, there, as in the eastern Caucasus at the Cimmerian epoch,
the densification of the Lower crust compensated the deformational thickening of the crust.
During the main phase of the Late Alpine deformation and immediately after it, i.e., in the Middle and early
Late Miocene, the fine-grained material dominated in the molasses. Probably, the altitudes of deformational uplands did not exceed mid-level mountains (up to ~1.5 km). This corresponds to calculated elevation, except the
ZSS (Table 3). Essential portions of the pebbles arrived in molasses of the GC and its surrounding only at the
end of Miocene and became abundant at the Pliocene [35] [37]. Designing the conditional pre-orogenic surface
of planation, Milanovsky E.E. [46] estimated the magnitudes of Late Cenozoic rise in different zones of the GC
(Table 4). Everywhere, except the North-Western Caucasus and ZSS, the recent altitudes are higher than the
calculated deformational uplift. This means that the GC grew more intensively from the end of Miocene [46] or
the beginning of Pliocene [47] than it was caused by the deformational thickening of the crust. The magnitudes
of uplift reached 1.5 - 2 km in the Central and Eastern Caucasus. The additional uplift probably occurred also in
the zones, where the difference between HF and HR is unessential. For example, the topographic reversal presupposes erosion of the deformational topography and, correspondingly, additional uplift in the North-Western
Caucasus.

2.4. General Regularities
Two stages of tectonic uplift that have been demonstrated in the CTS and the GC, are differentiated in all studied territories of the Alpine-Himalayan Belt. The stage 1 includes three sub-stages that were characterized by
different orientation of the maximum lateral compression. These are: the Oligocene and Early Miocene; the late
Early and Middle Miocene; and the Late Miocene (and the Early Pliocene or the entire Pliocene in some areas).
The compression was directed to the NNW-SSE at the first sub-stage (Figure 6(a)). The sub-oceanic Sabzevar and Indus-Tsang Po basins were closed [15]. Intense compressive deformation occurred in the Herat zone
of Afghanistan and the Quetta region [48], and in the north-western Pamirs-Hindu Kush, where the deformation
resulted in squeezing of the South-West Pamir Block to the east and its thrust over the South-East Pamir Zone
[10]. The Oligocene-Miocene conglomerates overlaid the deformed older deposits with unconformity in the Indus-Tsang Po zone [49] as well as around the Pamirs and Kunlun [29]. Differentiated vertical movements occupied the Tien Shan and reached the Gornyi Altai as the sections of the Chuya Basin demonstrate [50]. In southern front of the western Taurides, subduction was completed with their collision with the Arabian Plate and
overlaying of the accretionary wedge by the Lower Miocene deposits [13]. The Cyprus Arc was renewed and
deformation culminated in the north-western Arabian Plate at ~17 Ma [51]. Deformation developed in the Balkans and the southern Arabian-Caucasus region up to the southern flanks of the Caucasus basins. The collision
of the Adria, the eastern Alps and the Carpathians with Eurasia that started in the late Middle Eocene, lasted
Table 4. Correlation between the calculated values of the Earth’s crust thickness before and after the main phase of the LateAlpine folding and post-folding uplift and the recent values of the crust thickness and uplift of the land surface.
Zone

h0, km

S0, km

hF, km

SF, km

HF, km

hR, km

ZSS

32 - 36

16 - 20

64 - 72

32 - 40

4.8 - 5.4

35 (W)—45 - 50
(C-E)

<1.5 (W)—up to
2.5 - 3.5 (C-E)

NW Caucasus

~35

~14

~44

~17

~1.4

~41

1 - 1.5

Central Caucasus

~42

~0.8 - 1.5?

50 - 55

~2
~10

~2.5 (0 - 10)

~47 - 52

SR, km

HR, km

2.5 - 3.5

Eastern Caucasus

~36

~11

~40 - 45

~13

~0.6 - 1.4

54 - 55

LMZ

36 - 39

5 - 10

~39 - 43

~6 - 11

<0.4 - 0.6

~43

0.5 - 2

>3

LD

~38

~7

~42 - 48

~0.6 - 1.5

~45

1-2

h0 is the initial (before the Late-Alpine folding) thickness of the crust; S0 is the initial thickness of the sedimentary cover; hF is the post-folding thickness of the Earth’s crust; SF is the post-folding thickness of the sedimentary cover; HF is the post-folding uplift of the land surface; hR is the recent position of the Moho surface (below s.l.); SR is the recent thickness of the sedimentary cover; HR is the recent uplift of the land surface (above s.l.); LD,
Limestone Daghestan.
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Figure 6. Conceptual maps of tectonic elements of the Alpine-Himalayan Belt
at different sub-stages of stage 1: (a), the end of the Oligocene (~25 Ma ago);
(b), the Middle Miocene (~18 Ma ago); and the Messinian (~6 Ma ago); modified after [6] [7] [10] [12]-[15] [25] [43] [52]-[55]. See Figure 1 for legend.

during the sub-stage 1 and was accompanied by the development of foredeep [12]. Offsets of the inner Carpathian zones gave birth to the Carpathian Arc. The deformation was completed at the late Early Miocene with
thrust of the detached nappes of the northern Carpathians onto the foredeep. A graben of the future Aden-Red
Sea Rift was originated in the Oligocene. This initiated beginning of a drift of the Arabia out of the African Plate
and formation of the Dead Sea Transform at ~20 - 17 Ma ago. The northern part of the Transform extended
along the continental slope of the Levantine Basin at that time [52].
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The compression was directed to the NE-SW at the second sub-stage (Figure 6(b)). The Himalayas, the
Karakoram and the NW-trending Pamir zones were involved in deformation and thrusting. At the same time, in
the Central Tien Shan, where the Oligocene uplands struck to the ENE-WSW, vertical movements weakened
and the areas of sedimentation expanded onto a part of the former uplands. The weakening of movements is
registered also in the Chuya Basin of the Gornyi Altai [56]. The intense movements on the Main Thrust of Zagros resulted in closure of the Neo-Tethys relic between the Arabian Plate and the Sanandaj-Sirjan Zone
[12].This initiated onset of the development of the Mesopotamian Foredeep, which inherited the formerly sagging margin of the Arabian Plate. Folding started at the north-eastern flank of the foredeep in the late Middle—
Late Miocene [51]. The Caucasus basins of the Para-Tethys were closed and deformed [43] and the Outer zone
of the eastern Carpathians was thrust over the Focsani Basin of the Foredeep [53].
The third sub-stage, with the NNW-trending or N-trending axis of compression, had a peak of diastrophism at
the Messinian (Figure 6(c)). Systems of the south-verging thrusts developed in the southern slope of the Greater
Caucasus and Palmyrides [51]. Folding in the Hellenides and thrusting in the Pamirs were resumed. Content of
the coarse clastic material increased in molasses of the intermountain basins of the Central Tien Shan and the
Chuya Basin of the Gornyi Altai [6].
During the all sub-stages of the stage 1, the uplands were formed in the zones of compressive deformation
concentration. So, these uplands were the results of the compression. Their total area increased in course of time.
The relatively fine-grained composition of the molasses and small incisions of that time (not more than first
hundreds of meters) indicate that the uplands were not higher with the rare exceptions than mid-level mountains.
To the beginning of the stage 2, the recent structural pattern of the belt formed finally. Its principal features
are the major active faults with mainly strike-slip movements, which indicate the N-S-trending orientation of the
maximum compression (Figure 1). The beginning of the stage 2 was accompanied by the rebuilding of the
structural pattern of the northern Dead Sea Transform in the north-western Arabia at 4.0 - 3.5 Ma ago [52]. At
the same time, the East Anatolian and North Anatolian fault zones as well as the Main Recent Fault of Zagros
formed finally, outlining the recent boundaries of the Arabian and Anatolian plates.
The main event of the stage 2 is the sharp acceleration of vertical tectonic movements [6] [57]. The highest
rise embraced the Central Asia. For example, the Tibet had the average altitude ~1 km at the Early Pliocene [58]
and the lateritic soil formed in its large parts [59]. However, its average height has reached 3.5 - 4.5 km since the
Late Pliocene. The altitudes of other mountain systems increased two to three times. The coarse molasses began
to accumulate in intermountain basins and foredeeps. Beginning of the stage 2 was not synchronous in different
mountains [6]. The elevation of the Himalayas more than to 3 km and the Central Tien Shan to ~2 km has occurred at the Quaternary (the last ~2.5 Ma). The quick rise of Tibet to 2.5 - 3.6 km started 3.4 Ma ago. At the
same time, the Kunlun and Tarim have risen to 2.6 - 3.1 km and ~1.2 km, respectively. The Pamirs have grown
to ~2 km during the last 3 - 5 Ma. The accelerated uplift of the Altai occurred over the last ~3.5 Ma. The topography of the Baikal region mountains became more contrasting at the same time. The intense rise of mountains
at the Pliocene-Quaternary was revealed in the Greater Caucasus, the Higher Zagros, the Carpathians, and the
Alps [6]. The quick growth of the Coastal and Lebanon ranges was revealed in the Eastern Mediterranean [51].
The acceleration of uplift is not correlated with the acceleration of plate motion and the increase of collisional
compression. The intensity of compression decreased in some regions. For example, in the Alps and the Western
Carpathians, the collision was completed as early as in the Middle Miocene, whereas the mountains began to
grow in the Pliocene-Quaternary against the background of diminished compression. In the Greater Caucasus,
the rise accelerated also in the Pliocene-Quaternary against the background of decreasing compression rates recorded in the GPS data [60] [61] and summing offsets on active faults [34]. Even in the regions where the compression increased (the Himalayas, the Pamirs, the Central Tien Shan), the magnitudes of uplift related to the
deformational thickening of the crust are only 20% - 50% of the total uplift of the land surface (Figure 7). Most
intermountain basins rose also, although not so intensely, and this hardly can be a manifestation of compression.
Probably, the additional uplift of mountains is caused by other factors.

3. Analysis of Seismic Tomography Data
Analysis of seismic tomography data on the north-east Asia [21] [62] [66] has shown that the processed data
from the global network of stations, though worse in resolution compared to the data of the regional seismological network, nevertheless give a generally similar pattern. Detailed regional models do not cover big areas. So,
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Figure 7. Acceleration of mountain rise in High Asia in the Pliocene-Quaternary.
At the right, the lower calculated curves showing what heights would be reached
by the Pliocene-Quaternary uplift only as a result of increased compression, are
compared with the upper curves showing the actual heights of the Himalayas,
Pamirs, and Central Tien Shan.

the models, based on the global network [63]-[65] were used to have uniform resolution within the studied area
of Ethiopian-Afar super-plume and Alpine-Himalayan Belt. Their lower spatial resolution in comparison with
regional models was considered at the stage of interpretation of the data. For example, it was unable to detect
border between lithosphere and asthenosphere. We used other geophysical data for that purpose. On this basis,
we interpreted the areas with low average seismic velocities beneath the continents at the depth of 100 km
(Figure 8) as the uplift of asthenosphere top.
The specified data and tomographic models from the global network were used to compile seismic tomographic sections along profile lines shown in Figure 8. Characteristics of anomalous values of VP и VS were
performed as deviations from average values per cent. We consider the values of dVP from 0.25 to 0.8% and the
values of dVS from 0.5 to 2.0%, as high anomalies and dVP > 0.8% and dVS > 2.0% as very high anomalies. We
applied similar constraints for low and very low values. The profiles 1-1′ across the Tonga-Kermadek Arc and
2-2′ across the Andaman-Indonesian Arc and the Philippines show that the areas of high and very high dVS values corresponding to seismic active slab zones are transformed at depths of 400 - 800 km into horizontal high
velocity lenses (Figure 9), similar to those, which were detected at the north-eastern margin of Asia [21] [62]
[66] and called as “big mantle wedges” (BMW).
Different situation is characteristic of the Tibetan-Himalayan region (Figure 10, sections 3-3′). The layer of
very high values of dVS is detected here at the depths down to 100 km and even 300 km in some localities. It extends from the Himalayas to the northern margin of the Tien Shan and continues as a high velocity layer beneath
the Indian Platform and the Kazakhstan-West Siberian segment of the Eurasian Plate. The high velocity layer
thickens to 400 km beneath the Southern Tibet near the Indus-Tsang Po Zone. One more nearly horizontal
high-velocity lens is detected there at depths of 600 - 700 km. Probably, a part of the thickened upper high velocity layer and this lens are relics of the Neo-Tethys slab that is flattened at the depth. In the dVP section, the
high-velocity lens is traced almost from the southern border of the Indian Platform to the northern border of the
Tibet at depths of 100 - 300 km, having the greatest thickness and the highest dVP values also beneath the
Southern Tibet. The dVP values in the upper mantle decrease up to average level to the north and one more highvelocity lens appears in the south of West Siberia. A domain of lowered dVP values is situated below the highvelocity layer as a narrow (400 - 500 km) lens under the Indian Platform. This domain is reduced under the
south of the Tibet and swells to depths of 300 - 800 km beneath High Asia from the Tibet to the Tien Shan,
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Figure 8. Distribution of dVP at the depth up to 100 km and lines of sections (Figures 9-12), lines 20 and 24 after [66].
Compiled by S. Yu. Sokolov after the data in [63]-[65]. Contour lines are spaced at 0.2%; the dashed line corresponds to
zero value.

Figure 9. Seismic tomographic dVP and dVS sections along lines: 1-1′ across the Tonga-Kermadek Arc; 2-2′ across Philippines and the Andaman-Indonesian Arc. Compiled by S. Yu. Sokolov after the data in [63]-[65]. Contour lines are spaced at
0.25% for P-waves and 0.5% for S-waves; the dashed lines correspond to zero value. The dVP profiles across Kamchatka (20)
and Khokaido (24) after [62] [66] are given for comparison. Small white circles are hypocenters of earthquakes and dark triangles are volcanoes in the profiles 20 and 24.

where it reaches locally very low values. In the lower mantle under the Tibet, there is unclearly distinguished
and fragmented zone of slightly lowered dVP values tilted to the south-west. The above-mentioned features are
less distinct in the dVS section, where the tilted lower mantle zone is noted by moderate dVS values against the
slightly increased values beneath the adjacent areas.
In the sections across the Ethiopian-Afar super-plume and the Arabian-Iranian segment of the Alpine-Himalayan Belt (Figure 11, sections 4-4′), a relatively thin upper mantle lens of very low dVS values no deeper than
~200 km, is seen beneath the East African rift system and Red Sea Rift up to South Arabia. This lens extends
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Figure 10. Seismic tomographic dVP and dVS sections along line 3-3′ from Kenya via the Mid-Indian Ridge, Indian Platform,
and High Asia to the epi-Paleozoic West Siberian Platform. See Figure 9 for legend.

Figure 11. Seismic tomographic dVP and dVS sections along line 4-4′ from South Africa via the Ethiopian-Afar super-plume,
Arabian Platform and the Caucasus to the East European Platform. See Figure 9 for legend.

northward to the Greater Caucasus, where it is characterized by low dVS values. A wide domain of slightly lowered and locally very low values of dVS is traced down to the bottom of the mantle. The upper part of this domain corresponds to the territory from Malawi up to the Red Sea, and, being tilted to the south, the domain appears beneath South Africa at the lower-mantle level. This domain is regarded as the Ethiopian-Afar superplume. The upper mantle of the African and Eurasian plates is distinguished by increased dVS values. A highvelocity wedge submerges from the Scythian Platform beneath the Greater Caucasus, where the wedge flattens
and extends to the Lesser Caucasus, gradually losing its specificity. In the dVP section, the super-plume is also
expressed as a wide domain of lowered values tilted to the south. In the upper mantle, the domain is traced down
to depths 600 - 800 km from Malawi to the Lesser Caucasus. Its segments beneath the Kenyan Rift, Afar, and
the Armenian volcanic highland are distinguished by very low dVP values. Beneath the Greater Caucasus, the
thickness of this domain is abruptly reduced and it is underlaid by the high-velocity wedge deepening from the
Scythian Platform. The upper mantle of South Africa and the East European Platform is characterized by
slightly increased and average values of dVP.
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Sections 5-5′ extend along the axis of the Alpine-Himalayan Belt from the Tonga-Kermadek Arc via back-arc
basins of the Andaman-Indonesian Arc, the Tibet, the Pamirs, Afganistan, Iran and the Lesser Caucasus to Anatolia and the Carpathians (Figure 12). These sections allow seeing the structures that were detected in the transverse sections, in a new angle. The sections confirm the transition of the Tonga-Kermadek Arc slab into flattened BMW of high VP and VS values at depths of 600 - 800 km. The section of dVS contains also sub-horizontal
high velocity lenses at depths of ~100 - 200 km and 350 - 500 km in the west margin of the Pacific Ocean and at
a depth of ~200 km between the Papua-New Guinea Arc and the eastern flank of the Andaman-Indonesian Arc.
The two-level structure of the Tibet upper mantle (high VP above and lowered VP below) revealed in the transverse sections 3-3′ is approved by the longitudinal section, where such structure is detected over the entire distance from the eastern margin of the Tibet to the Pamirs-Hindu Kush. Westward, from Afghanistan to the Carpathians, a layer of lowered and deeply lowered dVP values is depicted at depths down to 200 - 300 km and extends beneath the West European Hercynides. The fact that the same structures are detected in both longitudinal
and transverse sections indicates that the revealed velocity variations are related to real mantle heterogeneities
rather than to the effect of anisotropic propagation of seismic waves.
The sections 5-5′ demonstrate segmentation of the belt known from the relationships between the Late Cenozoic crustal structural elements [34]. This segmentation is expressed better in the dVP section, where the difference of the segments is traced throughout the entire upper mantle. The boundary between the south-eastern “island-arc” and the Tibetan section types approximately coincides with the fault zone of 105°E between the corresponding segments of the belt, whereas the boundary between the Tibetan and the Iran-Caucasus section types
fits the Darvaz-Chaman fault zone between the Pamir-Himalayan and the Arabian-Iranian segments.

4. Comparison of the Data and the Sources of Recent Tectonic Uplift
The Ethiopian-Afar super-plume is a vast N-trending zone occupying the entire East African Rift System in the
lithosphere level (Figure 8). The flows of the upper mantle material spread from the super-plume up to the
northern margins of the Alpine-Himalayan Belt. The trails of sub-lithosphere flows are marked in the seismic
tomography sections across the Arabian-Iranian segment of the belt by the decreased seismic wave velocities
throughout the entire upper mantle, the flow being seen better in the dVP section (Figure 11). The flow trails are
also seen in the dVP section 3-3′ (Figure 10), where the flow layer underlies the thin lithosphere of the Indian
Ocean and is covered farther to the north by the high dVP lens corresponding to the thickened lithosphere of the
Indian Platform and High Asia. Beneath the flow layer, within the lower mantle, the zone of weakly lowered
dVP values is found. Like the Ethiopian-Afar super-plume, this zone dips to the south-west. Perhaps, it is a relic
of a previously existing plume.
We suppose that the elongated Ethiopian-Afar super-plume developed as a more or less stationary structure at
least from the end of the Paleozoic and could be longer than now before the Cenozoic. The portions of moving
Gondwana, which turned out to lie above the super-plume, underwent rifting that developed into spreading,
which formed the Tethys Ocean. A flow of heated asthenosphere material from the super-plume caused asym-

Figure 12. Seismic tomographic dVP and dVS sections along line 5-5′ along the Alpine-Himalayan Belt from Tonga-Kermadek Arc via the Indonesian back-arc basin, Tibet, Pamirs, the Lesser Caucasus, Anatolian Plate, and the Carpathians to the
West European Hercynides. See Figure 9 for legend.
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metry of the spreading and moving of torn-off fragments of Gondwana to the north-east toward Eurasia. The
oceanic Tethyan lithosphere subducted there, the Gondwana fragments accreted to Eurasia, and the subduction
zones jumped to their rear (relative to Eurasia) parts. As a result, series of microplates, separated by sutures, accretionary wedges, and magmatic bodies related to different stages of the Tethyan evolution, formed on the
place of the future mountain belt. The recent structure of the mantle under the Indonesian segment, where the
described process is lasting till now (Figure 9), give a possibility to suppose that the more north-western segments of the belt had previously the same structure, i.e., the subducted slabs transformed there at the depths of
400 - 700 km into the BMW that extended beneath the future mountain belt. The bulge of the upper high-velocity layer beneath the Southern Tibet (down to 400 km in the dVS section) and the lower (~600 km) lens with
slightly increased VS may be the BMW relics. In the dVP section, these lenses are separated by the low-velocity
layer, which continues the sub-lithosphere flow related to the Ethiopian-Afar super-plume.
The difference between the segments of the Alpine-Himalayan Belt is caused by their different Cenozoic history. The island-arc structure of the Indonesian segment has remained until now, whereas the last relics of the
Neo-Tethys in the Pamir-Himalayan segment were closed in the Oligocene. The relics of the Neo-Tethys and the
related back-arc basins in the Arabian-Iranian segment were closed at the time from the Late Eocene to the Middle Miocene. Correspondingly, the subduction and the BMW formation gave way in the Pamir-Himalayan and
Arabian-Iranian segments to the collision of the Eurasian and Gondwanan lithosphere plates. This process decelerated their convergence, but the hot asthenosphere flow from the Ethiopian-Afar super-plume probably prolonged the former movement and gradually spread under the entire orogenic belt. The propagation developed
successively. For example, the sub-lithosphere low-velocity layer thinned sharply beneath the Greater Caucasus.
The thinning could have been caused by subduction of the Para-Tethyan Caucasus basins under the Lesser Caucasus before the Middle Miocene [14] [67]. The subduction hindered the northward propagation of the sub-lithosphere flow till the subduction had finished.
The hot sub-lithosphere flows reworked the upper mantle of the Alpine-Himalayan Belt. This is expressed in
reduced average VP values in the most upper mantle beneath all mountain systems of the belt, except a part of
the Himalayan-Tibetan region (Figure 8). The decrease of the velocities can be interpreted as a thinning of the
lithosphere at the expense of the asthenosphere and/or decrease of density in the lithosphere mantle and the
lower crust under the effect of the asthenosphere. Beneath High Asia, where the lithosphere was essentially
thickened by Cenozoic deformation, the high-velocity layer up to 300-km thick remained above the low-VP
layer.
Studies of magmatic rocks of the mantle origin show very low content of water in the magmatic sources [68]
[69]. Velocities of seismic waves increase with a depth, changing in the certain levels to portions of kilometer
per second. Such jumps are referred to variations of rock density, which cannot be due only to compaction of
rocks under the load of overlaying rocks, but suggest the crystalline-chemical transformation of minerals [70].
According to the data of these authors, pyroxenes of mafic and ultramafic rocks are transformed into garnet with
a higher density at a depth of 50 - 100 km. Lower, the most distinct and extensive seismic boundaries occur at
depths of ~410 km and ~670 km, bordering the “transition” layer of the mantle. The ~410-km boundary can
mark the transition of orthorhombic olivine to the variety with spinel structure. This is wadsleyite, which has the
8% higher density and can be transformed into a denser ringwoodite at a depth of ~520 km. Clinopyroxene can
be transformed into wadsleyite and stishovite at approximately the same depth. Pyroxenes can acquire a more
compact ilmenite-type structure within a depth interval of 410 to 500 km. Deeper ~670 km, these minerals are
probably replaced by denser perovskite-type phases occupying ~80% of the lower mantle. The researchers argue
in favor of the idea that the crystalline-chemical structure of wadsleyite and ringwoodite allows replacement of a
part of the oxygen atoms in these anhydrous minerals with a hydroxyl group [71] [72]. The subducted slabs,
which contain incompletely dehydrated amphibolites and meta-sedimentary rocks and are transformed into the
BMW lenses at the 410 - 670-km level, as well as the deeper hydrogen can be sources of the hydroxyl. The appreciable attenuation of shear waves along with insignificant change of their velocities [73] and increased electric conductivity [74] can indicate that fluids occur at those depths.
On moving, the sub-lithosphere flows were enriched in aqueous fluids that could derive from the former
BMW lenses related to subduction zones. The asthenosphere, activated in this manner or its fluids penetrated
into the lithosphere and gave rise to the following Cenozoic geological processes. The effect of the active asthenosphere and related fluids provoked the formation of intra-lithosphere magmatic sources, including crustal
ones [75], and induced softening of the lithosphere [76] that promoted intense deformation, detachment, and
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large lateral displacement resulted in the formation of local uplands in the stage 1 of mountain building. Largescale deformation of the stage 1, accompanied by metamorphism and crustal magmatism caused a consolidation
of the Earth’s crust to the Early Pliocene. The consolidation was expressed by cessation of the large-scale Pliocene-Quaternary granite formation and localization of volcanic activity within strike-slip zones [77]-[80]. The
latter became the leading form of transverse shortening of the belt, whereas the fold-thrust deformation concentrated within the basins with thick sedimentary cover, such as the Sub-Himalayas, Afghan-Tadjik Depression,
foothills of the Taurus, the Lower Zagros, and periclines of the Greater Caucasus. Under the consolidated crust,
the influence of the asthenosphere onto the lithosphere increased at the stage 2 of mountain building.
According to the seismological and gravimetric data, a density of the uppermost mantle is decreased under the
highest mountain systems of Central Asia (the Himalayas, the Tibet, the Kunlun, the Pamir-Hindu Hush-Karakoram region, and the Central and Eastern Tien Shan) [16] [29] [81]-[86]. Kaban M.K. [87] reported the same
features in the gravitational field of the Lesser Caucasus. The lowered seismic wave velocities, related to the rise
of the asthenosphere were revealed beneath the Eastern Carpathians [53]. According to the Artyushkov’s calculations, based on isostatic anomalies of up to –150 mGal under the Central Tien Shan [82], such decompaction
ensures an uplift of >1.1 km, perhaps, >1.5 km [4]. The most probable mechanism of the decompaction is partial
replacing of the lithosphere mantle by the lower-dense asthenosphere [1] [4] [5] [76]. The decompaction leads to
the uplift of the Earth’s crust.
The data on the Central Tien Shan lead us to presume the influence of one more factor intensifying the uplift
[4]. As it is shown in paragraph 2.2, the Late Cenozoic compression thickened the Earth’s crust up to ~47 - 50
km. However, now the crust of the CTS is thicker: from 40 - 52 km under the basins up to 52 - 64 km under the
ridges [13] [88] [89]. Hence, the thickening is due not only to compression, but also to crustal growth from the
bottom owing to the rocks, which had a near-mantle density before. They might be paleo-oceanic mafic rocks
that metamorphosed under the tectonically thickened crust to garnet granulites and eclogites. Retrograde metamorphism (serpentinization of ultramafic rocks, amphibolitization of granulites, etc.) was sharply accelerated by
fluids and led to the decompaction of the meta-mafic rocks, which incorporated into the crust. The crust thickened the most under the ridges, where the decompacted mantle is closest to the crust bottom [16] [89]. Since
relics of the oceanic crust are widespread in the Alpine-Himalayan Belt, such transformation might have intensified their uplift considerably [2] [90].
Influence of this factor seems to be dominant on the additional uplift of the Greater Caucasus above that due
to the compressional deformation. The decompaction of the most upper mantle is found only under the Elbrus
volcanic region [91]. At the same time, volumes of rocks with the lowered density and increased electric conductivity were found under the Central and Eastern Caucasus in the lower crust and near the crust-mantle
boundary [45]. Such volume under Elbrus at the depths of 35 - 50 km is characterized by the lower seismic wave
velocities and is identified as a magmatic source [92]. However, this interpretation cannot be applied to the other
similar volumes. Their decompaction is probably due to the retrograde metamorphism of rocks near the crustmantle boundary with participation of the cooled asthenosphere fluids. Their main source was the asthenosphere
flow from the Ethiopian-Afar super-plume that reached the Greater Caucasus only in the Late Miocene [93].
Small thickness of the flow explains its weak expression in the field of seismic wave velocities. However, this
thin flow and its fluid influence were able to facilitate metamorphic decompaction of the high-grade metamorphic rocks of the crustal origin that resulted in the uplift of mountain system. We suppose the same development
of the Late Cenozoic tectonic processes in the Western Tien Shan [6].

5. Conclusions
The history of tectonic uplift resulting in mountain building is analyzed against the background of the entire
tectonic evolution of the Alpine-Himalayan Belt from the Eocene until now. The detailed studies in the Central
Tien Shan and the Greater Caucasus together with the data on the entire central part of the belt showed that tectonic uplift began in the Oligocene and developed being divided into two stages. During the first stage consisting of three sub-stages with different orientations of compression, local uplifts, usually not higher than middleelevated mountains, occurred in the zones of concentration of the compression, and their total area was increasing with time. During the second stage (the last 2 - 5 Ma, i.e., different time intervals in different regions), the
accelerated uplift embraced areas not uplifted earlier, and coarse molasses began to accumulate in intermountain
and foreland basins. The paleo-tectonic maps for the Eocene (~45 Ma), the Late Oligocene (~25 Ma), the Middle Miocene (~18 Ma), and the Late Miocene (~6 Ma), and the map of the Pliocene-Quaternary tectonics of the
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central part of the belt illustrate development of this process.
GPS, geomorphological and geological data on the Pliocene-Quaternary tectonics brought together show that
the acceleration in majority of mountain systems of the belt cannot be explained by only the increase of collisional compression and related deformational thickening of the Earth’s crust. Although the compression did increase in some systems, as the Himalayas, Pamirs and Tien Shan, the geophysical data suggest that compression
was accompanied by decompaction of rocks of the lower crust and the lithosphere mantle. To find sources of
this decompaction and, correspondingly, the additional rise, we analyzed the seismic tomography data on the
mantle in the Eastern Hemisphere. These data indicate that there are lateral asthenosphere flows, under the Alpine-Himalayan Belt, which start from the Ethiopian-Afar super-plume. We suggest that the flows spread beneath the belt after closing of the Neo-Tethys and the beginning of the total collision of the Gondwanan plates
and Eurasia, and, on moving, rebuilt the former upper mantle, including the 400 - 700-km deep transition layer
enriched with aqueous fluid. Dewatering of the transition layer and enriching of the asthenosphere flows by the
fluid sources caused their activity.
The activated flows and their fluids may have softened the lithosphere and facilitated its detachment and subsequent deformational thickening of the Earth’s crust and then tectonic uplift in areas of maximum compression.
During the first stage, compression was the only or, at least, the main source of uplift. During the second stage
(the last 5 - 2 Ma), the deformational effect was supplemented by two other processes that were initiated by the
sub-lithosphere flows and their fluids. The first process was the partial replacing of the lithosphere mantle by
low-density asthenosphere material and, as a result, decompaction of the uppermost mantle. The second process
was the retrograde metamorphism of high-metamorphosed rocks of the crustal origin within the lower crust and
near the crust-mantle boundary with participation of the asthenosphere fluids and, as a result, decompaction of
these rocks. Both processes produced additional uplift of the land surface and caused the acceleration of total
uplift of the belt during the Pliocene-Quaternary. Proportion between the two processes varied from region to
region, so that the Central Tien Shan rose due to mainly partial replacing of the lithosphere mantle by the asthenosphere material, while the uplift of the Greater Caucasus was caused first of all by retrograde metamorphism of high-metamorphosed rocks within the lower crust and near the crust-mantle boundary.
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