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ABSTRACT. A model for the formation of intrusions of the collision stage of 525–490 Ma and a model of magmatism 
of the transtensional shear stage of 465–440 Ma within the Mugur-Chinchilig and Erzin-Naryn blocks of Western Sangilen 
(Tuva) have been developed to describe the process of crust-mantle interaction. Model experiments confirm petrological 
data on the presence of multi-level chambers during the formation of the Pravotarlashkinsky and Bashkymugur massifs. 
The proposed model describes the migration of mantle magmas above the head of the mantle plume at the collision stage 
and assumes the rise of magmas along a permeable tectonic zone in the mantle lithosphere and crust at the transten-
sional-shear stage. The modeling results allow us to establish that material from the magma chamber can reach depths of 
the upper crust in the volume ratio of gabbroids to diorites from 1 : 2 to 3 : 4 and additionally introduce about 5 % of the 
volume fraction of lower crustal material.

The physical parameters of the primary magmas (viscosity, solidus and liquidus temperatures, degree of melting de-
pending on temperature and composition, change in density) were calculated taking into account the real geochemical 
characteristics of igneous rocks from the polyphase massifs of Western Sangilen.
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1. INTRODUCTION
The processes of interaction between mantle and crustal 

magmas are actively discussed in petrological and geo-
chronological aspects. At the same time, the thermo-me-
chanical and rheological aspects of the processes of segre-
gation and extraction of melts, as well as the mechanisms 
of magma transport to the middle and upper crustal levels 
remain controversial. Different mechanisms of functioning 
of magma-plumbing systems are considered: a) migration 
of melts along tectonically weakened, permeable, fractured 
channels [Keller et al., 2013], b) crustal or mantle magmatic 
diapirism and advection [Schmeling et al., 2019], c) ther-
mo-mechanical erosion of the roof of the magma chamber 
and capture of surrounding material by magma [Marsh, 
1982]. In the listed mechanisms, the "space problem" is 
solved in different ways. In fracture intrusions, migration 
channels appear before magma enters there, or the melt 
itself, due to the compressibility of the host medium, cre-
ates a permeable channel [Babichev et al., 2014]. During 
diapirism, it is believed that a less dense magmatic core 
rises through a plastic heated mass of host rocks [Cruden, 
Weinberg, 2018]. In the third case, it is assumed that the 
penetration of magma occurs under conditions of a bal-
ance between the volume of eroded and contaminated 
matter.

One of the well-studied objects of interaction between 
mantle magma and crustal wall rocks are the ultramafic- 
mafic massifs of the West Sangilen block (Tuva), synchro-
nous with contact and regional plutonometamorphic com-
plexes (Fig. 1).

The purpose of this work: on the example of intrusive 
and metamorphic complexes of Western Sangilen, using 
the numerical modeling method, to propose realistic mech-
anisms for the formation of a system of multi-level cham-
bers and the formation of polyphase massifs that arose in 
different geotectonic settings.

2. GEOLOGICAL SETTING  
AND EMPLACEMENT STAGES

Petrological and geochronological data on metamor-
phic and igneous associations of the Sangilen block, which 
is part of the structure of the Tuva-Mongolian continent 
(TMC), point to an independent Cambrian-Ordovician ac-
cretion-collision stage (510–440 Ma) [Gibscher et al., 2017]. 
Reconstruction of tectonic history was carried out using 
tectonic and geochronological data [Vladimirov et al., 2005, 
Gibscher et al., 2017]; geological and petrological data on 
magmatism and metamorphism of the region [Gibsher et 
al., 2012; Izokh et al., 2001; Kargopolov, 1997; Karmysheva 
et al., 2019; Shelepaev et al., 2018], as well as the results of 
numerical modeling [Polyansky et al., 2019, 2021b].

The tectono-metamorphic and geodynamic evolution of 
the Sangilen block represents a change in tectonic regimes, 
marked by thermal events and manifestations of different 
ages and different types of ultramafic-mafic and granitoid 
associations [Vladimirov et al., 2005; Kozakov, Azimov, 
2017; Shelepaev et al., 2018] (Fig. 2). Within the Western 
Sangilen block, several stages of formation of gabbro-mon-

zodiorite massifs that arose in different geodynamic set-
tings are recorded. In recent years, a large number of ages 
of intrusion emplacement between from 570 to 440 Ma 
related to the Cambro-Ordovician accretion-collision stage 
have been carried out [Petrova, Kostitsyn, 1997; Kozakov 
et al., 1999, 2001; Izokh et al., 2001; Vladimirov et al., 2005; 
Kuznetsova et al., 2021]: 570–535 Ma corresponds to the 
accretion-island arc regime; 535–495 Ma corresponds to 
the formation of the Sangilen collision system as a result of 
the convergence of the margin of the TMC and the Tannuol 
island arc, the introduction of syncollisional mafic melts 
with accompanying high-gradient granulite metamor-
phism; The post-collisional transtensional shear regime 
lasted in the range of 495–430 Ma [Vladimirov et al., 2005]. 
At the final strike-slip stage of the collision, the gabbro- 
monzodiorite Bayankol (496±3 Ma [Izokh et al., 2001]) 
and Erzinsky (490±10 Ma [Kozakov et al., 1999]) intru-
sions were formed. The intrusion and formation of the 
Bashkymugur websterite-gabbro-monzodiorite complex 
(465±1.2 Ma [Izokh et al., 2001]) occurred against the 
background of late collisional extension and collapse of 
the orogen. A feature of this stage is the manifestation of 
high-temperature zoned metamorphic complexes, includ-
ing shallow granulites [Kargopolov, 1997; Fedorovsky et 
al., 1995]. At the same time, various ultrabmafic-mafic 
associations appeared in Western Sangilen, synchronous 
with metamorphic formations of the HT/LP type (high 
temperatures/low pressures) with a wide contact-meta-
morphic zoning [Izokh et al., 2001].

The composition and sequence of magmatism pulses 
in the history of the formation of specific complexes have 
been characterized in detail [Gibsher et al., 2012; Shelepaev 
et al., 2018]. As a rule, the massifs have a two-phase struc-
ture with the first gabbroic phase and the second mon-
zodiorite phase (Bayankol, Bashkymugur, Erzin massifs). 
The area of monzodiorite outcrops exceeds the area of dis-
tribution of gabbroids in the indicated massifs. The model 
objects of this study are the Bashkymugur websterite-gab-
bro-monzodiorite massif with the surrounding Mugur 
zonal metamorphic complex and the Bayankol gabbro- 
monzodiorite massif.

The Bayankol gabbro-monzodiorite massif con-
sists of several separate sheet-like undifferentiated gabbro 
bodies that differ in melanocratic content. The massif has a 
two-phase structure: the first phase is gabbroids, the sec-
ond is monzodiorites. Near-contact partial melting is char-
acteristic of intrusive contacts of monzodiorites and olivine 
gabbronorites in the sags of the roof of the Bayankol mas-
sif. In direct contact, the phenomena of mixing (mingling) 
of felsic and mafic melts with the formation of hybrid rocks 
are observed. The age of the massif is 496.5±3.6 Ma ac-
cording to the U-Pb method [Kozakov et al., 1999] and 489 
±3 Ma according to the Ar-Ar method [Shelepaev et al.,  
2018]. Gabbroids and monzodiorites are intruded by gran-
odiorites with an age of 487±2 – 488±3 Ma [Smolyakova 
et al., 2021].

Previous studies have shown that the area of Western 
Sangilen shows signs of several metamorphic events: M1  
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Fig. 1. Scheme of the structure of the Western Sangilen (Southeastern Tuva) after [Vladimirov et al., 2005; Izokh et al., 2001; Kargopolov, 
1997].
1 – Vendian – Early Cambrian metavolcanics of the Agar-Dag suture zone; 2 – aureole of Barrovian (Ky-schist) metamorphism M1; 
3 – regional metamorphic formations with an age of 490 Ma: a – Hyp-, b – Sil-, c – And-zones; 4 – two-Px and Sil-Kfs hornfelses of the 
contact aureole of the Pravotarlashka massif; 5 – metamorphic formations from the contact aureole of the Bashky-Mugur massif: a – 
Hyp-, b – Sil-zones; 6 – ultrabasites; 7 – granites; 8 – diorites and monzodiorites; 9 – differentiated gabbroids; 10 – Agar-Dag fault; 11 – 
gabbroid intrusives (circled numbers): 1 – Pravotarlashka troctolite-anorthosite-gabbro, 2 – Bashky-Mugur websterite-gabbronorite-
monzo diorite, 3 – Bayan-Kol gabbro-monzodiorite, 4 – Erzin gabbro-monzodiorite. The bold dotted line is the Erzin strike-slip zone 
separating the Mugur-Chinchilig and Erzin-Naryn blocks.

metamorphism of the Barrow type with an age of 515 Ma 
[Gibscher et al., 2017], and two stages of high-gradient 
metamorphism M2 associated with the intrusion of gab-
bro-monzodiorite intrusions (approx. 490 and 465 Ma), 
the differentiation of which took place in intermediate 
chambers at different depths. Geothermobarometry data 
on metamorphic rocks of contact aureoles, as well as min-
eral parageneses and compositions of minerals of igneous 
complexes indicate that the formation of gabbro-monzo-
diorite massifs of Western Sangilen occurred at different  
depths [Kargopolov, 1997; Egorova et al., 2006]. The crys-

tallization parameters of ultramafic-mafic intrusions and 
the conditions of metamorphism for the Cambro-Ordo-
vician collision orogen, according to the authors, allow us 
to speak about three levels of emplacement.

According to the study of gabbroic xenoliths, includ-
ing garnet-bearing ones, from alkali-basaltic dikes of the 
Agardag complex, cutting through the rocks of the Bashky-
mugur and Pravotarlashkinsky massifs, a system of multi- 
depth intrusive chambers is established [Egorova et al., 
2006] (Fig. 3). Data from thermobarometric estimations car-
ried out on the compositions of gabbroic xenoliths indicate  

https://www.gt-crust.ru
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Fig. 2. The tectonic history reconstruction reflecting the processes of basite magmatism and associated metamorphism of the early 
Caledonides of the Sangilen block on the western margin of the Tuva-Mongolian continent over three age intervals.
Performed using the tectonic and geochronological data [Vladimirov et al., 2005, 2017; Gibsher et al., 2017], geological and petrological 
data on regional magmatism and metamorphism [Gibsher et al., 2012; Izokh et al., 2001; Kargapolov, 1997; Karmysheva et al., 2019; 
Shelepaev et al., 2018], and numerical modeling results [Polyansky et al., 2021b]: (а) – 570–520 Ma – accretionary-subduction regime; 
(b) – 535–495 Ma – the formation of the Sangilen collisional system as a result of the convergence of the TMK margin with the Tannuol 
island arc, the intrusion of syn-collisional mafic melts with concomitant high-gradient granulite metamorphism; (c) – 495–430 Ma – 
transtensional regime, formation of shallow intrusions, granulite metamorphism of the HT/LP type.
1 – oceanic crust and lithospheric mantle; 2 – Tannuol island arc; 3 – accretionary prism; 4 – ophiolites of the Agar-Dag zone; 5 – meta-
morphic complexes of the Sangilen block crust – Grt-St-Ky schists of M1 stage, Ky-Sil type; 6 – carbonates of the Sangilen block cover; 
7–8 – areas of high-gradient metamorphism (M2): 7 – UHT granulite metamorphism (M2) in the lower/middle crust, 8 – granulite 
zone of HT/LP metamorphism (M2) in the upper crust (And-Sil type); 9 – mantle mafic melts: а – magma generation areas, b – magma 
conduits, c – intrusive chambers; 10 – dikes of the Agar-Dag alkaline-basaltoid complex; 11 – geodynamic regimes: a – collisions, b – 
extensions, c – extensions with shear; 12 – faults and mingling dikes. I–III – lower-, middle-, and upper-crustal levels of intermediate 
mafic chambers.

https://www.gt-crust.ru
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Fig. 3. Schematic section of the lithosphere of the western part 
of the Sangilen Plateau in the Late Ordovician after [Egorova et 
al., 2006].
A – Cambrian volcanic-sedimentary complex; B – Morena meta-
morphic complex; C, D – lower crustal areas; E – position of the 
Pravotarlashka intrusion; F – gabbroids of the Bashky-Mugur 
massif; G – monzodiorites of the Bashky-Mugur massif; H, I, J – in-
ferred intermediate magma chambers according to the thermo-
barometric data; K – boundaries of the crustal layers. 1–3 – pres-
sures for gabbroid massifs estimated from variously composed 
xenoliths of the Agardag dike complex.

the presence of intermediate mafic chambers at different 
depths. Pressures determined for garnet gabbros are 10–
12 kbar (37–44 km). Garnet-free gabbroids (group 2) were 
formed at lower pressures (8–10 kbar), corresponding to 
depths of 30–33 km. The formation of gabbroids with low 
alumina content in pyroxenes (group 3) occurred at shal-
low depths of 10–20 km (3–6 kbar), close to the level of for-
mation of the Bashkymugur and Pravotarlashkinsky mas-
sifs, for which the pressure is estimated at 2–3 kbar based 
on the host hornfels [Kargopolov, 1991] and 2–5 kbar ac-
cording to the Cpx barometer [Nimis, 2002]. The calculated 
equilibrium temperatures of mineral associations of gab-
broids of all groups range from 950 to 1100 °C. Mid-crustal 
intrusions, as a rule, are undifferentiated (Erzinsky and 
Bayankol massifs at the stage of 490 Ma) at a level of P=4–
5 kbar [Karmysheva et al., 2019] or P=7–8 kbar (26–30 km) 
[Selyatitskii et al., 2021]. Shallow intrusions (P=2–4 kbar, 
7–14 km) are represented by the Pravotarlashkinsky mas-
sif at the stage of 524±9 million years [Shelepaev et al., 
2018] and Bashkymugur at the stage of 465 Ma [Izokh et 
al., 2001; Kargopolov, 1991].

The Bashkymugur websterite-gabbro-monzodi-
orite massif is a large multiphase body elongated in the 
meridional direction (5×17 km) (Fig. 4). The first phase is 
represented by gabbroids, which form a body (3×4 km) 
in the northern part of the Bashkymugur massif. It shows 
layering and differentiation, which is expressed in the ap-
pearance of horizons and individual layers composed of 
pyroxenites and melanocratic gabbronorites in the lower 
parts of the massif, and leucocratic gabbro and anortho-
sites predominate in the upper part of the intrusion. The 
second phase – the main part of the rocks of the Bashky-
mugur massif – is represented by uniformly grained bio-
tite-amphibole quartz monzodiorites. The age of the massif  

is 464±5.7 million years according to the U-Pb method 
[Kozakov et al., 1999] and 465±1.2 million years accord-
ing to the Ar-Ar method [Shelepaev et al., 2018], the age of 
introduction of individual phases is indistinguishable by 
geochronological dating.

3. PHYSICAL PROPERTIES OF MAGMAS
To correctly formulate a mathematical model, a quan-

titative description of all physical properties of materials 
in the range of possible temperatures in both the solid and 
partially molten states is required. Density, degree of crys-
tallinity, as well as solidus and liquidus temperatures were 
calculated using the MELTS program [Gualda et al., 2012; 
Ghiorso, Gualda, 2015] taking into account the actual com-
positions of igneous rocks. The compositions of igneous 
rocks of ultramafic-mafic massifs used in the calculations 
are presented in Table 1 [Shelepaev et al., 2018].

The viscosity of the melts was calculated from experi-
mental dependences, taking into account the bulk chemi-
cal composition of the rocks, temperature and degree of 
crystallization, according to the dependence obtained in 
[Persikov, Bukhtiyarov, 2009].

where     – melt viscosity at given temperature and pres-
sure; μ0 – constant characterizing melt viscosity at T→∞, 
μ0=10–3.5±100.1(0.1 Pa·s); T – absolute temperature (К);      – 
activation energy of viscous flow which is a function of 
pressure and composition of melts including volatiles; R – 
universal gas constant; 0≤Vcr≤0.45, 0≤Vliq≤0.45 – volume 
fraction of crystals and gaseous phase, respectively.

      T
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Table 1. Сhemical composition (wt. %) of basite massifs of the Western Sangilen

Massif Bayan-Kol Erzin Bashky-Mugur

Sample Ш3 Ш25 И17 CH40 CH75 Ш28 Т166 Ш26 И71 Ш7/1 И64/1 Ш16

SiO2 45.52 46.84 49.78 57.89 49.07 46.22 48.81 52.49 45.93 49.31 49.83 59.77

TiO2 0.56 1.8 2.02 0.71 2.44 0.49 2.31 1.32 0.37 0.35 1.31 0.88

Al2O3 6.51 15.46 18.77 17.02 16.63 13.03 14.51 15.15 15.79 18.7 17.8 16.1

Fe2O3 10.46 9.55 10.72 6.24 12.07 13.34 13.01 10.43 13.04 5.33 11.39 6.81

MnO 0.17 0.15 0.18 0.12 0.21 0.21 0.201 0.22 0.23 0.11 0.19 0.14

MgO 24.74 12.14 3.96 4.31 4.46 14.01 6.08 4.8 12.84 12.18 7.25 2.58

CaO 8.64 9.69 8.39 7.72 6.75 9.42 8.18 8.21 9.02 16.83 8.46 5.3

Na2O 1.29 1.96 3.72 2.75 4.27 1.51 3.2 4.48 1.63 2.31 2.37 4.61

K2O 0.51 0.4 0.28 1.55 2.39 0.23 0.8 1.61 0.2 0.22 1.17 2.55

П.п.п 1.06 2.48 1.5 0.58 0.93 0.28 1.26 0.54 0.2 0.71 0.12 0.38

Сумма 99.4 99.4 99.8 99.04 100.26 98.8 98.3 99.5 99.3 100 100.1 99.4

Fig. 4. Geological structure and contact-metamorphic zonality of the Bashky-Mugur and Pravotarlashka massifs after [Kargopolov, 
1997] and [Gibsher et al., 2012], with changes.
1 – Quaternary and Neogene deposits; 2 – metabasites and volcanic-sedimentary rocks of the Agardag complex; 3 – shales and gneisses 
of the Mugur-Teshem complex with metamorphism isograds, mineral symbols are displayed in places of mineral occurrences; 4 – am-
phibolite and metavolcanic horizons of the Mugur-Teshem complex; 5 – granites; 6–7 – monzodiorites of the second phase (6) and 
gabbroids of the first phase (7) of the intrusion of the Bashky-Mugur massif; 8 – gabbroids of the Pravotarlashka massif; 9 – ultrabasic 
rocks of the Agardag ophiolite complex; 10 – two types of camptonite dikes of the Agardag complex.

https://www.gt-crust.ru
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Fig. 5. Melt fraction (а, b, c) in the solidus-liquidus temperature range, calculated using the MELTS software package [Ghiorso, Gualda 
2015], and viscosity of magmas (d, e, f), calculated from experimental dependences [Persikov, Bukhtiyarov, 2009] taking into account 
bulk chemical composition, temperature and fraction of crystalline matter at pressure P=7 kbar and identical content of H2O=2 wt. %, 
for representative rocks of the Bayan-Kol, Bashky-Mugur and Erzin massifs (b).

https://www.gt-crust.ru
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The temperature dependences of the melt fraction (Fig. 5, 
a, b, c) and viscosity (Fig. 5, d, e, f) were obtained at a pres-
sure P=7 Kbar and a water content of 2 wt. %. The depen-
dence of these parameters on the differences in the compo-
sitions of monzodiorites and gabbronorites for all massifs 
can be traced. In addition, for example, the gabbronorites 
of the Bayankol massif (samples И17, Ш3 and Ш25), with 
approximately the same SiO2 content, differ in the degree 
of melting (melt fraction) by up to 40 % at the same tem-
perature. Apparently, the reason for this is strong varia-
tions in magnesium content: in some rocks the MgO con-
tent reaches 24–25 %, which characterizes them as picrites 
(Fig. 5, a). The greatest difference in melting temperatures 
is achieved in rocks of different phases of intrusion of 
the Erzin massif, a moderate scatter is recorded for the 
Bayankol massif, and the smallest for the Bashkymugur 
massif. Melt fraction curves are non-monotonic, which is 
determined by the sequential crystallization of minerals. 
According to the melting diagrams of diorites and gab-
broids of igneous complexes (Fig. 5), which differ in silica 
content and magnesium content, it is clear that the same 
degree of melting is achieved at an elevated temperature 
of 200–400 °C.

A similar scatter of magma viscosity values, from max-
imum to minimum, is observed in the series of the Erzin – 
Bayankol – Bashkymugur igneous massifs (Fig. 5, d, e, f). 
By jointly analyzing the curves of the degree of melting 
and magma viscosity depending on temperature, we can 
conclude that viscosity is affected by both the composition 
of magmas (primarily the silica content) and the melting 
temperature. The dependence of the decrease in the visco-
sity of melts in the series from acidic to ultrabasic [Persikov, 
1984] becomes opposite in the same series when taking 
into account the degree of crystallinity upon cooling in 
the same temperature range. Thus, high-magnesium gab-
bronorites of the Erzin massif (sample Ш28, Fig. 5, c) turn 
out to be more viscous than monzodiorites (sample Ш26) 
at the same temperature due to a higher degree of crystal-
lization (Fig. 5, f).

It should be noted that the viscosity dependence ac-
cording to [Persikov, Bukhtiyarov, 2009] was developed 
for subliquidus magmatic melts and is less suitable for 
near-solidus magmas. The rheology of crust and mantle 
matter in a subsolidus or partially molten state is charac-
terized by the creeping flow equation. In thermomechan-
ical modeling, the flow law was used according to the ex-
perimental dependence [Mei et al., 2002], which describes  

the non-Newtonian, temperature-dependent "effective" vis-
cosity:

where T – temperature;      – strain rate;     – melt fraction 
during melting, n; A, H – rheological parameters of the ma-
terial of the crust, mantle and magma (Table 2).

4. MODEL DESCRIPTION AND THERMOPHYSICAL 
PARAMETERS

Two models for the formation of massifs of the Western 
Sangilen block have been developed, characterizing the 
magmatism of the accretion-collision and transtensional 
stages, shown in Fig. 3, b and 3, c, respectively. The mag-
matic process is described within the framework of a nu-
merical thermomechanical model of the system "magma 
chamber – magma transport – formation of intermediate 
chambers – pluton emplacement". The occurrence of a 
deep magma chamber in the models is assumed to be "in-
stantaneous", which is a slight simplification of the de-
scription of the real process, but does not have a signifi-
cant impact on the subsequent evolution of the magmatic 
system.

In the model of magmatism of the accretion-collision 
stage, it is assumed that the magma chamber arose in the 
upper mantle under a collisional orogen [Shelepaev et al., 
2018] (see Fig. 2, a, stage 570–520 Ma,). The magma cham-
ber is assumed to be in the form of a layer 10 km thick 
and 45 km long and located in the upper mantle at a depth 
of 80 km, in the transition region of spinel/garnet peri-
dotite stability (Fig. 6, a) (see Chapter 7). It is assumed 
that the volume of the magma chamber is reduced during 
the process of melt extraction. The boundary conditions 
at the boundaries of the magma reservoir are as follows: 
the condition of an impenetrable adiabatic wall is set on 
the side boundaries, and the condition of an impenetra-
ble boundary with a fixed temperature is set on the lower 
boundary. The magma chamber is filled with mafic melt 
with a density of 2700–2800 at an initial temperature T0= 
=1200 °C.

The model of the transtensional stage assumes the pres-
ence of a suture between tectonic blocks, which is a per-
meable feeder channel from the deep magma chamber to 
the base of the crust (Fig. 6, b). It is allowed to replenish 
the magma chamber with a melt at a constant temperature, 
maintaining excess pressure in the chamber. The roof and  

Table 2. Physical properties of substances and creep flow law parameters

Note. * – [Kronenberg, Tullis, 1984], ** – [Chopra, Patterson, 1984], *** – [Carter, Tsenn, 1987].

Parameters CP, J/(kg-K) K, W/(m–K) n A, Pa-n/s H, kJ/mol

Crust* 1250 2.5 2.6 4E-21 134000

Mantle** 1250 3.5 3.35 1E-16 540000

Basites, monzodiorites*** 1250 2.5 3.05 6.3E-20 276000
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bottom of the chamber are permeable for the transport 
of melts; the condition of a rigid wall is met at the lateral 
boundaries of the chamber. In areas of the base outside the 
chamber, conditions of an impenetrable fixed boundary 
and a constant temperature of 600 °C are imposed. The 
temperature in the crust at the initial moment of time is 
set linearly from 0 to 600 °C. This model assumes the pres-
ence of magma differentiated in composition, consisting of 
monzodiorite (more fusible) and mafic components. The 
process of magma differentiation in the chamber itself is 
not considered in the model. A linear increase in density is 
accepted from 2520 to 2680 kg/m3 in the liquidus-solidus  

temperature range of 1200–900 °C for monzodiorite and 
from 2700 to 2800 kg/m3 at T=1200–1000 °C for basaltic 
magma.

The petrological model of the crust composition is con-
sidered in a simplified form. The model crust is divided 
into lower (granulite), middle (granodiorite) and upper 
(metapelitic) layers. The three-layer structure of the crust 
of the Sangilen terrane is accepted according to the den-
sity model of the eastern part of the Altai-Sayan region, 
built on the basis of seismological and gravitational data 
[Vasilevsky et al., 1985]. Following [Bea, 2012], the degree 
of "fertility" of the crust (in terms of the content of fusible  

Fig. 6. Scheme of the problem statement. Shown here is the geometry of the computational domain, representing a three-layer crust 
and temperature boundary conditions.
Melting parameters and melt/solid densities are given for each area. An ornament at the base of the crust shows a magma reservoir in 
the form of a layer 10 km thick (model a) and a conduit 10 km wide (model b).

https://www.gt-crust.ru


https://www.gt-crust.ru 10

Geodynamics & Tectonophysics 2023 Volume 14 Issue 6Semenov A.N., Polyansky O.P.: Models for the Formation...

and volatile components) decreases with depth in the (meta)
pelite, granite/diorite and granulite layer. Data from [Droop, 
Brodie, 2012; Nair, Chacko, 2002] were used as melting pa-
rameters, on the basis of which melting temperature ranges 
were set for the metapelite, granite-diorite and granulite 
layers of the crust. The density and melt fraction varies 
linearly across the melting range, with a maximum melt-
ing degree of 0.75. A stepwise increase in melt/rock den-
sity with depth at the boundaries of crustal layers was as-
sumed (Fig. 6). Thermophysical parameters are shown in 
Fig. 6, 7 and in Table 2.

The system of Navier-Stokes equations for a multiphase 
medium is solved in the compressible fluid approximation: 
the continuity equation, the equation of motion and the en-
ergy conservation equation. A detailed description of the 
system of equations used in the model is given in [Semenov, 
Polyansky, 2017; Polyansky et al., 2021а] and is not re-
peated here. To solve the problem, the ANSYS Fluent com-
puting package [ANSYS…, 2013] is used, which implements 
numerical algorithms for solving problems of the flow of 
nonlinear viscous, temperature-dependent fluid.

5. RESULTS OF MODELING (COLLISIONAL STAGE)
The results of modeling the formation of intrusions of 

the collision stage 520–490 Ma (stated in Fig. 6, a) with the 
presence of a deep magma chamber in the form of a hor-
izontal body in the upper mantle are presented in Fig. 8. 
Model results are shown in the form of density and tem-
perature distributions after 1.5, 3, 12, 32, 62 and 220 kyr 
from the moment of the magma chamber occurrence.

At the initial stage, the mantle is heated and partially 
melted, as a result of which the mantle material becomes 
positively buoyant and begins to rise in the form of a single 
diapir. During this ascent, the molten. positively buoyant 
part of the mantle and the mafic melt from the magma 
chamber rise together and, as they ascent, differentiation 
of the picritic and mafic melt occurs. A mixture of mafic 
and peridotite material rises to the level of the lower crust 
in a mushroom shape with a wide front and a narrow 
feeding channel. The duration of the magma rise from the 
source to the crustal boundary takes up to 3 kyr (Fig. 8, 
"3 kyr"). Further, an intermediate chamber is formed at 
the crust-mantle boundary. Melting of the lower crustal 
material occurs above the chamber, it becomes positively 
buoyant and as a result rises to the level of the middle 
crust. The mafic material remains in the lower part of the 
crust and cannot rise higher. The duration of this process 
takes up to 10 kyr (Fig. 8, "12 kyr'). At the crust-mantle 
boundary, a region is formed in which the material of the 
lower crust, upper mantle and mafic-ultrabasic magma 
is mixed. The boundary itself becomes irregular, and an 
magma underplating is formed, in which lenses and inter-
layers of peridotites, mafic rocks, and granulites alternate. 
Such a compositionally heterogeneous region represents a 
crust-mantle transition zone according to [O’Reilly, Griffin, 
2013].

Next, the melting process is "transmitted" to the up-
per layers of the crust. A magma chamber is formed at the 
boundary of the lower and middle crust, melting of the 
middle crust and rise of magma in the middle crust. The  

Fig. 7. Dependence of viscosity on depth at a fixed strain rate (                              ) for the crustal, mantle and magmatic materials used 
in the model.
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Fig. 8. Results of modeling the formation of collisional mantle-crustal intrusion (520–490 Ma).
There are shown density (а) and temperature (б) patterns for certain moments of time after the occurrence of magmatic source in the 
mantle. The density pattern reflects the evolution of rising magma and the composition of host rocks in the mantle and three-layer 
crust. Dotted lines are density boundaries.
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material from the lower crust solidifies at a depth of about 
20 km. The active stage of ascent and subsidence lasts up 
to 50 kyr (Fig. 8, "32 and 62 kyr"). As it cools, the rising 
process slows down and crystallization occurs. (It is worth 
noting a feature of visualizing the results of a numerical 
experiment: in Fig. 8, density inhomogeneities in the crust 
"disappear" over time due to an increase in density during 
crystallization, but the frozen substance remains "in place", 
forming deep crystalline massifs). During the melting and 
transport of magma in the crust, at the same time, the con-
vective rise of magma continues in the mantle (Fig. 8, "62 
and 220 kyr"). The process stops when the deep magma 
source is depleted and its "feeding" stops or the feeding 
channel freezes. In this example, a 10-kilometer thick layer 
is depleted in approximately 200–250 kyr.

Modeling of magmatism at the collision stage showed 
that basaltic material from a magma chamber can rise to 
depths of 35–40 km, form an intermediate chamber at the 
base of the crust, from which further rise occurs together 
with the melting products of the lower crust, crystalliza-
tion and the final formation of massifs at the upper-middle 
crust boundary. The melting product of the lower crust can 
rise to depths of about 20 km and crystallizes at this level. 
The duration of the active stage of melting and uplifting 
takes no more than 50 kyr. This is followed by cooling and 
crystallization, lasting up to 200–250 kyr.

6. RESULTS OF MODELING  
(TRANSTENSIONAL STAGE)

The second model of magmatism of the transtensional 
stage 465–440 Ma (statement is shown in Fig. 6, b) was 
developed to describe the process of crust-mantle inter-
action within the tectonic suture separating the Mugur-
Chinchilig and Erzin-Naryn blocks. It is assumed that there 
is a magma chamber located in the channel of the perme-
able zone of the mantle.

The results are presented in Fig. 9 in the form of evo-
lution of the intrusion shape, the distribution of the volu-
metric content of mafic magma and the evolution of tem-
perature.

The process of ascent from a vertical magma conduit 
differs from the case of a horizontal magma chamber be-
cause melt enters the chamber from below from a sup-
posed plum-related source [Egorova et al., 2006; Shelepaev 
et al., 2018]. Mathematically, this is accomplished by main-
taining a constant magmatic pressure at the base of the 
chamber. Based on geological data, we consider the ex-
istence of two types of magmas – mafic and diorite – as 
successive phases of intrusion from a common source. The 
simultaneous existence of two magmas, we believe, is ex-
plained by the fact that diorite magma is formed because 
of the interaction of mafic melt and felsic crustal material. 
That is, diorites are hybrid rocks formed during the intru-
sion of mafic rocks and the melting of felsic crustal rocks. 
For Western Sangilen and Transbaikalia, the simultaneous 
existence of mafic and diorite magmas is justified by the 
widespread development of combined, as well as ming-
ling dikes, which are described in [Burmakina Tsygankov, 

2013; Karmysheva et al., 2015; Vladimirov et al., 2017; 
Litvinovsky et al., 2017; Polyansky et al., 2017]. Moreover, 
mingling phenomena are characteristic of both collision 
and transtensional stages, which justifies the existence of 
two magmas simultaneously.

The entire magma rise can be divided into two stages: 
1) when the melt approaches the density or viscous bound-
ary, an intermediate chamber is formed; 2) when the cham-
ber is opened, magma intruded upward from it and a chan-
nel is formed that feeds the multi-chamber magma body. 
These stages are repeated until the substance reaches such 
a depth that the energy of the uplifted magma is not enough 
to reach the melting temperature of the host rock.

Our simulation indicate that the substance from the 
chamber reaches the base of the middle crust in about 
5 kyr. Moreover, during the first 4 kyr, the lower layer of 
the crust warms up, and the process of breakthrough and 
channel formation itself lasts about 1 kyr. This duration is 
mean between the diapiric and dike mechanisms of mag-
ma transport [Cruden, Weinberg, 2018]. At the boundary 
of the lower and middle crust, an intermediate chamber 
is formed, but since the material has a fairly high tempera-
ture and correspondingly low density, an "instant" rise 
(magma penetration) to the upper crust takes place over 
several kyr. After this, as it cools, the migration processes 
in the upper crust slow down, and in the middle and lower 
crust the chambers are maintained due to the replenish-
ment of new portions of melt from the magma source. As 
the material of the upper crust melts and reaches approx-
imately 10 % of the volume fraction of mafic melt, the 
process of ascent in the upper crust begins, which lasts 
approximately 40 kyr. As a result, the substance from the 
magma chamber enters the upper crust to a depth of 7 km 
(1.5–2.0 kbar) in a volume ratio of 1 : 2 mafic to diorite 
components. The process is to some extent similar to ming-
ling, when high-density mafic inclusions rise in a chamber 
or dike filled with felsic magma by gravitational floating 
[Semenov, Polyansky, 2017; Polyansky et al., 2017]. As the 
substance rises from the magma chamber, it assimilates 
the host crustal material, the composition becomes mul-
tiphase, the proportion of primary magma decreases, and 
contamination increases. Thus, massifs formed at depths 
of 15–30 km can have a ratio of the volume fraction of gab-
broids to diorites from 1: 2 to 3: 4 and additionally contain 
no more than 5 % of the volume fraction of lower crustal 
material in the case of a chamber at a depth of 15 km.

Simulations have shown that states with high melt con-
tent are mechanically unstable. When the melt fraction 
reaches 15–20 vol. %, it will tend to separate into dike 
swarms that penetrate the crust within 25–50 kyr. (Fig. 10). 
The substance does not rise through a single channel, but 
many additional ones are formed from each intermedi-
ate chamber. Near the surface, the intrusion represents 
a main stock-like or laccolith body with many apophyses 
on the upper roof of the massif ("fingers", personal com-
munication from R.A. Shelepaev about the structure of the 
Pravotarlashkin massif, established from the results of mag-
netometric survey).
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Fig. 9. Results of modeling the formation of a multi-chamber intrusion at the transtensional stage (465–440 Ma).
There are shown the volume fraction of mafic magma (left and central (zoomed image) columns) and temperature (right) distribution 
for certain moments of time after the beginning of the action of a magmatic source. The scale on the left is the volume fraction of mafic 
melt in a limited range; the unshaded area in the feeder conduit corresponds to the mafic content higher than 0.5. Dotted lines are 
density boundaries.
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Fig. 10. Scheme of the evolution of a multi-chamber intrusion based on the results of modeling magmatism above a mantle magma 
conduit.
The details are provided for the structure of the magmatic column formed as a result of melting and transport of mafic magma from the 
mantle, formation of an intermediate basic source as a result of underplating, melting of the crustal material, hybridization of magma, 
and formation of the intracrustal massifs.

7. DISCUSSION
Numerical thermomechanical modeling is an effective 

method for quantitatively describing magmatism processes 
in different geodynamic settings. The model results show 
good agreement with the natural petrological character-
istics of the formation of multiphase gabbro-granite com-
plexes of the West Sangilen terrane within the Mugur-
Chinchilig and Erzin-Naryn blocks.

Geological data and modeling results allow us to draw 
the following conclusions. The modeling results confirm 
the close spatial and temporal connection of high-gradient 
HT/LP type metamorphism with gabbro-monzodiorite for-
mation type intrusions, as well as their two-stage mani-
festation in Western Sangilen. The model predicts the pos-
sibility of the existence of two levels of formation of mas-
sifs: low-pressure – Bashkymugur, Pravotarlashkin and 
deeper – Bayankol, Erzin, Matut massifs, as well as Lower 
Erzin granulites. It is possible that the mafic magma cham-
ber could be located at a level of about 80 km (2 GPa), near 
the density boundary of spinel and garnet peridotites. Its 
composition could correspond to picrite in accordance with 
the most magnesian compositions of the gabbroids of the 
Bayankol massif (XMgO=24–25 wt. %, Table 1) with a high 
(more than 25 %) degree of melting. This area apparently 
was a magmatic source at the collision stage of the evo-
lution of the Western-Sangilen terrane. At this stage, the 
Pravotarlashkin, Bayankol, and Erzin massifs were formed. 
After the source of the low-melting component in the area 
of magma generation was depleted, magmatism stopped. 
This was followed by a break in magmatic activity due to 
the restructuring of the geodynamic regime from collisional 
to transtensional (shear with extension). At the transten-
sional stage, the main role as magma conduit was played 
by deep suture zones, separating individual crustal blocks 
and penetrating into the upper mantle. At this stage, the  

Bashkymugur massif was formed, one of the shallow mas-
sifs, at the same time having a wide metamorphic zonation 
of about 5–6 km. The most recent igneous formations – the 
dikes of the Agardag complex – cut through the rocks of the 
Pravotarlashkin and Bashkymugur massifs. Data on xeno-
liths [Egorova et al., 2006] allow to judge the multi-cham-
ber structure of these intrusions, which is confirmed by 
two-dimensional numerical modeling.

The depth of formation of the ultramafic-mafic massifs of 
West Sangilen remains a controversial issue, because pres-
sure estimates from mineral geobarometers vary signifi-
cantly according to data from different authors [Kargopolov, 
1997; Karmysheva et al., 2019; Selyatitskii et al., 2021; 
Azimov et al., 2018; Kozakov, Azimov, 2017]. It is known 
that the width of the contact areol increases in the case of 
a more deeply located intrusive body [Reverdatto et al., 
2010]. Therefore, the width of metamorphic zoning around 
igneous bodies characterizes the depth of formation of 
mafic-ultabasic massifs. The zoning width of the Bayankol 
(deep) and Bashkymugur (shallow) massifs differs signifi-
cantly and is 0.5 and 6 km, respectively, which contradicts 
the indicated pattern. This discrepancy can be explained 
by the different sizes of the intermediate chambers, which, 
as follows from the simulation, increases as it approaches 
the surface (Fig. 10).

8. CONCLUSION
The modeling results allow to establish that material 

from the magma chamber can reach depths down to the level 
of the upper crust in volume fractions of gabbroids and dio-
rites from 1:2 to 3:4 and additionally transfer no more than 
5 % of lower crustal material. These results explain obser-
vations about the actual volumetric ratios of gabbroids and 
monzodiorites in specific massifs of West Sangilеn, in which 
diorites significantly predominate over gabbroids.
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The models develop the well-known idea about the 
mechanism of generation of granitic magmas due to intru-
sions of basaltic magmas into the continental crust [Huppert, 
Sparks, 1988] in relation to the generation of intermediate 
chambers at the boundaries of continental crust. Density 
and material boundaries are physical barriers during the 
formation of intermediate chambers.

Model experiments confirm petrological data on the 
presence of multi-level chambers during the formation of 
the Pravotarlashkin and Bashkymugur massifs. Our simu-
lations of collision-stage magmatism indicates that basaltic 
melt from the upper mantle chamber can form an interme-
diate chamber at the base of the crust, causing melting of 
the lower crust, mixing of crustal and mantle material, and 
the formation of polyphase massifs in the upper-middle 
crust. The proposed model of transtensional magmatism 
explains the mechanism of the magma rise along a per-
meable tectonic zone (magma-conducting channel) in the 
mantle lithosphere and crust. Such zones of the Sangilen 
fragment of the Caledonides are the boundaries between 
the Muguro-Chinchilig and Erzin-Naryn blocks.

The depth of formation and structure of the West Sangilen 
massifs are apparently determined by a change in the geo-
dynamic regime. This interpretation of the stages of mag-
matism does not contradict geochemical data on a change 
in the source, which at the first stage represented a depleted  
mantle [Shelepaev et al., 2018]. At the transtensional shear 
stage, the source changed to a deeper and enriched com-
pared to the over-subduction mantle.
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