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ABSTRACT

The volcanic rocks from Cenozoic Trans-Khamar-Daban volcanic zone (TKDVZ) in Rus-
sia and their xenocrysts and crust-mantle xenoliths were investigated by electron micro-
probe (EPMA) and laser-ablation inductively coupled mass-spectrometry (LA ICP MS) and
other methods. They were used to show the composition and reconstructions of struc-
ture of the crust and mantle. Volcanism started from Central Part of ridge at 23 Ma and
distributed to the shoulders (18–16 Ma) rift margins (13–16 Ma) and top of volcanoes
(12–10 Ma), followed by rift valleys (5–2 Ma) and culminated in cinder cones volcanoes
(0.8–0.15 Ma). Lavas evolved from sub-alkali to alkaline basalts and tephrites. Lherzolitic
xenoliths are nearly primitive, having relics of garnets and simplectites which represent
the material of mantle diapirs. The volcanics from Tunka and Dzhida valleys carry abun-
dant cumulate xenoliths related to 2.0–1.0 GPa. The geothermal regimes reconstructed
using electron probe (EPMA) mineral analyses and mineral thermobarometry is close to the
South-Eastern Australian Geotherm (SEA). At the first stage, it shows heating to 1350 ◦C
near Baikal Lake (Sukhoy volcano). The trace elements in the lherzolites are close to prim-
itive mantle being more depleted near Tunka valley and showing ancient subduction re-
lated depletion and hydration in Dzhida. The cumulates show fractionation trends for py-
roxenes, garnets amphiboles. The megacrysts show high La/Yb ratios increasing with Fe#
for clinopyroxenes and garnets and LILE enrichments for amphiboles and Ti-biotites. The
volcanism was caused by deep plume generated with the influence of the subduction from
the Pacific and correlated with the events of India- Eurasia collision.
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Research Highlights

• Cenozoic volcanism and mantle in Trans-Khamar-Daban zone developed in 5 stages 23–0.25 Ma.

• Mantle xenoliths are primitive heated to SEA geotherm, relics of pyropes suggest diapir upwelling.

• Trace elements suggest carbonatite influence and ancient hydration.
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1. introduction

In this paper we are discussing the composition
and deep mantle-crust structure of Trans Khamar-Daban
volcanic zone reconstructed by the material of deep
seated xenoliths and xenocysts from Miocene-Quaternary
basaltic lavas.

In the late Cenozoic, plume basalt magmatism mani-
fested over a vast area of Eurasia [1] and other regions of
the world. In the east [2, 3] and northeast of Asia [4, 5] in
the Western Pacific segment [6], it is spatially conjugated
with modern and ancient subduction zones [7–9] (Fig-
ure 1). The chain of Cenozoic plateau basalts stretching
from Primorye [9] through the Tokinsky Stonovik [10, 11],
Udokan [11], Vitim plateau [12–18], Khamar-Daban [19],
Dzhida Valley [20] Eastern Sayan to Tuva [21] traces the
boundaries of microplates to the north of the closure zone
of the Mongolian-Okhotsk Ocean [22].

Within Transbaikalia and Mongolia, the thickness of
the lithosphere varies according to geophysical data [23].
Basalt fields within Transbaikalia are localized mainly
along the boundaries of the Barguzin microcontinent [24]
(Figure 1). The highest protrusions of the asthenosphere
are also confined mainly to its boundaries. According to
seismic tomography, the mantle structure is formed by
cells in which the hottest areas envelop isometric cold
blocks [25], which can be interpreted as the penetration
of melt or fluid into the cold and rifted lithosphere.

A clear dependence of the localization of alkaline-
basalt fields on the depth of the asthenosphere roof
has not been established. The diagram constructed from
gravimetry data [12, 26] clearly shows that gravitational
minima are projected onto the gentle protrusions of the
asthenosphere established from seismic data. All volcanic
plateaus are confined to roof bends. The protrusions most
likely correspond to mantle diapirs [27]. When they rise,
the melts that are usually present in the upper part are
characterized by slightly higher degrees of melting, and
have less viscosity and mobility than water-saturated al-
kaline melts, which are characteristic of deep levels. The
former, most likely, break through into the crust and, due
to mixing, form intermediate centers of melting above the
roof of mantle diapirs initiated by plume magmas. Due to
mixing with the crustal source, basalts in the upper part
are inevitably transformed into magmas of medium and
acidic composition, which are relatively inactive. Only in
rare cases, for example, on the Udokan plateau [11], hy-
brid magmas of this type penetrate to the surface. More
alkaline melts, which appear at the final stages of plume
development, can penetrate relatively weakened zones
along the periphery of mantle diapirs. They can form ring
structures, penetrating along marginal faults that flare the
protrusions of mantle diapirs which intrude the base of
the Earth’s crust proposes options for the formation of
ring structures with the conjugate development of magma
chambers and mantle diapirs.

Figure 1. Distribution of the Trans-Khamar-Daban volcanic zone and adjacent areas. The localities are marked by violet
stars and their ages in Ma are given in red. (1) Volcanic centers and their ages. (2) Basalt covers. (3) Basaltic dykes.
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In this article we give the information about the Trans-
Khabar-Daban volcanic zone, which crosses the mountain
area 200 km from the Tunka Valley at the north to the
Dzhida Valley at the south. This work includes the data
concerning the chemistry of the rocks and minerals for
host lavas and their crust and mantle xenoliths, the ther-
mobarometry of mantle inclusions and geochemistry of
minerals of deep-seated inclusions, and the dating of zir-
cons from granulites as well.

In this paper, we are summarizing the investigations of
the Trans-Khabar-Daban volcanic zone which crosses the
mountain area 200 km from Tunka valley at the north to
Dzhida valley at the south. We are adding new data for the
geochemistry of mantle xenoliths and xenocryst to evalu-
ate the chemistry of the rocks and minerals for host lavas
and their crust and mantle xenoliths. We show the detail
thermobarometry of mantle inclusions using new data in-
cluding new finding garnet bearing pyroxenites and peri-
dotite inclusions in several localities (Karierny, Margasan)
and systematically describe the geochemistry of minerals
of deep-seated inclusions, and ages of zircon grains from
the granulite to understand the genesis and tectonic sig-
nificance. Such crosses of TKHVZ were not earlier repre-
sented in the scientific literature and high amount of data
are completely new.

2. Geology

2.1. Trans-Khamar Daban Volcanic Zone Location

Late Cenozoic plume-related magmatism occurred
widespread over Eurasia. The Trans-Khamar Daban vol-
canic zone (TKDVZ) is the part of the huge area of Central
Asia from Tuva in the Sayan Mountains to Primorye cov-
ered by Cenozoic flood basalt volcanism. At the western
border it contacted the Khubsugul area in Mongolia [28];

in the northwest the continuation is found in Zabit, another
area in Eastern Sayan [29], and in the south there are vol-
canic fields between the Selenga and Orhon rivers. And
further, it goes to the Khangai Ridge [30] (Figure 1). The
creation of the volcanic TKVZ is the sub-meridional ∼200
structure that starts from the Arshan area in Tunka valley
[31, 32] and goes to the south through the valleys to the
Margasan River to the Tumusunsky and Margasanskaya
sopka volcanoes (Figure 2) [15, 33, 34]. Further, this part
of the TKVZ continues at the southern slope by Khamney
and Tsakirka valley basalts carrying mantle xenoliths. And
the southern margin is finished by the Bartoy volcanoes
near the Dzhida valley [20, 35, 36].

At the Khamar-Daban xenolith-bearing basalts are
known in 5 age intervals. At the base in the center of the
plateau, having 400 m in thickness [15] under the Tumusun
volcano (23 million years), in the valleys of the Khubutui
and Tsakirka rivers (18.1 million years) [13] in the south,
and in the Komar ridge [13, 15, 31] covering lava flows and
the Sykhoy volcano in the north, there are lherzolite inclu-
sions [15] (Stage I). The host lavas are everywhere in Mg-
basanites (Figure 3, sign 1). The pack of lavas under the
Tumusunsky volcano is composed of flows of Hy-standard
lavas from below, then alkaline basalts (up to 20 m) with
megacrystals of anorthoclase. The interbedding of subal-
kaline and alkaline basalts is completed by the formation
of basanites with a variety of cumulative and rare lherzolite
inclusions (16–17 million years) (Stage II). The top volca-
noes at the center of the ridge and slopes were created
at the (Stage III) 13–10 Ma. The post-erosion lava flows
were concentrated at the valleys and the slopes (5–2 Ma).
The cinder cone volcanoes and associated lava flows de-
veloped on the margin of the Khamar-Daban plateau in rift
valleys (Stage V) [12, 13, 15, 20, 31, 35, 36] (Figure 2).

Figure 2. The cross-section of the central part of the Trans-Khamar-Daban zone near Tumusunsky volcano [15]. (1)
Horizons with mantle xenoliths. (2) Tumusun volcano extrusive center. (3) Basaltic lava sequence. (4) Volcanic tuffs. (5)
Proterozoic gneisses. (6) Slopes covered by vegetation.
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Figure 3. Total alkalis—Silica (TAS) diagram and variation diagram for the composition of lavas from the Trans-Khamar-
Daban volcanic zone [15]. (1) Bartoy. (2) Tunka Khobok. (3) Central TKHVZ, lower lava series. (4) Upper lava series
with xenoliths. (5) Basal flow lava series with xenoliths. (6) Sukhoy, Karierny, Tumusunsky and Margasanskaya sopka
volcanoes.

2.2. Tunka Valley

The ages of the Sykhoy volcano (16.4 million years
(Ma) [13, 15] and the Karierny volcanoes at the marginal
faults of the rift are about 13 Ma [31, 32]. After them,
with a significant break, there are intrusions and tephra

deposits from the volcanoes Margasanskaya Sopka and
Tumusunsky [13, 15, 33, 34] (11.9–10 million years). The
dykes and xenoliths bearing basalt flows in the Khobok
River in the Tunka Valley are about 8–9 Ma [13, 15, 31]
(III stage). Post-erosion flows (IV) are known on the north-
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ern (8 to 2 Ma) [15, 32] and southern (5–2 Ma) slopes
of the ridge [13]. Tephra cinder cone volcanoes of 1.5–
0.8 million years old with rare mantle xenoliths containing
megacrysts of various mega- and xenocrystic pyroxenes,
amphiboles (Amph), and phlogopites (Phl), as well as pre-
vailing pyroxenites and crustal xenoliths, are localized in
the Tunka valleys at the northern slope of the ridge, mainly
to the west from the Elovsky spur covered by the earliest
lava sequence [15].

2.3. Dzhida Valley

In Dzhida zone in the southern part of TKDVZ the val-
leys of Dzhida rivers and their tributaries are covered by
the post-erosion basalts sometimes associated with the
volcanoes. The basalts have ages 8–5 Ma and the most
young Bartoy volcanoes were dated as 0.5 Ma [13, 35, 36].

3. Petrography of Mantle Zenoliths

The petrography of xenoliths Trans-Khamar-Daban
zone shows much variation [15, 29–36]. They are relat-
ing to both black (Fe–Ti enriched, basaltic derivates) and
green (Cr-bearing mantle) types [36]. At the central part
of the volcanic ridge of the Tumusunsky and Margasan-
skaya sopka [15, 35, 36] volcanoes, primitive lherzolitic
xenoliths with foliation texture dominate and have orthopy-
roxene (Opx) (5–10%), clinopyroxene (CPx) (10–20%),
olivine (Ol) chromium spinel (Cr–Sp) (1–3%) as major
minerals and phlogopites (Phl) (1–3%) s and amphiboles
(Amph)(1–2%) as secondary. They sometimes form pink
aggregates and symplectites after garnet (Gar). In addi-
tion, we found large amount of Sp-Cpx simplectites having
rounded outlines after garnet in pyroxenites. Basaltic flows
at the base of the volcanic sequence section by the Tu-
musunsky volcano also contain lherzolitic xenolith slightly
more Ol-rich and less foliated. The xenoliths-bearing lava
horizons (more silica rich and grey and bluish in color are
located in the upper part of the volcanic section (Figure 2).
They mostly contain cumulative plagioclase-bearing py-
roxenite inclusions compiled by plagioclases (Pl) and Ti-
augites in different proportions +Sp. Dark-green colored
pyroxenites with spinel are also found there. Granulites
represented by Gar-Pl -Amph-Opx and Cpx rocks also oc-
curs.

The location of lavas with the mantle xenolith and
pyroxenites inclusions were found in the Margasan river
close (30 km) to the Tunka valley near the mouth of the
Marta River. Here there is a dyke which contains a large
number of green Cr-bearing inclusions -lherzolites and py-
roxenites sometimes also containing pink and symplectitic
aggregates. There are also black and green (Cr-bearing)
pyroxenites with pyrope garnets newly found there. Among
the megacrysts there are pyrope almandine garnets, Al–
Ti-augites and ilmenites and anorthoclases increased in-
terest in eruption prediction and volcanic hazard mitiga-
tion, which also requires monitoring these magmatic sys-
tems and understanding the associated fluid migration and
deformation processes. To mitigate the impact of volcanic

events, it is essential to improve eruption forecasts through
innovative observations, advanced methods, and refined
models of volcanic processes. Observations through geo-
chemical and geophysical techniques enable the study of
volcanic processes across scales, from the microscopic
(e.g., magma crystal content) to the macroscopic (e.g.,
lava flow paths).

In Sukhoy volcano on the Kamar ridge located
12 km south of the of Slyudyanka [15, 32] there are
Sp-lherzolites, and various black pyroxenites essentially
Ti-augitic. At the southern slope of Khamar-Daban lher-
zolite xenoliths and Ti-augite megacrysts were found in
the lava flows covering valley of Khamney and Tsakirka
Rivers. In the Tunka valley near the Arshan resort on the
Khobok River, various inclusions of both black and green
types [15] have been described [12], and both spinels and
plagioclase- bearing pyroxenites prevail, chromium lher-
zolite are extremely rare among xenoliths found mainly
in volcanoes that surround the Arshan from the south.
A large number of deep-seated inclusions were selected
at the quarry of Karierny volcano 30 km to the west of
Lake Baikal. Th light-green dry lherzolites are abundant
in this locality [33]. In addition, a variety of pyroxenite has
been found. Some Cr-bearing pyroxenites contain garnet
together with spinel. The black pyroxenites show high vari-
ations in composition petrography and texture. Some gar-
net granulites were also found in this location.

Very diverse inclusion set is found in lavas and tuffs of
Bartoy volcanoes [15, 20, 35, 36]. The spinel lherzolites of-
ten contain mica and amphiboles. The diverse pyroxenites
of Cr—types with spinels and sometimes hydrous phases
and of black types are also widespread. In the megacrystic
set there are Ti–Al augites, almandine-pyropes, kaersutitic
amphiboles Ti-biotites, alkaline feldspars, Ti magnetites
and ilmenites, corunds, rutiles and rare zircons also occur.
The megacrystic phases are often in intergrowths up to
10 cm in diameter. There are complex nodules presented
the contacts of various petrographic groups. The granulite
xenoliths with and without garnets are also diverse.

In the Sukhoy volcano on the Kamar ridge, located
12 km south of Slyudyanka [15, 32], there are Sp-
lherzolites and green (Cr-bearing) pyroxenites with garnets
and various black pyroxenites with garnet plagioclase and
spinels have been discovered there. Contacts between
lherzolites and pyroxenites are observed very often.

At the southern slope of Khamar-Daban, lherzolite
xenoliths and Ti-augite megacrysts were found in the lava
flows covering the valley of the Khamney and Tsakirka
Rivers.

In the Tunka valley near the Arshan resort on the
Khobok River, various inclusions of both black and green
types [15, 32] have been described, and both spinel-
and plagioclase-bearing pyroxenites prevail. The lherzo-
lites with the Cr-diopsides are extremely rare among xeno-
liths and were found mainly in volcanoes that surround the
Arshan from the south and in Khobok volcano.

A huge number of deep-seated inclusions were se-
lected at the quarry of Karierny volcano 30 km to the west
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of Lake Baikal. The light-green lherzolites sometimes with
amphiboles and micas are abundant there [12, 33]. In ad-
dition, a variety of pyroxenites has been found. Some Cr-
bearing pyroxenites contain garnet (new finding for this ar-
ticle) but mostly spinel. The black pyroxenites show high
variations in composition, petrography, and texture. The
garnet granulites were also found.

A very diverse inclusion set is found in lavas and tuffs
of Bartoy volcanoes [15, 20, 35, 36]. The spinels lher-
zolites often contain mica and amphiboles. The diverse
pyroxenites of Cr-types with spinels and sometimes hy-
drous phases and of black types are also widespread. In
the megacrystic set there are Ti–Al augites, almandine-
pyropes, and kaersutitic amphiboles. Ti-biotites, alkaline
feldspars, Ti-magnetites and ilmenites, and rare zircons
also occur. The megacrystic phases are often in inter-
growths up to 10 cm in diameter. There are complex nod-
ules presented in the contacts of various petrographic
groups. The granulite xenoliths with and without garnets
are also diverse.

In TKBVZ fresh pyrope garnets were not found in the
lherzolites like in was found in Vitim [14, 15]. Khentei [30]
and Eastern Sayan [29, 37] but we found them in Cr-
pyroxenites of Karierny and Margasan river dyke and the
first mention is in this artickle.

4. Methods of Investigations

4.1. Electron Probe Microanalysis

The minerals from xenoliths were put in epoxy mounts
and also the polished thin sections were prepared. They
were analyzed in the Analytic Center of IGM SM RAS
using electron microprobe analysis (EPMA). It was per-
formed using Camebax Micro and Jeol JXA8320 appara-
tus according to the published procedure [38]. The sizes
of the electron beam were 1 µm. The accelerating voltage
was 15 kV, and the beam current was 15 or 20 nA with
15 s counting time. The relative standard deviation did not
exceed 1.5%; the precision was close to 3–5% 2 sigma
error.

4.2. Scanning Electron Microscopy

In addition minerals in thin sections were analyzed
using a MIRA 3 LMU scanning electron microscope with
an attached INCA Energy 450 XMax 80 microanaly-
sis energy-dispersive system (SEM-EDS) at the X-ray
Laboratory of the Institute of Geology and Mineralogy,
Siberian Branch, Russian Academy of Sciences (analysts
Ashchepkov I.V., Karmanov N.S.). See Supplementary
File S2.

4.3. X–Ray Fluorescence Silicate Analysis

The bulk rock analyses of the rock powder were ob-
tained by X-ray fluorescence silicate analysis of rocks for
major components—Na2O, MgO, Al2O3, SiO2, P2O5, K2O,
CaO, TiO2, V2O5, Cr2O3, MnO, Fe2O3, NiO, BaO, and

volatile losses—and were used to estimate bulk rock com-
positions of basalts and xenoliths. They were analyzed in
the Laboratory of X-ray Spectral Methods of Analysis IGM
SB RAS using an X-ray fluorescence spectrometer ARL
9900XP (Thermo Fisher Scientific) with sample prepara-
tion equipment: a KATANAX X-300 electrothermal three-
position furnace and a HERZOG HTP-40 press. The re-
sults satisfy the third accuracy class with lower limits of
the determined contents of 0.1–0.00n. The analyses are
in the Supplementary File S2.

4.4. Inductively Coupled Mass Spectrometry with Laser Ablation

(LA ICP MS)

Mineral grains of clinopyroxenes, orthopyroxenes, am-
phiboles, garnets, feldspars, olivines, phlogopites and bi-
otites, and amphiboles from the concentrate of grains from
xenoliths of TKVZ (70 grains) were analyzed by laser abla-
tion inductively coupled plasma mass spectrometry (LA-
ICP-MS) in the Institute of Geology and Mineralogy SB
RAS using an iCAP Q mass spectrometer (Thermo Sci-
entific, Waltham, MA, USA) and an NWR 213 (New Wave
Research), Nd YAG:UV 133 nm laser ablation system (an-
alyst N.S. Medvedev). The method has a detection limit of
∼10−7, and the standard deviation of the measurements
for most isotopes was about 10–25%. In total, 54 isotopes
of elements were analyzed. The NIST 612 and 610 SRMs
were used as the standards. For the internal control, 24Mg,
29Si, 39K, 47Ti, 55Mn, 52Cr, 40Ca, 27Al, and 23Na iso-
topes were used to check agreement with EPMA analyses
and to estimate the trace element level. The 40Ca isotope
was used for the normalization of the initial values. Ad-
ditionally, garnets and clinopyroxenes from samples 315–
254, 315–167, and 315–73 were analyzed in MRAC Bel-
gium by solution ICP-MS [39] and were used as internal
standards. In addition, we used the LA ICP MS analyses
of mineral grains from xenoliths of TKVZ made previously
using the Element II mass spectrometer. The analyses are
in Supplementary File S3.

4.5. Isotopic Dating using LA ICP-MS of Zircons from Xenoliths

and Concentrates from Volcanic Tuffs

The detailed mineral compositions of (>900) grains
in or the dating of the same inductively coupled mass
spectrometry with laser ablation aniCAP Q mass spec-
trometer (Thermo Scientific) and an NWR 213 (New
Wave Research) were used. For dating, isotopes 235U,
238U, 207Pb, and 205Pb, and in addition 206U, 208U,
232Th, 171Zr, and 177Hf were analyzed. The time for
measurements of each sample was 90 s. Isotopic ratios
of 207Pb/235U and 206Pb/238U after the subtraction of
blanks were used for the age calculations, projecting them
on the Concordia line. As the standards, the Ples̆ovice
[40], SA-01 [41], and Mud tank [42] were used as well
as NIST610. The age was determined using the Isoplote3
program [43]. See Supplementary File S4.
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5. Bulk rock Compositions of Volcanic Rocks and

Ages

All basaltic lava series in TKVZ were dated by K–Ar
and Ar–Ar methods and divided into 5 age intervals [13].
In the center of the plateau (Figure 2), under the Tumusun
volcano, the xenolith-bearing Ol-alkali basalts are found at
the base of the 400 m thick lava flow [15] at the south and
north from the volcano were dated 23 Ma. Tephra coats
from the volcanoes Margasanskaya Sopka and Tumusun-
sky (10–11.9 million years old) [13] lie on them with a sig-
nificant break. In the north, in the Sykhoy (16 Ma) volcano,
the Komarsky cover is in the north, and in the Karierny
volcano (15–13 Ma), Mg-sub-alkali basalts contain lher-
zolite inclusions (Figure 3). Total Alkalis-Silica (TAS) dia-
gram and variation diagram for the composition of lavas
from the Trans-Khamar-Daban volcanic zone everywhere
(III stage). Post-erosion flows (IV) are known on the north-
ern part (Margasan River) (from 8 to 2 million years old)
[13, 15], and the southern slopes of the Khabar-Daban
ridge lava flows and dykes mainly trace river valleys (5–
2 million years old). Abundant latest cinder cone volca-
noes and accompanied dykes and flows of various al-
kaline basalts, basanites, hawaiites (tephrites), and mu-
jeirites (phonotephrites) (0.12–0.8 million years old) with
diverse xenoliths are localized in the Tunka and Dzhida
valleys (with Amph and Phl) on the northern and south-
ern parts of the basaltic plateau, respectively (V stage).
The most varying in composition of lavas are occurring in
Bartoy volcanoes. Variations of the lava compositions of
the Khamar-Daban volcanic zone are shown in the dia-
gram (Figure 3). In general, there are continuous varia-

tions of lavas in other regions of the Baikal Rift zone [11–
13, 15, 21, 31, 32, 37]. See Supplementary File S1.

6. Bulk Rock Compositions of Mantle and Crust Xeno-

liths

6.1. Variations of Xenolith Bulk Rock Compositions from TKVZ

The variations of the xenolith bulk rock compositions
from TKVZ presented in the diagram (Figure 4) show a
rather restricted range of the common spinel peridotites
prevailing in TKVZ. They show the SiO2 range from 41 to
46, extending to 47 wt% for reactional association, show-
ing a small increase in CaO to 7 wt%, Al2O3 to 8 wt%,
alkalis Na2O to 1.5 wt%, and TiO2 to 0.7 wt% with FeO
to 11 wt%. The other rocks may be divided into cumulates
from mostly basaltic melts and crustal xenoliths divided by
the inclined lines at ∼48 SiO2 wt% (Figure 4A).

6.2. Variations of Xenolith Bulk Rock Compositions from Bartoy

Volcanoes

Bartoy xenolith bulk rock variations are presented in
the next diagram (Figure 4B). The lherzolites were subdi-
vided into groups according to indicator minerals—Amph-
bearing, Amph-Phl-bearing, Phl—bearing and dry types.
The dry group are at the center 44–46 SiO2 wt%. The
Amph-Phl are also at the center but are slightly higher in
alkalis and TiO2. The Phl-bearing are a bit more FeO and
SiO2, K2O enriched. Pyroxenites are essentially higher in
CaO and Al2O3 and TiO2 and highly varying in SiO2. The
crustal xenoliths contain more than 50 wt% SiO2.

Figure 4. Bulk rock composition of xenolith from: (A) Trans-Khamar-Daban volcanic zone: (1) Karierny. (2) Khobok. (3)
Margasan. (4) Bartoy. (5) Khamney. (6) Khamar-Daban center. (B) Bartoy volcanoes. (1) Dry Low temperature Lherzo-
lite. (2) Amph Lherzolite. (3) Amph-Phl Lherzolite. (4) Phl Lherzolite and Metasomatites.
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7. Mineral Chemistry of Mantle and Crustal Xenoliths

7.1. Clinopyroxenes

The Cpx from xenolith are separated into the four ma-
jor large groups in the diagrams. The typical mantle xeno-
liths (group 1) are forming the trend from 1.5 to 3.5 wt%

FeO (Figure 5), which is accompanied by the growth of
Al2O3 to 9 wt%, Na2O to 3 wt%, and TiO2 to 2.5 wt% and
the decrease of Cr2O3 from 1.75 to 0. For the mantle meta-
somatites (group 2), FeO is extending to 5.75 wt%. The
clinopyroxenes show slightly lower content of minor com-
ponents than those from group 1 (Figures 5 and 6).

Figure 5. Variation diagram for the clinopyroxenes from TKVZ. (1) Karierny. (2) Khobok. (3) Margasan. (4) Bartoy. (5)
Khamney. (6) Khamar-Daban center.

Figure 6. Variation diagrams for: (A) Garnets: (1) Khobok. (2) Karierny. (3) Margasan. (4) Bartoy. (B) Amphiboles: (1)
Khobok. (2) Karierny. (3) Bartoy.
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7.2. Garnets

Garnets are also represented by the transitional vari-
eties, 1–2 grains in each locality. They show up to 0.7–1.3
wt%. Cr2O3 is in the Karierny volcano and much lower in
the Bartoy and Margasan localities, while TiO2 varies from
0.15 to 0.3 wt% and CaO from 4 to 5 wt% (Figure 7A).
In megacrysts the TiO2 is rather high—0.9–0.6 wt%—and
the Cr2O3 is low, 0–0.2 wt%. Pyroxenites and granulites
display highly varying CaO (1–10 wt%) and an absence of
Cr2O3 and TiO2.

Group 3 mantle megacrysts and pyroxenites demon-
strate very high growth of Al2O3 to 14 wt%, TiO2 to 4
wt%, and Na2O to 3 wt% near 9 wt% FeO but a decrease
of Cr2O3 to 1 wt% or less. The crustal pyroxenites and
granulites vary highly in SiO2. The crustal xenoliths con-
tain more than 50 wt% SiO2 (group 4) with FeO >10 wt%
shows a general smooth decrease of the same compo-
nents (TiO2, Al2O3, Na2O) during FeO growth from 10 to
16 wt%. The highest variations reveal the Cpx from Bartoy
and slightly fewer samples from the Karierny volcanoes.
Those from Margasan reveal similar fluctuations within the
first 2 groups but are less megacrystic. Clinopyroxenes
from Khobok volcano mainly represent 2 groups. And two
sites from the Center of Khamar-Daban display only lher-
zolitic clinopyroxene variations.

7.3. Orthopyroxenes

The variations of Opx in general represent mainly vari-
ations of the lherzolitic compositions from 4 to 8 wt% FeO
They have 1–18 wt% Cr2O3 and Al2O3 to 9 wt% and to
1.1 wt% TiO2 decreasing with FeO growth. The reactional

orthopyroxenes (8–11 wt% FeO) show 0.8 wt% TiO2 and
0.9 Ti, and the Cr2O3 megacrystic suites reveal 11–16.8
wt% FeO, 0.35–0.15 Cr2O3, and 0.7–0.5 wt% TiO2. The
pyroxenitic varieties are much lower in Cr2O3 and some-
times are high in TiO2 to 0.8 wt%. All complete groups
are represented in xenoliths from the Bartoy and Karierny
volcanoes also, but they are much lower in all admixtures;
the Margasan xenoliths are represented by one transitional
garnet and two megacrystic grains.

7.4. Amphiboles

Amphiboles from xenoliths from the Bartoy and Kari-
erny volcanoes display similar variations, but those from
Bartoy are more variable. The xenoliths of lower crust
granulites contain quite various amphiboles. The subdi-
vision of amphiboles was made according to published
nomenclature [44]. The main trend starts from the typical
hornblendes to edenites with the decrease of Al from 3 to
1 formula units (f.u.); the deviations to the higher Al values
are found for several amphiboles, mainly from the Vitim
xenolith (Figure 7B). The continuation with the higher Si
values was determined for several K–Na richterites from
Vitim and some actinolites from Tunka. This range is ac-
companied by the essential decrease of the Ti, highest for
the hornblendes frequent in Bartoy (up to 1 formula unit)
and rapidly decreasing for pargasites and other varieties.
Mg is varying and is splitting with the Si rise according to
deviations to alkaline and Ca branches. The Ca content is
nearly constant to edenites and then rapidly decreases.
The alkalis (Na+K) are decreasing together with the Al
content and silica growth, though there are some devia-
tions.

Figure 7. PTX diagram for the xenoliths and xenocrysts of volcanic rocks from TKDVZ. Signs: (1) Opx: T ◦C [45]-
P (GPa) [46]. (2) Clinopyroxene: Peridotites: T ◦C- [47], - P (GPa) [48]; (3) Clinopyroxene: Pyroxenite: T ◦C [47], P (GPa)
[48] for pyroxenites. (4) The same for granulites; (5) Garnet (monomineral) T ◦C [49] - P (GPa) [48], (6) Amphibole: T ◦C
[50] P (GPa) [51]; (7) The same for granulites. (A) Khobok Dyke and volcano; (B) Karierny volcano; (C) Sukhoy volcano;
(D) Central Khamar-Daban; (E) Margasan flow and dyke; (F) Bartoy volcanoes The horizontal dashed line at 3.5 and
4.5 GPa corresponds to the Graphite-Diamond boundary at 35 and 40 mW m2 respectively. Conductive geotherms after
[52].
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8. Thermobarometric Reconstructions

8.1. Tunka Valley and Kamar Ridge

Khobok volcano in the Tunka valley near the Arshan
resort is one of several small cinder cone volcanoes with
xenoliths. The most abundant in xenoliths locality dyke is
located on the Khobok riverbank near the Kovrizhka vol-
cano [15, 31]. Rare green Cr-diopsides from xenolith give
1.7–1.1 GPa and a location about 100–150 ◦C below the
South East Australia Geotherm (SEA) geotherm [53]; only
one gives a very high-temperature (HT) ∼1300 ◦C posi-
tion. The black, commonly Sp-Mgt-bearing clinopyroxenes
give the pressures from 1.8 to 1.0 GPa and highly vary-
ing temperatures, locating near the SEA geotherm at the
higher depth and variations from 700 to 1200 ◦C near and
at the Mono boundary. The black pyroxenites just above
the Moho at 10–7.5 GPa also show variations from 650
to 1100 ◦C. Further above 0.7 GPa are located the es-
timates for the amphiboles from amphibolites; they are
grouped near the SEA. In P–Fe#, the lherzolitic miner-
als are grouped near 0.1 Fe#. The megacrystic-pyroxenitic
range rises from 0.12 to 0.3, and the cumulates in and
above the Moho vary from 0.15 to 0.35, while the amphi-
bolites go to 0.6 and more (Figure 7A).

Karierny volcano. The PT conditions in the PTX di-
agram for the Karierny volcano [12, 32] in the eastern
part of the Tunka valley show the pressure range from 2.2
GPa to Moho. The enstatite-Cr-diopside branch trace SEA
geotherm and lowering up to ∼170 ◦C at 1.7–2.0 GPa. The
heating at the mantle base is very high, up to 1250 ◦C (Fig-
ure 7B). And even at the upper boundary of the Moho, the
Fe-rich pyroxenites (granulites) are heated to 1200 ◦C. The
estimates for the Cr-bearing hornblendes and pargasites
are tracing the Cr-diopside branch from 1.7 GPa to Moho;
the PT for kaersutites and pargasites from pyroxenites
duplicate the estimates for Ti-augites. In crust conditions
starting from 0.8 GPa are the pyroxene and amphibole es-
timates. There are two PT estimates for the Ct-bearing
garnets from pyroxenites showing variations from 1.4 to
1.9 GPa plotting on the lower temperature geotherm. They
are plotting above the Gar-Sp transition, but this boundary
is for the lherzolitic compositions, but these samples are
Cr-pyroxenitic. The megacrystic trend for CPx shows a rise
of Fe# from 0.15 to 0.25 when reaching the Moho and then
rises to 0.5 Fe# trace common SEA plum geotherm and
becoming lower with pressure (Figure 7B). The megacrys-
tic trend for CPx show rise of Fe# from 0.15 to 0.25 when
reaching Moho and then are rising to 0.5 Fe#.

Sukhoy volcano. The Cr-bearing lherzolitic minerals
with high Fe# are very high temperature and represent
the contact associating s giving up to 1350 ◦C locating far
above the SEA geotherm. But common Cr-diopsides trace
the low temperature branch from 1.7 GPa to 1.5 GPa (Fig-
ure 7C).

8.2. Central Part of Khamar-Daban Ridge

Tumusun volcano. In the central part of the ridge in
the Tumusun volcano, the lherzolitic inclusions trace ex-

actly SEA according to the orthopyroxene [46] from 1.9
to 1.4 GPa. The clinopyroxene PT estimates reveal more
scattering (Figure 7D).

Khubutui lava flow. The xenolith from this location
demonstrates nearly the same PT plot (slightly lower in
pressure) as the lherzolitic xenoliths from the southern part
of TKVZ.

The Margasan lava flow and dyke from the Margasan
River near it in the northern part of the Khabar-Daban
range give a more continuous TP range from 2.3 GPa to
Moho, showing the division into three clots and continuous
Fe# growth of 0.07–0.13. The megacrystic PT reveals a
sub-adiabatic trend of 1230 ◦C from the base to the Moho
and Fe# growth of 0.15–0.2. The pyroxenites above the
Moho reveal higher Fe# variations (Figure 7E).

8.3. Dzhida Valley

Bartoy volcanic group. The mantle material is more
regularly heated, and enstatites and Cr-diopsides, to-
gether with the Cr-hornblendes and rare pyroxenitic gar-
nets, just follow SEA geotherm. There is a subparallel
lherzolitic trend with the temperatures about 50–100 ◦C
or lower. The lherzolitic PT estimates traced by both py-
roxenes are also followed by the PT points of Cr-bearing
amphiboles and garnets from the reactional peridotites
formed at the contacts (Figure 7F). At the base of the man-
tle column (∼2.0 GPa), the geotherm shows the vast heat-
ing range from 1350 to 900 ◦C, reflecting the interaction
of the basaltic melts with the peridotites. The pyroxenitic
branch starts at 1250 ◦C and goes to 950 ◦C at the Moho
boundary and is even introduced into the crust to 0.5 GPa.
It is also traced by the PT points for the pyrope and kaersu-
tite megacrysts. The pyroxenitic PT estimates at the Moho
show a range from high temperatures to ∼650 ◦C. The PT
points for the crust amphiboles are mostly lower in tem-
perature than SEAG, but there are spots continuing the
megacrystic geotherm.

The P–Fe# plot shows the separate subvertical line for
lherzolites and 0.09–0.11 Fe# for enstatites, Cr-diopsides,
and Cr-amphiboles. The rather wide range of 0.09–1.6
GPa from the base of the mantle column reflects interac-
tion with basalts at the base; it is poly-mineral, and the
upper part is represented by garnets, amphiboles, and or-
thopyroxenes. The trend of the megacryst melts differen-
tiation of 0.2–0.35 Fe# from BMC to Moho is represented
by Cpx, Opx, and Gar. The high-pressure range at BMC to
0.4 Fe# is formed in the crystallization in the lower cham-
ber.

9. Geochemistry of Minerals

9.1. Karierny Volcano

The clinopyroxenes from peridotites from this site [32]
analyzed in this paper show a bit different patterns of trace
elements than presented earlier [12, 33]. Two clinopyrox-
enes from typical spinel lherzolites reveal the flattened
REE pattern of ∼10/PM (primitive mantle, according to
[54] (Figure 8A, open squares), slightly concave or con-
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vex in the LREE part. They show small minima in Zr–Hf
and one deep minimum in Ta–Nb in the multicomponent
trace element spider diagram (MSD). The others display
flattened REE from Lu to Sm and small minima in Eu and
elevated left part to (15–120)/PM part. They show nearly
the same left part of MSD with minima in Ta–Nb; only one
shows a Zr peak and another one in Sr. But most of them
show high peaks in Th–U (U is higher), which is typical for
carbonatitic metasomatism [55]. These patterns are simi-
lar to those from the work of Ailow [32], but ours are more
flattened. There are three samples with the inclined HREE
part to Lu/PM at 0.7 and 1.6 (open rhombs), similar to REE
patterns from garnet lherzolites and MSD-like spinel lher-
zolites. One amphibole reveals nearly the same elevation
in LREE to the 16/PM pattern, but in MSD all the left parts,
including large ion lithophile elements (LILE), are higher at
(14–15)/PM without minima in Ta–Nb.

9.2. Margasan Lava Flow

The clinopyroxenes from spinel lherzolites of Mar-
gasan lava flow show the flattened and slightly concaved

REE diagrams slightly above 10/PM. On MSD they have
also flattened right part to Ta ab minima in U peaks in U
and lowered left part. Two of clinopyroxenes display the
LREE depleted starting from Sm diagrams. At the MSD
they have also lowered jugged left parts (Figure 8B). One
of the Opx show concaved patterns with La at 1.3/PM and
Lu ∼11/PM with the peak in Eu. At MSD they also show
concaved to U distribution and peaks in Th and Rb. The
other Opx reveal coinciding from Lu to Tb patterns and fur-
ther depleted to Ce but elevated La-diagram. At the MSD it
has lowered left part fluctuated near 1/Pm a relative peak
in Nb. All minerals have strong peaks in Pb ∼ above 10–
15/PM.

9.3. Tumusunsky Volcano

Four clinopyroxenes from the Tumusun volcano also
show flattened REE patterns at 10/PM and depleted in
LREE from Sm except for one sample at the MSD they
also flat distribution till Ta and then one has peak in Nb the
others show Th–U peaks.

Figure 8. REE and TRE spider diagrams for the minerals from xenoliths from: (A) Karierny volcano. (B) Margasan
dyke and flow. Bartoy volcanoes: (C) lherzolites; (D) amphiboles; (E) pyroxenites and megacrysts; (F) micas, feldspars
basaltic glass; (G) garnets. Normalization to [52].
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For the bulk rock compositions [33] they reveal similar
flattened distributions but near 1/PM and at the MSD they
reveal flattened distributions.

9.4. Bartoy Volcanoes

The lherzolitic Cpx from Bartoy volcanoes have nearly
flat REE patterns at 10–12/PM, and one of them has a
slightly convex MREE with a small peak in Eu (Figure 8C).
But at the MSD they differ. Most of them show minima in
HFSE and low LILE but elevated Th–U and Sr. One sample
has a completely flat pattern. And those with concave REE
display a gradual decrease of left apart and small minima
in Zr–Hf. The orthopyroxenes show S-type REE distribu-
tions with the peak in Nd at 0.3/PM. He MSD shows strong
peaks in Sr, Pb, and Zr–Hf and smaller ones in Th, U, and
Nb.

The Cpx from common black pyroxenites display
rounded La to Nd and inclined Prn (50–70) to Lun (12-
3) patterns with the spreading HREE. In MSD, they reveal
minima in Ta–Nb and fewer in Hf-Zr and Ba peaks (Fig-
ure 8D). The megacrystic (megapyroxenitic) minerals of
the Bartoy volcanoes have their individual characteristics.
REE patterns of the Ti augites are similar in shape to those
from Vitim [12, 14], showing asymmetric bell-like REE pat-
terns with slightly elevated humps with peaks in Sm. But
in MSD they reveal minima in Zr ≪ Hf but Ta–Nb peaks
and again depressions in Th–U and strong peaks in Ba.
The Cr-bearing hydridic pyroxenites also display asymmet-
ric bell-like patterns but with the flattened hump from Ce to
Sm, ∼15–12 at peaks. At the MSD they show deep min-
ima in Ta–Nb. And LILE is smaller in Zr–Hf. But they have
elevated U-Th ratio.

The kaersutite reveals a more LREE-enriched, nearly
lineal REE pattern with Lan at 80/PM. It shows a simi-
lar MSD pattern as clinopyroxene but with depression in
Ta–Nb. The Ol megacrysts also reveal a similar humped
REE pattern with the top at Smn (5/PM) and the very low
left part of the MSD. The REE of another kaersutitic am-
phibole inclined slightly concave in MHREE patterns with
La/Sm at 150–120 and Lu at 12–14; in MSD they display

elevated LILE up to 140–170 for Rb and are also high in
Ta–Nb–Th–U and fluctuated Pb and Zr–Hf. One parasitic
amphibole shows the flattened slightly concave patterns
∼(12–10)/PM, and in MSD it shows Rb ∼ 120 and also
peaks in U, Pb, Sr, Zr, and Hf (Figure 8E).

The alkali anorthoclase feldspar shows a highly in-
clined concave HMREE pattern from La/PM ∼ 100 to
Lu/PM ∼ 0.1 with a high Eu peak. The MSD shows Ba-
Rb-Sr and Au peaks and low HFSE. One Ti-biotite show in-
clined rising from Lu to Al ∼ 12/PM REE pattern. The phlo-
gopite displays very low La/PM (∼1.2) and Lu/PM (∼−0.1)
concave REE patterns. And in MSD they show high LILE
(∼1000/PM) and Nb–Ta and Sr peaks but minima in Th–U.
Basaltic glass displays an inclined REE straight-line pat-
tern with La/Ybn ∼ 10. And a gentle convex MSD pattern
(Figure 8F).

The garnets of the almandine-pyrope type from the
megacrystic group reveal very high HREE (100–70)/PM
and a gradual lowering of REE to La/PM ∼ 0.08–0.13) with
the small inflection in Eu. At the MSD they show fluctuated
left parts with elevated U-Nb and lowered LILE. The gar-
nets from hybrid pyroxenites show flat or even rising Pr–
Ce–La ∼(3–6)/PM. One garnet shows even rising from Lu
to Eu and then abrupt lowering to La. In the MSD, the show
low HFSE and LILE (Figure 8G).

10. Results of U-Pb Isotopic Dating of Zircons

We obtained the ages of the 6 zircon grains from
the tuffs of the Bartoy volcano. They are plotting practi-
cally on the207Pb/235U and 206Pb/238U concordia line
(Figure 9). They may be divided in to three groups. One
near 300 Ma is close to many ages of granites in the
TransBaikalia [56–64]. The ages near 810–865 Ma are
determined for the suit from the metamorphic in Cen-
tral Khamar-Daban [64]. The more ancient ages 1070–
1265 Ma are definitely belonged to the granulitic xenoliths,
though there are granitoid plutons of similar ages [65] (Fig-
ure 9). For the calculations ages the polynomial equations
were used (see Supplementary File S4).

Figure 9. Concordia 207Pb/235U–206Pb/238U diagram and results of the dating of zircon grains found in tuffs of Bartoy
volcanoes.

213



Ashchepkov et al. Earth Systems, Resources, and Sustainability, 2026, 1(2), 202–220

11. Discussion

11.1. Temporal and Lateral Variations of Xenoliths in TKVZ

Geophysical and tectonic studies indicate the asym-
metrical structure of the Baikal rift zone [66–70]. In the
northern part, from the Tunka depression, in the East-
ern Sayan mountains, the lithospheric thickness reaches
more than 250 km [71]. In the center of the Tunka Val-
ley rift, the thin crust is no more than 20 km. Further to
the south, the lithospheric thickness is gradually increas-
ing from Khamar-Daban to 50 km or more.

According to the assumptions of many researchers,
the plume (hot spot) [19, 27, 29, 32] and accompanied
mantle diapir have intruded beneath the Khamar-Daban
ridge and adjacent areas. It penetrated into the sub-
meridian permeable zone that extends from the Arshan
resort to the south through the volcanoes of the central
part of the Khamar-Daban zone and the Dzhida valley [72].
There is a decision of the tectonic reconstructions that the
Khamar-Daban crust represents the thrust from Mongolia
to the northern area [73, 74]. The mantle diapir should stop
reaching the bottom of the thrust.

The variations in the mineral composition of the deep-
seated inclusions of volcanics in TKVZ confirm the conclu-
sions about the structure of the mantle and Moho. In the
center of the rift valley, the Pl-pyroxenites are widespread,
occurring in streams and dikes in the Khobok River and
groups to the south of Arshan. The spinel-type peridotites
and mantle begin to prevail further south; first in the Mar-
gasan flows and then in the Central Khamar-Daban volca-
noes, symplectites and garnet remnants are found, which
disappear into flows of the southern Khamar-Daban. In the
Bartoy volcanoes are dominated xenoliths of spinel lherzo-
lites. There and in the Karierny volcano, xenoliths charac-
terize the entire section from the granulate to the boundary
of the garnet facies of the mantle.

In time, lithospheric mantle peridotites first appeared
in the basal flows under the Tumusun volcano (23 Ma).
Later, the extremely heated xenolith volcano Sukhoi near
Lake Baikal was introduced (16–13 Ma) [13], as well as
moderately depleted peridotites from the quarry volca-
noes. Later, in the central part, all the deposits were re-
moved from the bottom of the mantle. Further, plastic-
deformed peridotites appeared under the influence of
mantle uplift. Further, after uplift and erosion (10–12 Ma),
the volcano flows capture xenoliths from the garnet facies
of the mantle. And in the Margasan flow, similar xenoliths
were introduced in the most recent volcanics (2 Ma). The
Quaternary volcanoes of the Tunka Valley carried out the
crust material mainly. At the same time, in the Dzhida zone,
which is a rift-like structure superimposed on the ancient
subduction zone, the H2O-enriched lavas and xenolith in
Bartoy lavas as well are derivatives of hydrous mantle. Ac-
cording to some authors, the H2O and hydrous phases in
the mantle may have appeared at the stage of subduction
in the Early Paleozoic-Proterozoic time [15, 36, 74].

11.2. Thermobarometry and Variations of Mantle Thermal Flow

and Geotherm in TKVZ

Variations in the thermal regime that have been recon-
structed using mineral thermometry for xenolith show that
in most locations in the TKVZ PT estimates mainly trace
the rift SEA geotherm [53]. For the Tunka Valley in Khobok
(Figure 7A), the pyroxenites of the lower part of the sec-
tion from 1.7 GPa just refer to the SEA geotherm of the
upper part. Near the Moho the temperature variations are
much wider because when the magmas reach the Moho,
sometimes by near-adiabatic trajectory, they are cooling
down here in contact with the cold crust. Thus, the lower
Moho part consists mainly of mantle magma cumulates. At
the mantle-Moho boundary, the temperature range is from
1200 to 550 ◦C. At the crust, the temperature range is rel-
atively lower. The xenoliths in depth range from the Moho
to the base and mainly reflect the processes of differenti-
ation of basalt melts in polybaric magmatic systems that
formed a rather thick volcanic plateau in the Elovsky spur,
partly covered by sediments in the rift. In mantle beneath
the Karierny in Tunka valley (Figure 7C) the capturing in-
terval is bit higher and variations of the geothermal regime
is high.

It the border of the rift in Sukhoy volcano (Fig-
ure 7E) [15] in permeable zone near the Baikal the mantle
geotherm is located 150 ◦C above the rift SEA geotherm
and reached temperatures of 1350 ◦C, but this is not a
vertically extended area.

In the central part of the TKHVZ zone, all mantle
geotherms are localized near the SEAG, reflecting the
trend of mantle diapir uplift and its interaction with the deep
basalt. This heating at the base is visible for the central
part of the ridge volcano (Figure 7B). The mantle column
beneath the Margasan River dyke is more heated because
it is a more recent event (2 Ma); the heating at the Gar-Sp
transition is also visible (Figure 7D).

The thermal conditions in mantle column beneath the
Bartoy volcanoes vary greatly (Figure 7G). There are both
colder (∼150◦) areas relative to SEAG and heating ∼300◦

above it, reflecting the process of intrusion and interac-
tions of basalt magmas. The fractionation trend of proto-
basalt melts is located at 250–200◦ above SEA, and this
reflects the gradient of the feeder channel. In the crust the
granulites are basically pretty less, ∼150◦ below the rift
geotherm.

11.3. Variations of the Geochemistry of the Minerals and Reason

Regulating Them

The geochemistry of the constituting mantle minerals
is mainly determined by the partition coefficients with the
partial melts for lherzolites and basalts for their derivates.
The geochemistry of the constituting mantle minerals is
mainly determined by the partition coefficients with the
partial melts for lherzolites and basalts for their derivates.
For the lherzolitic clinopyroxenes, primitive or slightly de-
pleted REE spectra are found, practically, in all locations.
But the calculated melts with the partition coefficients [75]
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show differences. In the Tunka valley in the Karierny vol-
cano, the LREE, Th, and U are enriched, but with lowered
Nd and Ta (Figure 10A), suggesting that at the rift per-
meable zone, the lithosphere reacted with the carbonatitic
melts [54, 76]. This is less visible in the flank zone in the
Margasan dyke (Figure 10B) and much less in the central
part of the TKVZ (Figure 10C). The lherzolitic clinopyrox-
enes in the Dzhida Bartoy volcanoes have a peak in U and
sometimes minima in HFSE, which may be explained by
the ancient subduction influence.

The spectra of the melts of rare elements of
megacrysts are determined mainly by TRE distribution co-
efficients. But if we look at the melt’s parental relationship
with the KD, the pyroxenes from pyroxenites definitely re-
flect the processes of differentiation of basalt melts during
the formation of mantle channels associated with the sep-
aration of olivines and pyroxenes at the initial stages (Fig-
ure 10C). They show varying HFSE and LILE, which be-
came higher together with rising REE. The melts in equi-
librium with the amphiboles are much more enriched in
REE and LREE, especially Sr, and HFSE are fluctuating
(Figure 10D).

The parental melts for garnet are more inclined in
MSD, which is due to garnet; some depletion of Zr–Hf
(Figure 10F). possibly is due to joint fractionation of minor
amounts of zircons. Differences for melts equilibrated with
megacrysts (Figure 10E) suggest that it evolved rapidly
and separated from the different melt portions. The car-
bonate component could be involved [55, 77] at the latest
stages regulating Sr and Pb peaks as well as sulfides. The
spectra of melts, Ti-biotites, and feldspar are quite diverse.

11.4. The Mantle Xenoliths as the Reflectors of the Crust-mantle

Structure and Geodynamic Processes in the TKVZ

Thus, the diversity of the deep xenolith top is deter-
mined mainly by the tectonic position within the TKHVZ
zone. According to some authors, the similar processes
are taking place within all of Transbaikal and in Mongo-
lia [11, 15, 76, 78]. Its frontal part, the mantle xenoliths,
is somewhat depleted in Al and Ti, which reflects the
xenolith from the Karierny volcano possibly reflecting the
features of the continental mantle. The lherzolites from
the Dzhida zone. Bartoy volcanoes containing abundant
H2O-bearing minerals possibly reflect ancient subduction-
related features [36]. The minerals in the center of the
Khamar-Daban set of xenolith volcanoes at the beginning
were more depleted and later were mainly transported
from the deeper garnet facies. Similar were determined for
Shavaryn-Tsaram in Mongolia [76, 78]. The mantle in the
rift valleys contains a lot of cumulative xenoliths due to the
possibility of the creation of the many intermediated mag-
matic chambers in the fractured crust. The real granulites
with the abundant garnets are relatively rare and found
mainly in the Karierny volcano and in the Bartoy volcanoes
at the boundaries of the TKDVZ.

The ages of the zircons from tuffs 1150–1250 Ma
mainly correspond to the meta-terrigenous rocks of the
Shubutuiskaya Formation in the Khamar Daban zone [65].
the Th/U ratio The Th/U ratio of 0.8–0.6 of these zircons
corresponds to the common magmatic rocks, mainly of the
basic type. Dated granites in the Slyudyanka complex have
ages of 470–515 Ma [79].

Figure 10. REE and TRE spider diagrams for the melts in equilibrium with clinopyroxenes from (A) Karierny volcano.
(B) Margasan dyke and flow. (C) Bartoy volcanoes lherzolites. (D) Bartoy volcanoes pyroxenites and megacrysts. (E)
Bartoy volcanoes amphiboles. (F) Bartoy volcanoes garnets.
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Commonly the Khamar-Daban and Dzhida terrains
are referring to the microplates. And the later terrain is
thrusted over the Khamar-Daban [65]. The collision events
at the boundaries of the Paleoasian ocean occurred in
the Vend-Cambrian [69, 80–82] and appeared mainly in
Dzhida zone. The Neoproterozoic ages which we detected
here 810–870 Ma were detected everywhere within the
TKHVZ and these events corresponds to the volcanic and
collision processes accompanied by the metamorphism.
Though some plutons with the model ages 1100–800 Ma
were suggested by some authors to be referred to the
collision events [65]. And elevated Th/U ratios of two zir-
cons, 1.6–1.1, commonly correspond to the granites with
the admixture of material of island arc environment with 3–
5 Th/U ratios [83]. More ancient 1170–1265 Ma are more
typical for the Khamar-Daban for Gar-Biotite shists and
gneisses of Kornilovskaya formation [65] then for southern
border where we found them. And this probably suggest
the deeper zones of the crust is Dzhida may be also simi-
lar to the Centrakl Khamar Daban and collision complexes
are over-thrusted.

The age of granitic zircon, 300 Ma, just corresponds
to the beginning of the Angaro-Vitim Batholith formation
[58, 60, 84]. It may be connected to the movement of the
superplume-formed kimberlites in Yakutia [85] at the inter-
val 420–340 Ma and later created the Biryusa and Tuman-
shet lamproites [86–88] and later the Ingashi lamproites
in Eastern Sayan ∼306–309 Ma [88]. Further movement
through Khamar-Daban and interaction with the lower
crust and granulites brings to the creation of alkaline gran-
itoids of AVP [60, 62]. But the Th/U ratio is rather low,
0.07, which commonly corresponds to the metamorphic
type [89]; thus, they should be from granulites possibly
remelted by a plume. Over time, volcanism manifested first
in the center of the TKHVZ zone and then gradually spread
to the south and north, forming volcanoes of the central
type in the rift basins.

The appearance of Cenozoic volcanism in a wide area
from the Pacific Ocean to Transbaikalia and Mongolia was
caused by the global processes [90, 91]. There is an opin-
ion that tectonic events and volcanism are joined and that
they reflect a deep subduction spreading from the Pacific
sector [92], This ore widely may reflect the processes in
Circum-Pacific [92]. However, the correlation of the event
and the beginning of Mesozoic volcanism is associated
with the collision of Hindustan and Eurasia [93]. How can
you see quite a lot of ring structures on the map (Fig-
ure 1) that reflect the rise of heated mantle matter in per-
meable zones from beneath that suggest the spreading
of a large plume? They were formed at previous tectonic
stages. Cenozoic basaltic plume magmatism was mani-
fested over vast areas not only in Central and East Asia
[94, 95] but also in the Circum-Mediterranean [1, 96] and
on other continents, including Africa [97], North America
[98], South America [99, 100], Australia [53], and Antarc-
tica [101, 102]. It is likely that the deep tectonic activity
as well as plume processes reflect a planetary-scale phe-
nomenon probably controlled by cosmic forces [103].

12. Conclusions

1. The mantle and crust structures in different regions
TKHVZ are rather different. The Central part contain
mainly more ancient volcanites (>10–23 Ma) with
the xenoliths from lherzolitic mantle lithosphere re-
flecting diapiric upwelling. The material is close geo-
chemically to the primitive mantle.

2. The rifted areas at Tunka valley in more yang vol-
canics (to 0.5 Ma) contains mainly pyroxenitic materi-
als from the stratified magmatic chambers and more
rare granulitic material.

3. The xenolithic material from Dzhida is varying from
depleted to enriched lherzolites and hydrated (prob-
ably in collision stage) with the high amount of Phl
in Amph in mantle and xenocrystic—cumulative ma-
terial which is accompanied by the appearance of
pyrope almandine cumulative garnetsHigh var and
megacrysts.

4. The high heating and vast PT ranges are typical for
the bordering zone of the Baikal rift in Sykhoy and
Karierny volcanoes.

5. The appearance of the water in mantle is accompa-
nied by the deep differentiation of the basaltic mely]ts
with the LILE enrichments and high variations of
La/Yb and HFSE.

6. The zircon ages corresponds to the 3 intervals: 1—
plume related AngaroVitim Batholiths (300 Ma); 2—
collision related Vend Neoproterozoic event (810–
870 Ma); 3—thrusting and metamorphic collision of
microplates (1170–1265 Ma).
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