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ABSTRACT. Thermochronological reconstructions of the Zagan metamorphic core complex were carried out using 
samples from the central part of the core, mylonite zone detachment and lower nappe with U/Pb zircon dating, 40Ar/39Ar 
amphibole and mica dating, and apatite fission-track dating. In the tectonothermal evolution of the metamorphic 
core, there was distinguished an active phase (tectonic denudation) of the dome structure formation during the Early 
Cretaceous (131–114 Ma), which continued in the Late Cretaceous – Paleocene (111–54 Ma) in passive phase (erosive de-
nudation). During an active phase, there was initiated a large-amplitude gently dipping normal fault (detachment), which 
was accompanied by tilting (sliding of rocks along subparallel listric faults). As a result, about 7 km thick rock strata 
underwent denudation over 17 Ma at a rate of about 0.4 mm/year. In passive phase, about 6 km thick rock strata were 
eroded over 57 Ma, with a denudation rate of about 0.1 mm/year. Thus, the Zagan metamorphic core complex was tec-
tonically exposed from the mid-crust to depths of about 9 km in the Early Cretaceous as a result of post-collisional col-
lapse of the Mongol-Okhotsk orogen. Further cooling of the rocks in the metamorphic core to depths of about 3 km 
occurred in the Late Cretaceous – Pliocene as a result of destruction of more than 6 km high mountains.
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1. INTRODUCTION
The Zagan metamorphic core complex was the first of 

its kind to be identified [Sklyarov et al., 1994] in Northern 
Eurasia and is best known nowadays [Sklyarov et al., 1997; 
Donskaya et al., 2008, 2013, 2016; Donskaya, Mazukabzov, 
2014; Mazukabzov et al., 2006]. The closure of the Mongol-
Okhotsk Ocean and a complex collision between the North 
China continent (Amurian – North China block) and Northern 
Eurasia [Zonenshain et al., 1990; Zorin, 1999; Tomurtogoo 
et al., 2005; Donskaya et al., 2013; Shevchenko et al., 2014; 
Sorokin et al., 2020, 2022] gave rise to the Mongol-Okhotsk 
orogeny in the Early Mesozoic (Fig. 1). A long-term and 
complex history of formation of the orogenic belt was ac-
companied by metamorphic and magmatic processes of 
different tectonic nature including the formation of meta-
morphic core complexes.

The metamorphic core complexes are isolated domal 
or arch-like uplifts of abnormally deformed metamorphic 
or intrusive complexes, tectonically overlain by non-meta-
morphosed formations. There are distinguished three bot-
tom-up structural elements: 1) a core composed of granites 
and granite-gneisses showing partially plastic behavior, 
2) a zone of mylonites – tectonically plastic major detach-
ment deformation, 3) tectonic nappe represented by non- 
metamorphosed formations. The mylonite zone is charac-
terized by various forms of tectonites occurred due to the 
rocks of the core and nappe. The detailed studies made it 
possible to substantiate the significance of these specific 
geological structures as direct indicators of the processes 
of post-collisional extension when there occurs a rapid tec-
tonic exposure of the mid- and lower crustal metamorphic 
and magmatic formations [Anderson et al.,1988; Lister,  

Baldwin, 1993; Sklyarov et al., 1997; Wang et al., 2011, 
2012]. During the process of post-collisional extension, 
there is a considerable decrease in the upper crustal thick-
ness, mainly as a result of tectonic denudation caused by two 
interrelated processes: upper megaplate creeping along 
the large-amplitude gently dipping normal fault (detach-
ment) zone and tilting. Tilting is the process of formation 
of a series of subparallel listric normal faults along which 
the tectonic blocks were flattened out in a domino effect 
[Wernicke, 1981].

The metamorphic core complexes of Transbaikalia 
[Sklyarov et al., 1994, 1997; Mazukabzov et al., 2006; 
Donskaya et al., 2008, 2013, 2016; Donskaya, Mazukabzov, 
2014] are located in a southeastward direction, in the im-
mediate vicinity of the world’s largest Angara-Vitim batho-
lith. They are generally NE-trending, 20–30 km wide, and 
extending for 50–150 km along the strike (Fig. 2). The 
cores are usually composed of the Late Paleozoic granites 
and granite-gneisses. The mylonite zone is characterized 
by various forms of tectonites occurred primarily due to 
the rocks in the core, less often to those in the lower nappe. 
Among the nappes are the Upper Paleozoic and Mesozoic 
volcanogenic-sedimentary rocks. They are non-metamor-
phosed and prone to brittle deformations. The metamor-
phic core complexes of Transbaikalia are characterized by 
the same-type synmetamorphic structurtal parageneses: 
gently dipping schistosity, micro- and macrostructures 
(folds, linearity, boudinage, pressure shadows, C–S struc-
tures, kinkbands). The kinematic analysis shows that their 
mechanism is a simple shear along the deep-penetrating 
fault zones gently dipping to the southeast. The tectonic 
transport of material occurred in the same direction. The  

Fig. 1. The Mongol-Okhotsk Belt and major tectonic units of East Asia after [Parfenov et al., 2001; Sorokin et al., 2022].

Fig. 2

Siberian craton

A m
 u r i

 a n   s
 u p e r t

 e r r
 a n e

Mongol-Okhotsk belt

RUSSIA

MONGOLIA

CHINA

Lena

V
itim

O
le

km
a

Aldan

А
м
ур

Lake Baikal

Selenga

Sea

of O
kh

otskSea

of O
kh

otsk

Mongol-O
khotsk belt

114°

102°

120° 126° 132°
138° E

56°
N

52°

132°

126°

120°

114°

108°96°

52°

48°

56°

60°

44°

notarc  nairebiS  eht  fo  nigram  nrehtuos  eht  ni  senarret  eht  fo  elbnesnE

200 0 200 400 km

Sikhote-Alin’
orogenic belt

https://www.gt-crust.ru


https://www.gt-crust.ru 3

Geodynamics & Tectonophysics 2023 Volume 14 Issue 4Buslov M.M. et al.: Tectonothermal Evolution of the Zagan...

Fig. 2. Scheme of location of metamorphic core complexes and the Angara-Vitim batholith in the structure of Transbaikalia (according 
to [Yarmolyuk et al., 2002; Kuzmin et al., 2010; Tsygankov et al., 2017; Sklyarov et al., 1997]). The numbers on the scheme indicate 
metamorphic core complexes: 1 – Butuliyn-Nur, 2 – Zagan, 3 – Tsagankhuntei, 4 – Malkhan, 5 – Yablonovyi, 6 – Selenga.

extensional deformation was NW–SE trending. Such move-
ments gave rise to the formation of listric normal faults 
and rift basins bordering the metamorphic core com-
plexes. The most intensive period of tectonic exposure of 
metamorphic cores is determined as 112–123 Ma, and 
the period of manifestation of metamorphic processes – 
as 140–130 Ma. The rocks in the deep-seated fault zone 
were transformed under conditions of greenschist and 
epidote-amphibole facies metamorphism (Т=350–640 °С 
and Р=3.2–4.6 KBar).

The structural-geological, petrological and isotopic 
data [Sklyarov et al., 1994, 1997; Donskaya et al., 2008, 
2013, 2016; Donskaya, Mazukabzov, 2014; Mazukabzov 
et al., 2006] show that most of the metamorphic rocks of 
Transbaikalia are of Late Mesozoic age. It is implied that 
they were formed in an extensional regime due to collapse 
of the Late Mesozoic orogeny which occurred during the 
Early Mesozoic closure of the oceanic basin of the same 
name and complex collision between the North China con-
tinent (Amurian – North China block) and Northern Eurasia 
[Zonenshain et al., 1990; Zorin, 1999; Tomurtogoo et al., 
2005; Donskaya et al., 2013; Shevchenko et al., 2014; Sorokin 
et al., 2020]. It is believed [Sklyarov et al., 1997; Donskaya 
et al., 2008, 2013, 2016; Donskaya, Mazukabzov, 2014; 
Mazukabzov et al., 2006] that thickening of the continen-
tal crust due to the nappe formation caused an intensifica-
tion of heat transfer and an increase in the lower-crustal  

plasticity. This predetermined the unstable orogeny and 
orogenic spreading which gave rise to the occurrence of 
regional extension and lower- and mid-crustal detach-
ment faulting. Crustal thinning was accompanied by iso-
static uplift during late-stage extension which provided ex-
posures of the mid-crustal structural-material complexes 
and was favorable to the formation of the metamorphic 
core complexes.

The main objective of the study is to substantiate the 
tectonothermal evolution of the Zagan metamorphic core 
using new U-Pb zircon ages, Ar-Ar dating of amphiboles 
and micas, and apatite fission-track dating, and to esti-
mate tectonic and erosional denudation thicknesses for 
the Cretaceous – Paleogene Mongol-Okhotsk orogeny.

2. GEOLOGICAL STRUCTURE OF THE ZAGAN 
METAMORPHIC CORE

The Zagan metamorphic core complex comprises the 
northeast-trending Zagan Range surrounded by the Late 
Mesozoic volcanogenic-sedimentary formations of the 
Khilok basin on the south and the Tugnuy basin on the north 
(Fig. 3). Its structure consists of a core, composed mostly 
of numerous massive locally foliated granitoids, a mylonite 
zone bordering the core and comprising an antiform struc-
ture, and a nappe made up of the Late Paleozoic-Meso-
zoic volcanogenic-sedimentary rocks [Mazukabzov et al., 
2011]. The core is composed of syenites and granosyenites,  
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Fig. 3. Geological scheme of the Zagan metamorphic core complexes (after [Mazukabzov et al., 2011]).
1 – Quaternary sediments; 2 – Cenozoic basalts; 3 – Early Cretaceous sediments; 4 – Early Cretaceous volcanogenic-sedimentary forma-
tions; 5 – Permian-Triassic volcanogenic-sedimentary formations; 6 – Late Jurassic granosyenites, including those from the Margituy 
massif with the age of 151 Ma [Donskaya et al., 2016]; 7 – Late Paleozoic granites; 8 – core granitoids; 9 – mylonite zone; 10 – foliation; 
11 – linearity; 12 – detachment; 13 – subvertical faults; 14 – sampling sites for geochronological dating; 15 – U-Pb zircon (Zr) ages, 
Ar-Ar amphibole (Amp), biotite (Bt) and muscovite (Ms) ages, apatite (Ap) fission-track ages. Names of minerals are abbreviated after 
[Warr, 2021].

gneiss-granites, medium-grained granites, and granodio-
rites. Gneiss-granites and foliated granodiorites are con-
fined to the marginal pars of the Zagan Uplift and gradually 
change to unaltered granitoid rocks. Dark-colored miner-
als therein acquire a mutually parallel position and provide 
linear-planar rock texture. Zircon U-Pb age of granitoids 
from the central part of the core is 260 Ma [Mazukabzov 
et al., 2011]. They are intruded by the 153 Ma old granites 
from the Margituy massif [Donskaya et al., 2008], syntec-
tonic in accordance with their development time and re-
flecting initial processes of the metamorphic core complex 
formation.

The mylonites comprise a flat-lying zone of dynamo-
metamorphic rocks developed both along the granitoids 
in the core and the Late Paleozoic-Mesozoic volcanogenic- 
sedimentary formations of the nappe. The apparent thick-
ness of the mylonite zone is estimated at 2.0–2.5 km. Mas-
sive granitoids in the core gradually change to amphibole- 
biotite and biotite gneisses of the mylonite zone. Among 
those are amphibolites whose thickness can reach one hun-
dred meters. Tectonites derived from the Early Triassic 
conglomerates form the northern part of Zagan metamor-
phic core. The mylonite zone is characterized by the up- 
section transition from epidote-amphibolite to greenschist 
facies metamorphism. Based on the degree of initial rock  

transformation, there may be distinguished protomylon-
ites, mylonites and mylonitic schists, blastomylonites and 
pseudotachylites [Sklyarov et al., 1997]. All types of mylon-
ites are tabular-shaped and concordant to each other.

Ar-Ar dating of amphibole and biotite from amphibolite 
schists occurring among mylonitic gneisses allowed us to 
determine the time intervals for the brittle-ductile transi-
tion in rocks at the upper-crustal level. These intervals are 
127±2 Ma for syntectonic hornblende and 119–112 Ma for 
syntectonic biotite. The dates obtained led to the conclu-
sion that tectonic development of the Zagan metamorphic 
core complex occurred in Late Jurassic – Early Cretaceous 
and lasted for 45–50 Ma [Sklyarov et al., 1997].

3. RESULTS
Thermochronological reconstructions involve a com-

plex of geochronological methods characterized by differ-
ent temperatures of the closure of mineral isotopic systems: 
from zircon U-Pb dating (temperature of the closure Tc 
~900 °С) and 40Ar/39Ar dating of amphibole (Tc ~550 °С), 
biotite, muscovite (Tc ~320 °С), feldspar/plagioclase (Tc 
~300 °С) to fission-track dating of apatite (Tc ~110 °С) 
[Hodges, 2004]. The comparison between the ages ob-
tained for mineral isotopic systems and temperatures ob-
tained for their closure allows the sequential estimation of  
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Fig. 4. Results of Ar-Ar dating of minerals from the rocks of the mylonite zone of the Zagan metamorphic core complexes. See Fig. 2 and 
App. 1, Table 1.1 for locations.

the occurrence depths of the rocks (considering the aver-
age temperature gradient of 25–30 °/km) for different time 
intervals starting from their formation and ending with 
their surface exposure in result of tectonic events. Such 
multisystem approach was used by us [Travin et al., 2022] 
to study tectonothermal evolution of the Late Paleozoic 
granitoids of the Angara-Vitim batholith located in the cen-
tral Transbaikalia near the Zagan metamorphic core (see 
Fig. 2). It was concluded that during the Mongol-Okhotsk 
orogeny (170–140 Ma ago), there occurred the rock uplift 
of the Angara-Vitim batholith from 10–7 to 4–3 km depths, 
which may be due to intensive orogeny in Transbaikalia 
and denudation of about 6–4 km thick earth’s crust.

Thermochronological reconstructions of the Zagan 
metamorphic core were performed based on the sam-
ples from the central part of the core, mylonite zone and 
lower nappe (App. 1, Table 1.1) using zircon U-Pb dating, 
40Ar/39Ar dating of amphibole and micas, and fission-track 
dating of apatite. Zircon U-Pb and apatite fission-track 
ages were obtained by LA-ICP-MS at the Kazan Federal 
University; 40Ar/39Ar mineral ages (Fig. 4) were obtained 
by full-scale plateau-based step heating at the Institute of 
Geology and Mineralogy SB RAS [Travin, 2016], and apa-
tite fission-track lengths were also measured therein.

Table 1.1 and a thermochronologicasl diagram (Fig. 5) 
present the results for new and already published datasets 
that include isotopic and fission-track ages of minerals 
from the Zagan metamorphic core complex rocks. Zircon 
U-Pb ages reflecting the granite melt consolidation time are  

distributed over the interval 253 to 250 Ma [Mazukabzov 
et al., 2011; Bishaev et al., 2022]. This interval corresponds 
to the formation time of granitoids of the Khagai batho-
lith (255±10 Ma), located south of the central Mongolia 
[Yarmolyuk et al., 2002; Kuzmin et al., 2010].

40Ar/39Ar ages obtained for hornblende and biotite 
(App. 1, Table 1.1; see Fig. 4) from the mylonite zone fall 
within the ranges of 131 to 125 and of 120 to 114 Ma, re-
spectively. Considering the age of the closure of amphibole 
and biotite isotopic systems (see Fig. 4) characterizing the 
mylonite zone, the Late Permian – Early Triassic granitoid 
deformation may have occurred in temperature interval 
Tc ~550 °С – Tc ~320 °С, which correspond to depths of 
17 and 10 km, respectively, with the average temperature 
gradient assumed to be 25–30 °/km. The data obtained for 
thermal history of minerals from the mylonite zone testify 
to the fact that the magmatic and metamorphic complexes, 
composing the Zagan metamorphic core complex in the 
Early Cretaceous (131–114 Ma), experienced a rapid uplift 
which was accompanied by the denudation of the over-
lying rocks with a thickness of about 7 km. The denuda-
tion rate was about 0.4 mm/yr. The denudation thickness 
is estimated based on the 230 °С difference between the 
depth temperatures at which there occurs the closure of 
the hornblende and biotite isotopic systems.

Apatite fission-track dating shows that cooling of the 
rocks of the Zagan metamorphic core occurred in the peri-
od from 111 to 54 Ma (Late Cretaceous – Paleocene) (Fig. 5). 
In that period of time, different parts of the core crossed  
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Fig. 5. Thermochronological diagram of the evolution of rocks from the Angara-Vitim batholith (upper row) [Travin et al., 2022] and 
the Zagan metamorphic core complexes (lower row). See App. 1, Table 1.1 for the initial complexes data.

the Tc ~110 °С isograd (depth about 3 km) from which the 
apatite fission tracks start to form (track age). The Late Cre-
taceous – Paleocene denudation thickness is determined 
based on the difference between the closure of biotite (Tc 
~320 °С) and apatite (Tc ~110 °С) isotopic systems which 
is 210 °С. The denudation thickness is estimated at 6 km, 
the denudation rate – at about 0.1 mm/yr.

The time period of the long-term quiescence (Eocene – 
Miocene) changed to the Pliocene – Quaternary reactiva-
tion of Transbaikalia due to the distant impact of the Indo-
Eurasian collision [Dobretsov et al., 1996; Jolivet et al., 2009; 
De Grave et al., 2007; Buslov, 2012], as a result of which 
the studied rocks of the Zagan metamorphic core became 
exposed. The denudation thickness was about 3 km.

4. DISCUSSION
The closure of the Mongol-Okhotsk Ocean and complex 

collision between the North China continent (Amurian – 
north China block) and Northern Eurasia gave rise to the 
development of the Mongol-Okhotsk orogeny. Thicken-
ing of the continental crust, associated with the nappe 
formation, caused an intensification of heat transfer and 
an increase in the lower-crustal plasticity. This predeter-
mined the unstable orogeny and orogenic collapse which 
led to the initiation of detachment fault – a large-ampli-
tude normal fault dipping gently southeastwards (in terms 
of modern coordinates) (Fig. 6, a). The start time for its for-
mation can be determined from the age of alkaline granites  

of the Margituy complex in the zone of blastomylonites 
showing the crystallization behavior in terms of active tec-
togenesis conditions [Donskaya et al., 2008]. The age of 
granites is 153 Ma.

In the Early Cretaceous, there was a significant de-
crease in the upper crustal thickness resulted from tec-
tonic denudation which, in accordance with the Wernicke 
model [Wernicke, 1981], was caused by two interrelated 
processes (Fig. 6, b): upper megaplate creeping southeast-
ward (in terms of modern coordinates) and formation of a 
series of listric normal faults (tilting). The occurrence time 
of these events corresponds to the interval from 131 to 
114 Ma over which about 7 km thick overlying rocks were 
denudated. The tectonic denudation rate is estimated at 
0.4 mm/yr.

The next interval from 111 to 54 Ma is characterized 
by slowing-down denudation rate of the overlying rocks 
which may be due to slowing-down or cessation of the ex-
tension processes and an uplift of the magmatic and meta-
morphic complexes caused by isostatic floating of rela-
tively light granite masses and erosional denudation of the 
upper crust. The erosional denudation rate at that period 
is estimated at 0.1 mm/yr.

The comparison between the denudation rates shows 
that tectonic denudation at early stages of orogenic col-
lapse was four times more effective than that responsible 
for removal of overlying complexes at the late stage of the 
system development.
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Fig. 6. Schematic model of the formation of the Zagan metamorphic core complexes (see text for explanations). The arrows show the 
direction of displacement along the faults.

It was not until the last stages of its evolution that 
the Zagan metamorphic core complex took a dome-like 
shape due to floating of a relatively light granitoid sub-
strate (Fig. 6, c). An early-stage existence of a regional 
gently dipping normal fault (detachment) is evidenced 
by up to 2.0–2.5 km thick zones of blastomylonites on the 
northern and southern flanks of the Zagan metamorphic 
core complex and the same direction of displacement (up-
ward southeast) in the northern and southern zones of 
blastomylonites [Sklyarov et al., 1994, 1997].

5. CONCLUSION
The data obtained for the tectonothermal evolution 

of the Zagan metamorphic core lead to the following con-
clusions:

1. According to 40Ar/39Ar dating of amphiboles and mi-
cas from the mylonite zone, the time of an active develop-
ment of the Zagan metamorphic core complex corresponds 
to the Early Cretaceous (131–114 Ma) with a duration of 
17 Ma. Tectonic exposure of the core from the mid-crust 
levels to depths of about 9 km occurred at a high rate of  
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tectonic erosion (about 0.4 mm/Ma) as a result of post-col-
lisional extension of the Mongol-Okhotsk orogen.

2. Apatite fission-track dating shows that further cool-
ing of the rocks in the Zagan metamorphic core to Tc ~110 °С 
(from a depth of about 3 km) occurred in the Late Creta-
ceous – Paleocene (111–54 Ma) with a duration of 57 Ma. 
The erosional denudation rate was about 0.1 mm/yr. The 
process was caused by destruction of the mountain over 
6 km high.

3. The presented results show that the tectonic denu-
dation rate was four times higher than the erosional denu-
dation rate during the mountain destruction.
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Table 1.1. Results of U/Pb zircon dating, Ar/Ar amphibole, biotite and muscovite dating, and AFT dating of apatite from the Zagan 
metamorphic core complex. Core: SE12-05-12; mylonite zone: SE12-01-03; nappe: SE12-13

APPENDIX 1

Number Coordinates Height, m Rock U/Pb, Ma Ar/Ar Amp, 
Ma

Ar/Ar Bt,  
Ma

Ar/Ar Mu,  
Ma AFT, Ma

SE12-01 50°41.105'
107°6.063' 920 gneiss – 130.7±2.5 115.9±3.6 – 87.0

SE12-02 50°40.308'
107°6.995' 912 gneiss – – 114.3±1.4 – 53.5

SE12-03 50°38.16'
107°18.591' 615 amphibole and 

biotite schist – 122.0±1.8 119.7±1.7 – 56.0

SE12-05 50°71.181'
107°15.031' 862 diorite 253 – – – 87.0

SE12-06 50°42.467'
107°8.433' 615 diorite – – – – 87.5

SE12-07 50°44.45'
107°7.866' 615 granosyenite 253 – – – 73.8

SE12-08 50°40.909'
107°47.677' 614 granosyenite 290 – – – 111.0

SE12-11 50°56.116'
107°55.665' 1044 granite 200, 250, 290 – – – 101.0

SE12-12 51°0.522'
107°49.714' 614 granosyenite – – 128.6±1.6 – 77.1

SE12-13 51°0.755'
107°47.932' 615 metacon-

glomerate – – – 129.1±6.0 86.0
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