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Abstract: The studied Khanbogd pluton of peralkaline granite is located in southern Mongolia and occupies
an area of ~1000 sq. km. Previously, two ring-shaped bodies were constructed in a flattened shape pluton.
However, this shape was not used for the genesis of this pluton. A recent study of Landsat image showed a
several elliptical intrusions in two bodies. Chemistry interpretation shows that each intrusion differs in ASI,
CIPW norms, ¥Sr/%Sri and 5180 isotopes. Elliptical intrusions, uplifted country rocks between them, and roof
pendants suggest magma penetration along fractured country rocks. Furthermore, two adjacent intrusive
bodies and undeformed host rocks at the front part of the pluton are consistent with underplating magmatic
factors during duplex-type thrusting. This magma event is also supported by low of Sr, Ba, Eu and high of Th,
U, Pb anomalies and a few amount of garnet crystals in the granites, implying vapor absent melt crystallization
associated with underplating. Multiple melt sources, as well as from mantle and recycled sea floor rocks, are
identified by ratio of 87Sr /865ri and 6180 values. The low isotope values, the thrust nature and 295-286 Ma
ages of the alkali granites, indicate an underplate magma evidenced during Permian rifting.
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1. Introduction

It is widely known that the geology of Mongolia is characterized by the accretion of arc
complexes and accompanying voluminous calc-alkaline granites e.g., [25]. However, alkaline
granites are present and some are very impressive. One of them is Khanbogd peralkaline granite
pluton that occurs in Southern Mongolia. The impressive feature of this pluton is its size, occupying
over 1000 sq. km, amazing outcrop shapes and pegmatites containing REE mineralization. The
granitoid phases and their geochemistry of this pluton have been studied by Russian scientists e.g.,
[30,63]. At the beginning stage of studying this pluton, three-phase granites, various composition
dikes and REE bearing permatites were identified in two adjasent ring-shaped intrusive bodies [63].
The study by Kovalenko et al. [30] not only revised previous materials, but also introduced new data
on the age of zircon and the flattened shape of the pluton based on modeling of gravity data.
However, this shape was not used for the genesis of the pluton. The ring or circulation form of the
pluton, presumably resulting from the magma ascending, was introduced by the Mongolian
researcher Garamzhav e.g., [16]. A giant pluton composed of alkaline granites in two bodies,
exhibiting low Sr, Hf, Pb isotopic values, as well as wall rock pendants in the top of granite outcrops
motivate us to find some connection with the flattened shape of this pluton. On the other hand,
we had an interest in analyzing the geochemical and isotopic data from Serjlkhumbe [48,49] that was
not published related to her new job at a mining company. We therefore began to interpret

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Landsat satellite images of the Khanbogd pluton. At least we interpreted several elliptical intrusions
within the two bodies that were named western and eastern by the previous researchers [30,63].

The position of the previously collected samples provided us with the opportunity to examine
chemical and isotopic data according to interpreted intrusions. In addition, the various amount of
garnet in association with aegirine and arfvedsonite in all granites led us to consider experimental
data of Patino Douce [44]. The result of his experiment was similar to the experimental data
obtained from e.g., [7,18,53], that is, the alkaline and leucogranites are derived from the melting of
tonalite, granite gneiss and pelite. The flattened shape of this pluton [30] and new data on 875r/865r
- 0180 ratios required us to reconsider the magma model associated with thrusting, which involved
the melting of mantle and modified oceanic rocks. These tasks were provided by the underplating
melt, accompanied by duplex-type thrusts. Therefore, this manuscript presents our interpretation of
satellite images of the Khanbogd pluton, petrographic, geochemical, isotopic data (Sr, Nd, Hf, Pb and
O) of alkaline granites, as well as a new model of the giant Khanbogd alkaline pluton.

2. Materials and Methods

Quartz d¥0 values were measured using the Thermo Finnigan Delta Plus-XP mass spectrometer
at California State University, Long Beach. A modified version of the laser fluorination method of
Sharp [52] and the TC/EA method e.g., [51] was employed for the acquisition of quartz 5'*O values,
respectively. Analytical precision and accuracy for oxygen (00 + 0.2%o) isotopes were determined
using the NBS-30 biotite (Caltech Rose Quartz (080 = +8.45%o) e.g.,[17,56], standards and reported
relative to V-SMOW. Whole rock major and 14 trace element (Ba, Ce, Cr, Ga, Nb, Ni, Pb, Rb, Sc, Sr,
Th, V, Y, Zr) concentrations for 35 samples were analyzed by Rigaku RIX-2000 wavelength-
depressive XRF spectrometer at Shimane University e.g., [49]. REEs, Cs, Rb, Ba, Sr, Th, U, Nb, Ta,
Pb, Zr, Hf, Li, and Y analyses were carried out for selected samples by ICP-MS (Thermo
ELEMENTAL, VGPQ3 at Shimane University), following the method described by Kimura et al. [27].
Sr and Nd isotopic ratios were determined for 36 samples by thermal ionization mass spectrometry
(MAT262) at Shimane University, following the methods described in [23,24]. The isotopic
compositions were measured in jumping multi-collection mode. The Sr isotope ratios of standard
sample NBS987 (SrCOs) were used during the analysis. Sr isotope compositions and age dating were
determined by isotope dilution method due to the very high Rb/Sr values and very low average Sr
concentrations (<10 ppm) of the Khanbogd plutonic complex. Samples were mixed with spike
solution (¥Rb/%¢Sr mixed spike, which was previously prepared at Shimane University of Japan).

3. Geological background of the studied Khanbogd alkali granite pluton

3.1. Geological, mineralogical studies of the previous and proposed ones in the Khanbogd pluton and its
surroundings

The studied Khanbogd pluton is located in the south of southern Mongolia (Figure 1). This
pluton intruded into the Lower Carboniferous sedimentary basin filled by the volcano-sedimentary
strata e.g., [30]. According to the terrane-tectonic concept, this basin is located near the southern
accretion zone of the Gurvansaikhan terrane e.g.,[2], (Figure 1). Geological studies of alkaline granites
of the Khanbogd pluton began in 1970-1980, the first results were summarized by Vladykin et al. [63].
Accordingly, the Khanbogd pluton is represented by aegirine-arfvedsonite alkaline granites in two
intrusive bodies: western (~1000 km?) and eastern (~300 km?) e.g.,[63]. At the beginning of the studies,
3 phase granites were identified for the western body, represented by coarse-medium, medium-fine-
grained aegirine-arfvedsonite granites, including smaller size red granites. For the eastern body,
medium-grained aegirine-arfvedsonite and fine-grained aegirine granites were described e.g.,[63].
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Figure 1. A location of Khanbogd plutonic complex in the terrane tectonic scheme of Mongolia and
geological units in the pluton and its surroundings. Modified from [2,68]. 1- Gurvansaihan island
arc terrane (36) in southern Mongolia e.g.,[2], 2-locality of Khanbogd peralkaline granite pluton in
Gurvansaihan terrane, 3- accretionary wedge (AC), 4-cratonal terrane (CR), 5-Lower and Upper
Cretaceous coarse grained reddish sedimentary formation; 6- Early Permian, Khanbogd alkaline
granite plutonic complex, 7-Early Permian leucogranite intrusions, 8- Lower Carboniferous andesite
and dacite dominant volcanic unit, 9- Lower Carboniferous sedimentary clastic unit with volcanic
beddings, 10- part of terrane bounding fault.

Numerous REE bearing pegmatites and various compositions of dikes, as ekerite, pantellerite,
and comendites-were identified in the pluton e.g.,[63]. Elpidite (Na2ZrsSisO1s H20) is a specific
accessory mineral in these granites and pegmatites e.g.,[63]. In addition, the zirconium oxides as
armstrongite (CaZrSisO1s 3H20) and mongolite (Na2ZrSisO15 3H20) were discovered by the Vladykin
e.g., [62,64] in pegmatites. The study by Kovalenko et al. [30] not only revised previous materials,
but also introduced U/Pb zircon ages, Sr isotopes of alkaline granites and the flattened shape of the
pluton based on modeling of gravity data [29,30].

Accordingly, the phases were integrated, and instead of them, granites were recorded by grain
size: coarse-medium-grained granites in the western body and medium-fine-grained granites in the
eastern body e.g., [30]. The work of Serjlkhumbe e.g., [49] showed that the small intrusions of red
granite contain ferro-edinite. U/Pb zircon ages from 291+1 to 290+1 Ma and Rb/Sr age of 287+3 Ma for
granites of the western body were received by Kovalenko et al.[28]. However, Serzhlkhumbe e.g.,
[49] obtained Rb/Sr ages of 295-292 Ma from aegirine-arfvedsonite granites or granites and dikes.

In the surrounding area of the Khanbogd pluton, Lower Carboniferous volcanic-sedimentary
strata are intruded by Early Permian intrusions and overlained by the Lower and Upper Cretaceous,
red sediments, characteristic of the geology of Southern Mongolia (Figure 1), e.g., [68]. Early Permian
formations are represented by basalt-comendites of the bimodal series volcanic rocks e.g.,[70]. In the
basin where the Khanbogd pluton is located, leucogranites, which are analogues of felsic lava of
bimodal series volcanite, are widespread (Figure 1).
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3.2. Interpretation of landsat satellite images and the elliptic intrusions of alkaline granite units in the
Khanbogd pluton

In particular, for interpretation we used a combination of “Landsat” spectral bands ~ 2-3-4, 4-
5-1, 5-3-2 and 7-4-1. Four shapes, identical to the phases, are represented by different color images
across the western body (Figures 2a-2d). The yellowish, pale red- pinkish, bluish and pale pinkish
color (Figures 2a-2d) tones are reflected from a strip of arcuate shape that is in the outer margin of
the western body. This is marked I-W in Figure 2e, defining the first phase intrusion of the western
body. An elliptical shape inside the arcuate strip is noted II-W (Figure 2e), reflects pale bluish-gray,
bluish, brownish and pale reddish phototones (Figures 2a-2d). A narrow blackish zone is
distinguished between an elliptical (II-W) and an arcuate shape (I-W) shapes (Figures 2a-2d). This
zone represents uplifted wall rocks and indicates a boundary of two-phase granites. The smaller
figure, displayed by dark and pale blue (Figure 2a, 2b), brown (Figure 2c), bright reddish (Figure 2d)
phototons, is the next phase in the relationship and is noted III-W (Figure 2e). Images marked IV-W
(Figure 2e) refer to small intrusions of ferro-edenite granites. Dikes of ferro-edinite granites are
common in III-W. Satellite images display a sharp contact between the western and eastern intrusive
bodies. The cross-cutting relationships between granites indicates that the eastern small elliptical
body is younger than the western. Contrasting colors in the small body suggest there are two units
in eastern body and marked as the I-E and II-E (Figure 2e). A smaller unit that displays images
similar to IV-W and has many pendants is considered younger and marked II-E (Figure 2e). The
granites I-E, which occupy most part of the eastern body, illustrate the lighter images (Figures 2a-2e).
Interpreted elliptical figures representing phase intrusions in the studied Khanbogd pluton are
shown in Figure 2e.

doi:10.20944/preprints202401.1242.v1
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Figure 2. Images of the Khanbogd granite pluton in the Landsat bands and an interpreted map using
them. Landsat bands: (a)- /2-3-4; (b)- /4-5-1/; (c)- /5-3-2/; (d)- /7-4-1/; (e) interpreted schematic map and
sample points (Interpretation by Batulzii, Holk and Bayartsengel).

3.3. Texture of granite outcrops of distinguished intrusions, their relationships, dikes, roof pendant and
mineralization

The above-mentioned intrusions differ primarily in the texture of their outcrops. For example,
granite outcrops of the I-W are characterized by a spheroidal weathering on Earth surface. The shapes
were formed by intersecting joints (Figure 3a). This arcuate-shaped, I-W intrusion is mostly
composed of coarse-grained, porphyritic and agpaitic aegirine-arfvedsonite granites (Figure 3b). The
outcrops of II-W are characterized by vertical joints that were intersected by shallow-dipping, closer-
spaced joints (Figure 3c).
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Figure 3. Outcrop and hand specimen photos of alkali granites in western body Khanbogd pluton.
(a)- outcrop of unit I-W, (b)- course grained porphyritic texture greyish color aegirine-arfvedsonite
granite in I-W, (c)- outcrop of unit II-W, where dominated horizontal platy joint, (d)- elpidite rich
agpaitic, greyish color granite in II-W, (e)-outcrop of unit III-W, intruded into unit II-W, (f)-reddish
color aegirine-arfvedsonite granite in unit III-W, (g)- outcrop of unit IV-W, where cubic shape is
formed from set of vertical and horizontal joints, (h)- red color, ferro-edinite granite.

Intrusion II-W is represented by pale pink, medium-to-coarse-grained, equigranular and
porphyritic, aegirine-arfvedsonite granites (Figure 3d). The elpidite content locally exceeds the other
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accessory minerals (Figure 3d). The outer contact zone II-W is not only controlled by the uplifted host
rocks (Figure 2e) but also by banded pegmatite zones with quartz cores. The outcrops III-W are
characterized by a rough, fractured surfaces. Spheroids were destroyed by dikes of IV-W. The
outcrop area of this unit was documented by Kovalenko et al.[29], but the compositional character
has not been studied. The contact where III-M intrudes II-M is clearly visible by their colors and
shapes (Figure 3e). The intrusion III-M is composed of brown-reddish medium-grained aegirine-
arfvedsonite granites (Figure3f). Outcrops IV-M are distinguished from others by their reddish
color and shape, formed by intersecting vertical and horizontal sets of joints (Figure 3g). These red
porphyritic granites have plagioclase phenocrysts, along K-feldspar and ferro-edinite (Figure 3h).

As mentioned above, two intrusions have been identified within the eastern body. Fine-grained
red aegirine-arfvedsonite granite II-E formed between I-W and I-E. The blackish color reflected
from the red granite outcrops is explained by the scattered pendant fragments resulting from thin
pendant (Figure 4a). Their apophases to I-W and I-E demonstrate its younger generation (Figs.4a, 4b).
Granites II-E are characterized by aegirine and red K-feldspar phenocrysts embedded in a fine-
grained reddish groundmass (Figure 4c). The older one (I-E) is characterized by the medium grained
spherical-textured lilac granites (Figure 4c), where pinkish K-feldspar phenocrysts are in lilac ground
mass (Figure 4d).

The various composition of dikes is associated with the Khanbogd pluton. For instance, sub-
parallel ekerite dikes and pegmatites with arfvedsonite and elpidite occur in the arc-shaped intrusion.
Red comendite dikes with large K-feldspar phenocrysts are common in granites II-W (Figure 4e).
Dark gray pantellerite dikes and elpidite-bearing pegmatites are described from intrusions II-W and
II-W (Figure4f).

In accordance with the identification of several intrusions, we revise the location of REE
mineralization. The horizontal shape pegmatites that consist mainly of large crystals of arfvedsonite-
elpidite pegmatites are occur the southern part of arcuate shape I-W intrusion body (Figure 4g).
Zirconium and niobium oxides such as pyrochlore, monazite, armstrongite, mongolite and gittincite
were described from pegmatites that are in II-W e.g., [36,62-64].

Andesite roof pendents are blackish and abundant plagioclase phenocrysts (Figure 4h). In
the images of all spectral bands they are dark brown and determined age is yeilded of 330 Ma.
e.g.,[30].

doi:10.20944/preprints202401.1242.v1
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Figure 4. Outcrop and hand specimen photos of alkali granites in eastern body and outcrop of dike
and pegmatites. (a)- covered pendants fragments red colored I-E granite intruded into I-W, (b)-
relationship between I-E and II-E, granite II-E intrude into I-E, (c)- hand specimen of the porphyry
texture red granite , (d)- hand specimen of lilac granite, (e)- comendite dike outcrop intruding III-W
granite, (f)- pantellerite lava lying in granite II-M, (g)- ekerite composition sheet pegmatites in
intrusion I-M, (h)- outcrop of andesite roof pendant.
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4. Petrographical studies of the alkali granites

The average modal mineralogy of these granites is 65-70% K-feldspar (microcline), 25-28%
quartz, 4-5% albite, and 7-9% aegirine and arfvedsonite or ferro-edenite. However, there is much
variation in the relative abundances of ferromagnesian minerals. The pale pink color of granites from
intrusion I-W and II-W is  due to meso-perthitic albite stripes in K-feldspar. Aegirine and
arfvedsonite have an agpaitic texture, and arfvedsonite replaces aegirine (Figures 5a and 5b). The
darker red color that distinguishes the III-W granites is associated with the alteration of K-feldspar
into pelitic aggregates (Figures 5c and 5d). The aegirine from granites of the western body has a
pleochroic color from dark green to dark brown (Figurebc).

Figure 5. (a,b)- agpaitic texture of aegirine (Aeg)and arfvedsonite (Arf), and K-feldspar (Ksp) in the I-
W and II-W units, (c)- aegirine (Aeg) and garnet (Gr) in quartz and K-feldspar (Ksp) ground
mass, unit III-W, (d)- ferro-edinite (Fed), plagioclase (Pl)and K-feldspar (Ksp) phenocrysts in
groundmass, consists of K-feldspar and quartz, (e)- fibrous aegirine (Aeg) crystals from granite in I-
E unit, (f)-aegirine garnet and K-feldspar phenocrysts in I-E unit. (Mineral abbreviations are from [66].

Garnet is identified in accumulations of aegirine and arfvedsonite, and is eroded by them. This
association is often described from granites III-M (Figure5c) than for granites I -M and II-M.
Porphyritic red granite IV-W has cryptoperthitic K-feldspar, plagioclase and ferro-edenite and rare
garnet e.g.,[49] that occur as a phenocryst and in the groundmass (Figure5d). Intrusions of the eastern
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body consist of porphyritic and equigranular granites. The proportion of ferrous minerals is less than
in the granites of the western body. Fibrous to radiating or stellate acicular aegirine is predominant
for the granites I-E. The aegirine pleochroic color of this intrusion illustrates a bluish tint among dark
green and dark brown, in contrast to the western body (Figures 5e, 5f). Small (< 0.05 mm) garnet
crystals are more conspicuous and are distinctive of intrusion II-E (Figure 5e).

5. Geochemistry of the Khanbogd alkali granites

Chemical analysis of oxides and calculated CIPW norms of the granites are listed in Table 1.
Regardless of the presence of ferro-edenite, all granites plot as alkaline granites in TAS and AQPF
diagrams [49]. The granites of all interpreted intrusions differ by the aluminum saturation index (ASI)
by Shand e.g.,[50]. Granites of intrusions I-W, II-W and II-E are peralkaline. Granites of III-W show
peraluminous affinity, the granites I-E vary from metaluminous to peraluminous. Hence, ferro-
edenite granites are plotted in the metaluminous granite field excluding one data point (Figure 6a).
Figures 6b-6f show a correlation between oxides and differentiation index (D.I). The silica content in
granites of all intrusion is in the range of 71.00-78.36% (Table 1 and Figure 6a). The granites of the
eastern body are characterized by high D.I. and this differs from the granites of the western body.
Ferro-edinite granites differ in their content of SiOz, CaO, MgO, K20 from aegirine-arfvedsonite
granites (Table 1, Figures 6b-6f). FeO variations indicate that the aegirine-arfvedsonite content in the
granites of the eastern body is less than in the granites of the western body. Accordingly, they (I-E
and II-E) are characterized by low Na20, K20 and Fet contents compared to the granites of the
western body (Figures 6b-6f). The studied granites also differ well in their CIPW norm calculated
using the Hollocher program [21]. Granites I-M and II-M are acmite-Na-silicate (acm-ns) normative,
with the exception small amount of ferrosilite (fs) and enstatite (en) molecules. Ilmenite is in norm,
from these granites (Figure 6g). The anorthite- hypersthene (an-hy) molecule is calculated from
aegirine-arfvedsonite granite III-M, and an-di-hy norm is acquired from ferro-edenite granites
(Figure 6g). The granites of eastern body are peralkaline and metaluminous-peraluminous
according to ASI. Acmit is calculated from (I-E), which is peralkaline, an-fs-en norm is calculated
from II-E, which exhibit a metaluminous-peraluminous character. (Figure 6g, Table 1). Aegirine-
arfvedsonite granites, in which a reduced amount of color minerals acquires a metaluminous and
peraluminous character. The norm of ilmenite (il) of the I-W and II-W granites imply that they
derived from a more reduced environment than others, for which near-neutral environment
predominated (Figure6g). According to the K2O/Na2O ratio, all granites are rich in potassium; ekerite
and pantellerite dikes are rich in Na (Table 1).

Table 1. Chemical composition and CIPW norms of alkali granites, Khanbogd pluton.

Samp. 32 35 37 39 41 21 30 31 48 72 51 52 54 18 19 61 62
Ne IW IW IW I-W I-W II-W II-W II-W II-W II-W III-W III-W III-W IV-W IV-W IV-W IV-W
SiO:2 75.68 73.12 75.13 74.41 7448 76.08 7321 75.76 72.54 73.01 75.04 74.45 74.15 71.94 71.18 71.00 71.46
TiO: 021 021 027 030 018 023 030 021 042 037 023 021 036 041 040 049 038
AlOs 1090 11.24 10.51 11.06 10.63 10.81 11.65 10.35 11.89 11.19 11.88 12.12 12.30 13.22 13.79 13.63 13.49
FexOs 050 0.69 058 056 057 049 056 056 060 065 037 041 054 047 040 040 041
FeO 337 459 386 376 380 326 374 373 403 435 345 334 338 314 265 338 276
MnO 010 0.08 012 0.06 011 012 016 010 016 018 010 012 0.01 0.04 011 0.04 0.11
MgO 012 018 013 012 0.07 012 023 010 037 025 018 022 013 044 043 048 041
CaO 014 024 028 029 015 021 040 022 075 018 016 027 015 1.03 1.03 111 1.11
Na2O 4.08 458 422 441 452 3.69 452 4.08 446 468 375 371 380 431 386 412 423
KO 465 493 476 479 484 473 505 441 475 481 479 496 496 507 553 521 523
P-0s 0.00 0.01 0.00 0.06 001 000 0.2 000 005 003 001 005 0.04 008 0.08 0.10 0.07
ppm 035 027 020 037 069 038 027 065 014 048 026 030 023 014 045 031 053
Total 100.1 100.1 100.1 100.1 100.0 100.1 100.1 100.1 100.1 100.0 100.2 100.1 100.1 100.2 99.91 100.1 100.1
ASI 091 084 093 085 087 093 08 087 086 085 1.02 101 103 092 097 098 1.01
DI 90.66 86.88 88.45 89.00 87.98 91.79 88.51 89.18 87.75 86.87 91.69 91.24 91.67 89.55 88.56 87.69 89.37
Fet 387 528 444 432 437 375 430 429 463 50 382 375 392 361 305 378 317
K/N 114 108 113 109 1.07 128 112 1.08 107 103 128 134 131 118 143 124 124

CIPW
Q  33.01 27.39 32.77 3049 31.66 34.03 26.87 34.44 25.00 2797 31.66 30.54 30.22 23.27 23.22 22.57 22.67
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Or 2748 29.13 2813 28.30 28.60 27.95 29.84 26.06 28.06 28.42 28.30 29.31 29.31 29.96 32.68 30.26 30.91
Ab  30.17 30.36 27.55 30.21 27.72 29.26 31.80 26.68 34.69 30.26 31.73 31.39 32.15 36.32 32.66 34.86 35.79
An  0.00 000 0.00 0.00 000 000 0.00 000 000 000 073 101 048 174 396 357 237
C 0.00 0.00 000 0.0 0.00 000 000 0.00 000 000 02 028 050 0.00 0.00 0.00 0.00
Ac 145 200 1.68 1.62 165 142 162 162 174 1.88 0.00 000 0.0 0.00 0.00 0.00 0.00
Ns 063 143 145 122 201 0.08 107 093 025 1.67 000 0.0 0.00 000 0.00 0.00 0.00
Di(wol 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 000 000 0.00 0.00 000 0.00 0.00 0.00 0.00
Di(en) 028 042 030 028 017 027 051 023 074 060 045 055 032 08 101 1.09 0.79
Di(fs)y 572 773 624 605 657 537 588 619 563 741 586 567 537 374 386 4.68 3.34
Hy (fs) 0.58 093 117 0.88 059 087 149 093 258 056 0.00 0.00 000 194 041 088 1.82
Hyen) 0.03 0.06 006 005 0.2 005 015 0.04 039 005 000 0.0 0.00 051 012 023 0.50
Mt 000 0.00 0.00 000 0.00 0.00 000 0.00 0.00 000 054 059 078 068 058 0.58 0.59
Il 040 040 051 057 034 044 057 040 080 070 043 040 068 078 076 093 0.72
Ap 000 003 000 014 003 009 0.5 005 012 008 0.2 013 009 020 020 025 017
samp. 4 9 11 12 1 2 3 8 33 34 69 64 73 55 13
Ne I-E I-E I-E I-E II-E II-E II-E  II-E  eker. eker. eker. pant. pant. com. com.
Si0: 7836 78.09 7746 7734 76.04 7608 7591 7581 7358 7335 7339 7650 73.00 7711 76.78
TiOG: 022 011 011 012 021 021 022 024 036 021 022 023 023 010 027
AlLOs 1097 11.30 1137 1144 1140 11.23 1155 11.65 11.05 9.05 944 10.89 9.24 11.67 10.60
Fex0s 039 026 027 025 038 042 038 036 030 037 098 047 1.03 054 050
FeO 257 171 181 166 255 278 255 238 386 640 651 314 685 088 3.32
MnO 009 0.06 006 004 010 011 010 011 017 020 020 010 027 013 0.06
MgO 012 012 012 012 012 013 013 012 025 006 010 009 015 042 0.11
CaO 037 020 027 030 020 022 014 032 055 014 016 017 017 027 0.59
Na2O 346 364 376 352 391 381 396 398 467 478 452 428 468 417 3.10
K:O 444 433 442 457 466 461 475 475 443 414 412 386 429 539 460
POs 001 000 000 000 000 000 000 000 005 002 000 000 000 001 0.00
ppm 038 041 051 067 054 047 050 041 074 027 040 044 024 037 057
Total 100.3 100.2 100.1 100.0 100.1 100.0 100.1 100.1 100.0 100.1 100.1 100.1 100.1 101.0 100.1
ASI 096 096 097 095 098 102 099 1.01 082 08 074 094 073 089 097
DI 93.01 94.82 9451 9410 9343 93.09 9354 93.01 87.67 81.26 86.53 91.78 80.16 93.13 90.80
Fet 296 197 208 191 293 320 293 274 416 577 604 361 788 142 372
K/Na 128 119 118 130 119 121 120 119 095 087 091 090 092 129 148
CIPW
Q 3749 3844 36.59 3732 3320 3376 32.51 3222 2934 2807 2854 3445 31.18 3227 37.39
Or 2624 2558 26.11 2700 2754 2724 2807 2807 2617 2446 2435 2281 2535 31.85 27.18
Ab 2928 30.80 31.81 29.78 32.69 32.09 3296 3347 3217 3378 33.64 3452 23.63 30.01 26.23
An 128 099 110 149 000 000 0.00 000 000 000 0.00 000 000 000 142
C 0.00 026 000 016 000 000 000 000 000 000 000 000 0.0 000 0.00
Ac 0.00 000 000 000 035 013 048 018 086 107 087 136 298 156 0.00
Ns 0.00 000 000 000 000 000 000 000 148 127 084 004 293 081 0.00
Di(wol 0.00 0.00 000 0.00 0.00 000 000 000 000 000 000 000 0.00 0.00 0.00
Di(en) 028 003 030 030 027 029 030 025 050 063 024 021 036 084 024
Di(fs) 400 286 292 272 388 418 403 325 579 9.69 1024 525 1237 136 450
Hy(fs) 040 000 020 000 081 089 056 129 191 046 057 060 061 063 1.26
Hyen) 003 000 0.2 000 007 007 005 011 020 003 0.02 003 002 044 0.08
Mt 056 038 039 036 038 054 031 043 000 000 000 0.00 0.00 000 073
I 042 021 021 023 040 040 042 046 068 040 042 044 044 019 051
Ap 0.02 000 000 0.0 0.00 000 000 000 012 001 000 0.00 0.00 0.02 0.00

eker.- ekerite, pant.- pantellerite, com-comendite dikes.
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Figure 6. Correlation diagrams. (a)- granites plot in ASI diagram [50], (b-f) major oxides vs D.L
diagrams, (g)- calculated norms from alkali granites in different intrusions, (h)- primitive mantle
normalized patterns of multi-element data of alkali granites, (i)- chondrite-
normalized REE patterns of alkali granites of different intrusions, normalized values are from [54].

The trace and REE analysis of the granites are shown in Table 2. The Li content is in 32-68 ppm
for I-W units and 6-15 ppm for units IV-W. Some samples contain high Zr content associated with
the mineralization of zirconium oxides, such as elpidite (Table 2). In the trace element distribution
diagram normalized to the primitive mantle, deep negative anomalies of Ba, Sr, Eu and positive
anomalies of Th, U, Pb, Li are observed (Figure 6h). A pattern with more deep negative anomalies
of Ba and Sr is revealed in granites II-E and II-W.  Although, less pronounced negative anomalies of
Ba, Sr and Eu are marked from ferro-edenite granites (Figure 6h). The chondrite-normalized REE
patterns from granites are sub-symmetric, with Eu deep negative anomalies (Figure 6i). In this
diagram, the ferro-edenite granite pattern is intermediate between pattern of others, and their Eu
anomalies are at a higher level than the others (Figure 6i).

Table 2. Trace and REE analysis of alkali granites, Khanbogd alkali granite pluton.

Sam 32 35 37 39 41 21 30 31 48 72 51 52 54 18 19 61 62
Ne IW W W W I-W II-W II-W II-W II-W II-W III-W III-W III-W IV-W IV-W IV-W IV-W
Ba 30.27 49.51 5259 28.83 9.79 33.64 106.09 18.10 159.20 96.14 98.63 125.16 196.47 348.37 473.03 441.00 389.84
Be' 675 765 527 440 355 377 416 698 525 1334 437 625 7.14 654 566 4.63 852
Cr 366 328 324 387 391 260 557 180 093 163 206 568 246 123 523 374 206
Ga 29.64 29.02 29.14 28.07 29.99 26.37 23.41 2695 25.53 2647 22.16 1426 2529 23.65 2091 2255 22.18
Hf' 5.04 811 1052 1243 9320 875 1457 1743 19.24 31.89 11.46 17.82 1518 1391 14.12 1245 31.87
Li' 4827 6822 6237 3175 71.02 23.26 80.43 76.19 4795 12830 585 554 6.52 1497 1242 998 100.18
Nb' 18.18 28.63 72.86 16.13 221.41 10.55 75.66 36.42 24.24 75.36 37.66 28.01 30.78 20.66 2342 1897 26.24
Ni 117 139 460 148 173 175 398 164 477 426 105 111 471 433 141 292 331
Pb 2633 47.07 43.88 20.51 1640 6.77 36.33 21.32 859 3733 11.05 9.04 19.60 28.60 24.51 21.60 21.69
Rb* 157.96*172.04* 250.29 130.92*161.46*123.30%250.41*155.90135.41*286.71*138.50 101.5* 144.77%159.92*179.73*159.71*161.70*
Sr* 7.06% 13.83* 15 7.61* 6.13* 7.32* 27.92* 7.50 33.73* 15.40* 15.06 30.60* 28.89* 87.18* 105.94* 117.4* 9.06*
Ta" 086 193 104 062 774 071 122 130 201 4.03 196 182 138 276 154 203 1.33
Th' 1621 16.90 20.16 848 1454 4.63 3633 641 13.89 19.82 9.81 7.77 1263 16.84 2039 13.23 9.61
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U 226 237 251 225 358 134 332 391 377 6.03 272 430 241 454 400 325 351
V. 285 077 425 199 487 4801 098 599 2312 1540 6.97 758 2392 2477 13.53 29.82 23.97
Y 3276 81.01 20646 73.24 57.81 36.81 192.42 80.84 91.55 137.10 26.63 37.64 76.80 69.16 52.29 58.60 55.62
Zr 240.33 359.792277.83 648.43 3459.1 422.63 1812.2 1346.6 767.22 1383.9 782.10389.03 709.58 519.71 414.66 479.03 414.10

La 50.26 98.20 95.26 100.00 73.44 37.06 7420 64.32 278.80 71.65 81.27 42.14 42.07 35.65
Ce 79.85 196.00 150.72 153.50 141.50 63.29 152.63 152.26 304.50 122.14127.63 96.54 92.07 82.11
Pr 15.77 3253 16.37 2829 1822 11.39 19.89 1891 57.15 21.03 21.84 12.01 11.58 10.03
Nd 61.87 130.80 98.53 116.30 71.33 119.09 82.54 76.57 232.90 79.23 97.76 48.23 45.22 39.23
Sm 13.07 2594 15.65 2244 1291 25.44 17.12 16.18 34.27 18.52 20.38 10.77 9.81 8.52
Eu 026 082 071 070 041 0.28 053 097 1.25 138 141 121 142 1.22
Gd 844 2467 1576 2392 1246 7.67 17.52 16.36 40.40 1599 19.38 11.23 10.22 8.99
T 120 349 291 375 179 1.12 2.68 295 499 2,62 289 208 1.80 1.64
Dy 6.77 19.71 1538 20.09 10.80 6.94 16.29 17.82 28.36 15.22 17.30 1293 11.07 10.22
Ho 1.15 329 193 382 219 151 331 342 491 2.63 297 255 210 2.04
Er 339 9.67 825 949 632 451 9.65 10.08 13.77 712 792 745 624 5.95
Tm 052 142 136 146 095 0.71 142 154 2.02 196 117 120 097 0.96
Yb 390 975 1247 911 652 5.10 9.92 10.62 14.39 652 793 823 6.67 6.52
Lu 066 144 136 134 1.05 0.82 159 1.61 218 094 1.12 122 112 0.95

9 11 12 1 2 3 8 33 34 69 64 73 55 13
SamNo

I-E I-E I-E I.E II-LE II-E 1II-E II-E  eker. eker. eker. pant. pant. com. com.

Ba. 57.73 3346 1877 4552 2928 5240 5378 31.71 99.71 23.1 3012 3035 5993 5736 13.48
Be' 6.59 751 659 931 417 485 500 412 807 845 656 436 914 584 726
Cr 0.52 071 170 268 146 182 385 0.06 0.8 0.8 057 133 6.03 077 284
Ga  23.03 24.02 2479 2406 23.80 2339 2346 2346 4054 5174 3451 4112 2918 739 26.11
Hf' 1953 20.80 2058 19.76 10.15 9.74 1232 11.05 2642 31.87 2152 31.87 41.02 1255 1824
Li' 58.66 70.01 7424 5105 21.05 16.77 1940 1099 470 99.23 8451 100.18 102.96 63.27 48.43
Nb' 3035 41.19 4149 44.63 2592 4407 2047 1879 3597 2364 9.89 2364 6110 9.02 39.35
Ni 2.28 380 455 437 139 382 332 292 245 131 18 216 702 071 3.87
Pb 25.05 29.06 18.60 4843 25.60 4525 18.14 21.60 4214 1796 240 1796 1223 550 25.69
Rb*  147.71 231.45* 256.42* 242.90% 127.32 170.42 140.89* 116.31* 143.59 160.96* 261.05* 149.4* 446.2* 144.66* 148.47*
Sr* 10.10 6.48* 5.8* 11* 584 829 10* 8* 3640 6.56* 4.08* 4.69* 16.33* 11.79* 11.12*
Ta' 4.54 361 430 374 103 217 18 151 237 133 152 143 237 173 3.17
Th' 1038 19.56 1329 20.06 748 1826 951 845 2126 13.15 286 864 925 3.80 10.74
u' 2.12 428 728 600 211 18 280 242 579 351 466 305 752 310 285
\% 2.39 0.00 275 415 229 221 564 162 125 254 09 104 112 093 176
Y 7440 108.68 108.30 129.40 62.17 109.40 61.50 59.77 135.23 107.08 12.10 130.29 249.03 19.93 93.34
Zr  627.82 576.45 655.40 614.72 524.12 1096.7 539.50 463.52 1075.9 1456.6 487.30 717.26 3383.1 178.02 1155.4

La 4339 48.82 4839 38.26 4395 107.28 18.64 148.13 40.51
Ce 102.73 112.85 104.73 80.32 101.10 235.62 57.52 157.40 92.05
Pr 1254 1517 13.97 928 1222 3040 5.64 25.78 12.59
Nd 51.85 60.66 57.79 36.77 53.48 128.53 2548 80.33 52.45
Sm 12.75 1521 14.76 738 10.80 26.50 9.28 29.28 12.36
Eu 031 036 041 033 040 113 037 10.38  1.50
Gd 12.82 1575 15.44 824 1122 2751 13.83 2483 11.24
Tb 283 323 336 1.68 195 423 277 258 1.52
Dy 18.40 2092 21.74 1141 1196 26.75 19.26 19.20 10.58
Ho 391 437 438 235 223 544 415 415 232
Er 11.89 12.62 13.35 691 650 16.07 12.53 13.53 7.10
Tm 198 212 215 1.09 1.00 233 184 214 114
Yb 13.30 1425 14.23 722 685 1543 12.62 14.55 7.82
Lu 198 213 2.07 112 1.05 228 2.03 220 114

Note: ' ICP-MS; * Isotope Dilution; it is marked in Sr and Rb.

5. Sr, Nd, Hf, Pb and O isotopes of the alkali granites Khanbogd pluton

The initial of Sr/%Sr and **Nd/*Nd were calculated for samples on Rb-Sr whole rock isochron
age of 295.7 Ma, and the Sr isotope ratios were measured for most samples. The 295.7 Ma was
obtained twice, first from all aegirine-arfvedsonite granites including ekerite and comendite dikes,
and second from granites I-M, II-M and III-M (Supplementary Table S1) e.g.,[49]. According to this
measurement, ¥5r/%Sri values range from 0.6676 to 0.7077 for the aegirine-arfvedsonite granites,
except for one value of 0.7287. 14Nd/**Ndi values of the granites are moderately high, from 0.5125
to 0.5127. A slightly higher initial 8Sr/%Sr of 0.7051-0.7071 was obtained from ferro-edenite granites
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with their isolated plots of 269.6 + 2.8 Ma (Supplementary Table S1). Also 291+7.2 Ma was detected
from aegirine-arfvedsonite granites of two bodies, excluding dikes (Supplementary Table S1).

The received ages of 291+7.2 and 295.7+5.3 Ma are not only consistent with the geological
relationship, but also with U/Pb zircon dating by Kovalenko et al. [30]. These are 290+1 Ma from
coarse grained granite and 292+1 Ma for a pegmatite I-M. All eNdt values are positive in the range
6.20-7.80 for aegirine-arfvedsonite granites, 3.95-5.99 for ferro-edenite granites, and 5.06-6.98 for dikes
(Supplementary Table S2). The positive and moderate values of Ndi suggest that the alkali granites
were derived from a modified mantle source. This is approved by the plots of the alkali granites in
diagrams of T-eNd (t), Pb207/Pb204-Pb206/Pb20¢, eNd(t) -eHf (t) and Sri-50180%. (Figure 7a-7c), e.g.,[49].
Source definition for CAOB granites by the ratio of T and eNd was first proposed by Hong et al. [22].
Here, in this manuscript, the CAOB field constructed by Serjlkhumbe [49] is used, which was
supplemented by data from Kovalenko et al. [31] and e.g., [20,49]. In this diagram, the granites of the
Khanbogd pluton are located closer to the line indicating mantle origin than the granites of the
Hercynite Belt of Mongolia (Figure 7a). The Pb27/Pb2 - Pb206/Pb20* system also shows a melt source
from mantle-derived rocks e.g., [71] for the Khanbogd granites (Figure 7b). In the eHf (t) vs. eNd (t)
diagram, the values of the Khanbogd granites are plotted near the depleted mantle line [60]. The
measured 0'¥*0 %o data from quartz are inrange of 6.67-9.2%o for the granites of western body (Table
3). Low 08 0%o0qz values are characteristic of granites I-E, and granites II-E are specified by low
8Sr/%Sr content, while the 8180%o0qz values are same as for III-W and IV-W (Table 3, Figure 7b). Most
of the plots in Sri-0180%o. diagram demonstrate oxygen that has dilated from mantle derived rocks
(Figure 7d).

Table 3. ¥Sr/%Sri at 291 Ma and 8'%0qz%. data of alkali granites, Khanbogd pluton.

sample 32 35 39 21 30 72 52 54 18 19 09 11 03 08 55 34
Ne IM I-M I-M II-M II-M II-M III-M III-M IV-MIV-M I-E [-E II-E II-E com. eke.
87Sr/86Sr2010.70170.70770.70490.70790.69820.70490.70120.70290.70350.70560.67530.69450.70650.70560.7026 0.6944
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Figure 7. Isotope plots. (a)- Intrusive ages vs. eNd (t) diagram. 1-CAOB field is done by data of
Mongolian granites [49] used the field of [22], 2-4 granites data of Hercynide belt of Mongolia: 2- by
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Kovalenko et al. [31], 3- by Helo et al. [20], 4-Khanbogd granites by Serjlkhumbe [49], 5- granites data
of Caledonian belt of Mongolia, Kovalenko et al. [31], 6-granites of Zavhan microcontinent [31]. Fields
of Caledonides, Hercynides and Himalaya - from Patchett [43], metasediments data from [31]. (b)-
Khanbogd granite plots in Pb isotopic systematics [48] upper, and lower crust, orogen and mantle
evolution curve by [71], Tick marks represent 0.1 Ga age intervals. (c)- Khanbogd granite plots in eHf
(t) vs. eNd(t) diagram [49], N-MORB [41], Proterozoic continental crust [61], Proterozoic sediment
data and mantle arrow are from [60], (d)-granite plots in Sr/%Sr - '80qz diagram. The dotted lines
are approximate ranges of Sr/%Sri - 8'¥0qz in mantle derived rocks [39].

6. Discusstion

The most cited source models for alkaline granites have been based on their low 8Sr/%Sr ratio,
which is similar to depleted and modified mantle origin. Models for their genesis include: (1)
fractionation of mantle-derived magmas with or without interaction of crustal rocks [11,15,37]; (2)
partial melting production of residue from type-I granites [5]; (3) crustal melting accompanied by an
influx of mantle fluids [19]; (4) partial melting of metasomatically altered crustal source rocks [3,65];
and (5) partial melting of lower crustal basalt and lithospheric mantle induced by a rising plume
[9,10]. The vapor absent melting from mica schist, tonalite and biotite-amphibole gneiss model
[7.53, 44] differed from the aforementioned models. For the Khanbogd pluton complex, its origin has
been attributed to hypothesis (1) that was proposed by Vladykin et al. [63]. Kovalenko et al. [29.30]
proposed a magma source originating from the melt that resulted from the interactions of enriched
mantle, depleted mantle, and crust materials. With the exception of low 8S5r/%Sri values, the trace
elements content such as Th, Ta, Nb, La and Yb of studied granites is identical to the content of mafic
rocks, which having melt sources from the lithospheric and asthenospheric mantle [1 and 45]. In the
87Sr/865r-0'80 correlation diagram, the samples illustrate plots in 3 directions: Precambrian gneisses,
seafloor deposits, and depleted mantle (Figure 8a). Ocean-floor sediments are considered a resource
of Rare Earth Elements e.g. Kato et al. [26], Yasukawa et al. [69], Takaya et al. [55], Milinovic et al.
[40]. Therefore, the REE concentration in the alkaline granites of Khanbogd pluton does not negate
the participation of modified ocean floor rocks in their magmatic source. As for the melting of
tonalites and granite-gneisses into a magma source for alkaline granites, this has long been confirmed
experimentally [7,18,44,53].

Moreover, Patino Douce [44] obtained the leucogranite composition from an experiment on
tonalite in vapor absent melting at the 15-32 kbar. Several reactions have been illustrated as
experimental results in a phase diagram [44]. One of the reactions is an association “Cpx + Grt + Kfsp
+ melt” from the melt “Bi + Am + Pl + Q”. The diverse extent of garnets in thin sections indicates
that this reaction was involved in the formation of alkaline granite of the studied pluton.
Nevertheless, negative anomalies of Ba, Sr, Eu and positive anomalies of Th, U, Pb, Li  in the studied
granites indicate the presence of a vapor absent melt for their crystallization e.g., [18].

Petford [46] and Wilson et al. [67] suggest that the flattened intrusions and ring dikes are
associated with magma at shallow depths, where the fluid absent melt is conditioned. On the other
hand, the half ring dikes are accompanied by detachments of the thrust system [13,57].  Uplifted
country rocks between the granite intrusions and pendants on the top of the granites suggest that the
granites were penetrated along fractured country rocks. Except for the flattened shape, the two
adjacent intrusive bodies and the undeformed Carboniferous volcanic rocks in the front part of the
pluton are consistent with underplating magma factors during duplex-type thrusts, as discussed in
the modeling of Konstantinovskaya and Malavieille [28], Malavieille [38]. As defined by Cox [6], the
presence of basalt and rhyolites supports igneous underplating during continental basaltic volcanism.
The studied alkali granite pluton is temporary coeval with Permian volcanic formation of basalt and
comendite (rhyolite) e.g., [29-31]. As well as Thybo and Nielsen [58], have proposed that magma
underplating also accompanies the rift zone. In our case, the role of underplating magma source is
confirmed by variable ¥Sr /%Sri and 980 values, demonstrating multiple melt sources for the alkali
granites, as well as melt from mantle rocks, recycled rocks of continental and oceanic arcs (Figure 8a).
The Figure 8b presents a model for the studied Khanbogd pluton.
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We expressed our interest to geophysicists of the “Geo-Oron” Company to study gravimetric
models of another largest alkali-granite pluton, Bayan-Ulan, located in Central Mongolia. As a result
of modeling, a flattened shape was obtained for this pluton [14], (Figure 8c). Bayan-Ulan pluton
occupies almost 1000 sq.km and emplaced into accretionary wedge complex [2]. The detrital zircon
age of this complex correlated to the interval of Permian-Triassic [4]. Granites of Bayan-Ulan pluton
consist mainly of quartz, K-feldspar, aegirine, riebeckite and rarely biotite. They are associated with
leucogranite [32]. The U/Pb zircon age of 221 Ma was determined from alkaline granite [10].

[ Permian basaits
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Figure 8. Model for Khanbogd pluton. (a)- plots in #Sr/*Sr201 - 8'¥0qz diagram. Trend curves of
terrigenous sediment from [42], sea floor sediment from [47] and depleted manle from Eiler et al. [12],
(b)- suggested model for the emplacement of flattened form alkali granites Khanbogd pluton, (c)-
gravimetric model for Bayan-Ulan alkali granite pluton.

The elliptical shape of the Bayan-Ulan alkaline granite complex among the accretionary complex
implies a magma inflation along the thrust faults in accretionary zone. This assumption refutes the
hypothesis that the underplating magma followed the rift zone. However, the geological setting of
the Bayan-Ulan pluton shows that alkaline granites can also form where thrusting followed in the
accretion zone, of course, not in all cases. The low isotope values, the thrust nature and 295-286 Ma
ages of the alkali granites, indicate an underplate magma evidenced during Permian rifting.

Similar events, such as magma rising along horizontal faults and underplating magma source
were suggested for the Permian alkaline granite plutons of China e.g., [59,72,73]. This shows that
the Permian alkali granite plutons were evidenced by similar processes in southern Mongolia and
northern China.

7. Conclusions

1. The peralkaline Khanbogd plutonic complex with an area over >1000sq.km formed by the
sequential emplacement of several elliptic intrusions that were occurred along the sub
horizontal fracture zones of duplex type of thrusting.

2. The geochemistry characteristic of alkaline granites with low Sr, Ba, Eu, Ti and high Th, U, Pb
and Li shows a crystallization affinity from vapor absent melt due to fracture zones.

3.  Thelow of Sr, Pb,Hf and O isotope values, as well as the thrust nature of the alkali granites,
indicate an underplate magma source evidenced during duplexing of Permian period
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4.  The ratios of Sr /%St vs. 8180 of alkali granites indicate their formation from an underplate
melting, where mantle sourced rocks were involved

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org.
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