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Abstract: The Qinghai-Tibet Plateau (QTP) hosts significant lacustrine sedimentary boron-rich
deposits, with the Xiongba Basin being a prominent region housing two large sedimentary boron-
rich deposits. These deposits are closely associated with extensive Neogene volcanic rocks. This
study investigates the origin and boron sources of Miocene volcanic rocks in the Xiangqu River area,
located within the Xiongba Basin. The volcanic rocks in the basin comprise ultrapotassic andesites,
ultrapotassic trachyte, potassic trachyte, and potassic trachyandeiste. The trace element content
and the active/inert elements ratios of the studied volcanic rocks have indicated that they were
generated in a subduction environment and were influenced by enrichment fluids derived from
deep-sea sediments or altered oceanic crust during their formation. Accordingly, the studied volcanic
rocks exhibit significant boron enrichment. The eruption of magma and subsequent hydrothermal
activity released boron, which became the primary source for the lacustrine sedimentary boron-rich
deposits within the basin. The arc-like trace element features (e.g., Nb-Ta depletion relative to La and
K) and high B concentrations in these rocks were inherited from the mantle source, which had been
enriched by melt/fluid of the subducted sediments. A two-stage evolutionary model is proposed
to explain the enrichment of B in subduction environments, as well as the subsequent melting of
the B-enriched source during a post-collisional setting. These findings highlight the potential for
boron and lithium mineralization in similar volcanic rock-bearing regions across the QTP. Future
exploration efforts in such areas could provide valuable insights into the formation processes of
lacustrine sedimentary boron-rich deposits and contribute to the understanding of boron and lithium
resource potential.
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1. Introduction

Lacustrine sedimentary boron-rich deposits are of great industrial significance and
large in scale among the various types of boron deposits known worldwide [1-3]. The oc-
currence of significant borate deposits worldwide is consistently associated with endorheic
basins situated in active volcanic regions that are subject to extensional tectonic regimes,
where hydrothermal or geothermal waters facilitate the leaching of boron from the sur-
rounding volcanic rocks and serve as a conduit for its transportation into temporary
alkaline lakes [2-5]. Borate minerals (borax, ulexite, colemanite, etc.) are the major source
of commercial boron (B) and are largely concentrated in lacustrine deposits within two
main mineralization zones: the North-South Cordillera—Andes zone and the East-West
Alps-Himalayas zone [1-3,6]. Lacustrine borate deposits are consistently found in close
geological proximity to Miocene volcanogenic rocks, in addition to being limited to a
specific range of environmental and tectonic conditions [7].

Geosciences 2023, 13, 265. https:/ /doi.org/10.3390/ geosciences13090265

https:/ /www.mdpi.com/journal /geosciences


https://doi.org/10.3390/geosciences13090265
https://doi.org/10.3390/geosciences13090265
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/geosciences
https://www.mdpi.com
https://doi.org/10.3390/geosciences13090265
https://www.mdpi.com/journal/geosciences
https://www.mdpi.com/article/10.3390/geosciences13090265?type=check_update&version=1

Geosciences 2023, 13, 265

20f16

The borate deposits of the Qinghai-Tibet Plateau (QTP) within the eastern Alps—
Himalayas zone are closely associated in space and time with Miocene tuffs and lavas [6].
The collision between the Indian and the Eurasian Plates resulted in significant uplift of
the QTP and extensive Miocene volcanic activity in its interior, making it an important
source of these boron deposits [8,9]. The Xiongba Basin in QTP is characterized by the
widespread occurrence of lacustrine volcanic—sedimentary boron deposits that are asso-
ciated with large-scale Miocene volcanic rocks [6,10,11]. The source of B in this area is
thus often linked to form through the leaching of volcanic rock by geothermal water and
atmospheric precipitation. The B was carried by the Xiongqu River into the lake basin and
eventually formed through borate minerals precipitation resulting from arid events since
the Quaternary period [12].

This study focuses on investigating the geochemical characteristics of Miocene interme-
diate volcanic rocks associated with lacustrine boron-rich deposits in the QTP, specifically
targeting the Nieér Co and Chagcam Caka borate deposits. Through comprehensive anal-
ysis of whole-rock geochemical data encompassing major, trace, and rare earth elements,
our research aims to enhance our understanding of the petrogenesis of these volcanic rocks.
Additionally, we aim to unravel the processes of crustal melting and assimilation within
silicic volcanic rocks, shedding light on their association with B-rich ore-forming systems.
The significance of this study lies in its potential to contribute to a deeper comprehension
of the geological and geochemical processes that have shaped the Xiongba Basin and fa-
cilitated the formation of borate deposits within it. Moreover, the findings hold broader
implications for analogous geological settings worldwide. By expanding our knowledge
of the formation mechanisms of lacustrine borate deposits and their relationship with
silicic volcanic rocks, this research contributes to the broader understanding of borate
mineralization in various geological contexts.

2. Geological Setting

The QTP comprises four distinct blocks: the Songpan—Ganzi block, Qiangtang block,
Lhasa block, and Himalayan block, which are separated by three suture zones: the Jinsha
River suture zone (JSSZ), Bangong-Nujiang suture zone (BNSZ), and India—Yarlung Zangbo
suture zone (IYZSZ) [13,14] (Figure 1). The Lhasa block is further subdivided into three
secondary blocks, namely, the northern, central, and southern blocks, by the Shiquan River—
Nam Co ophiolite belt (SNMZ) and the Lhoba-Dianzhong fault (LMF) [15]. The study area
is located in the western part of the Lhasa block in the Xiongba Basin. The Nieer Lake fault
zone is situated to the north of the basin, while the Bangba fault zone is located to the south.
The study area displays well-developed linear structures, and the main tectonic lines trend
in an east-west direction, reflecting the effects of the principal compressive stress field from
the north and south. The Xiongba Basin contains multicolored coarse clastic sedimentary
strata of the Paleogene Niubao Formation, composed mainly of clastic rocks, including
unmetamorphosed sandstones, sandstones, and conglomerates, and volcanic rocks of
the Paleogene Linzizong Group are found in the southern and southeastern parts of the
basin [12]. In the southeastern part of the basin, there are unconformable contacts between
Permian-Jurassic metamorphic sandstones, sandstones, and slate and the Linzizong Group.
The Cretaceous—Paleogene granitic intrusion is widespread in the basin, intruding into
the sedimentary and metamorphic sedimentary strata of the Permian to Jurassic period.
The primary stratum in the basin is the Neogene Xiongba Formation, which is a volcanic—-
sedimentary formation with lacustrine facies. In the northern part of the basin, relatively
intact volcanic craters can be found.
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Figure 1. (a) Simplified geological map of the tectonic outline in the southwestern Tibetan Plateau;
(b) simplified geological map of Xiongba volcanic rock; (c) distribution diagram of volcanic
rocks that are volcanic-sedimentary in the Xiongba Basin [16]. JSSZ—]Jinshajiang Suture Zone;
BNSZ—Bangong-Nujiang Suture Zone; SNMZ—Shiquan River-Nam Tso Ophiolitic Melange Zone;
LMF—Luobadui-Mila Mountain Fault; IYZSZ—Indus-Yarlung Zangbo Suture Zone; NL—Northern
Lhasa block; ML—Middle Lhasa block; SL-Southern Lhasa block

3. Materials and Methods

In this study, we conducted fieldwork in the Sekdo region to collect fresh samples from
the volcanic rocks of the Xiongba Formation’s volcanic—sedimentary strata (see Figure 2).
Stratigraphic sampling was employed, targeting well-exposed volcanic rock outcrops.
Each sample collected weighed over 1 kg. Subsequently, the samples were manually
crushed into small pieces, and careful selection was made to obtain fresh, almond-free
mixed samples of approximately 100 g. These selected samples were then ground to a
particle size of 200 mesh. The major and trace element analysis was performed at the China
National Geological Experimental Testing Center using X-ray fluorescence spectrometry
(PW4400) and inductively coupled plasma mass spectrometry (Agilent ICP-MS 7900). Loss
on ignition (LOI) was determined by weighing the samples before and after heating them
at 1075 £ 25 °C for 1 h. The detailed operating procedures and conditions for XRF and
ICP-MS analysis were consistent with those described by Yang et al. [17] and Lin et al. [18],
respectively. The analysis precision for major element data was better than 0.05%, and the
analytical uncertainties for trace elements were better than +5% (wt.%) and under +1% for
measuring rare earth elements (REE) for repeated analyses of Chinese national standards
GB/T 14506.14-2010 and GB/T 14506.28-2010. The REE data were normalized to Post-
Archean Australian Shale (PAAS) [19], and PAAS-normalized anomalies were calculated
as follows [20]: Ce/Ce* = 2Cegn/(Lagn + Prsn), Eu/Eu* = 3Eugyn/(2Smgyn + Thgn),
and Pr/Pr* = 2PrSN/(CeSN + Ndgp)-
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Figure 2. Volcanic sedimentary strata of the Xiongba Formation.

4. Results
4.1. Petrological Results

The Xiongba Formation volcanic rocks in this study are primarily distributed in the
Sekazi area and represent the uppermost section of the volcanic rocks in the Xiongba
Formation. These rocks are characterized by an overall gray or gray-black color and ex-
hibit speckled, vesicular, and blocky structures. The dominant phenocrysts found in these
volcanic rocks are black mica. The volcanic rocks in the study area primarily consist of an-
desite, trachyte, and trachydiorite. The andesite is characterized by a gray-black color and
contains spotted and blocky structures. The primary mineral components include common
pyroxene, biotite, quartz, and plagioclase. Spotted crystals, which account for 30% to 45%
of the composition, mainly consist of biotite, followed by common pyroxene, plagioclase,
and a small amount of quartz. These crystals have formed harbor-shaped structures due to
resorption. The matrix of the andesite has a glass interweaving structure, mainly composed
of plagioclase, sericite, cryptocrystalline materials, and vesicle. The trachyte is also charac-
terized by a gray-black color with a small amount of broken and clustered spotted crystals,
accounting for approximately 40% of the composition. The main mineral components
are biotite, common pyroxene, glomerocryst, feldspar, clustered neutral feldspar, and oc-
casional fractured and corroded quartz. The matrix has a glass and basic interweaving
structure, with tiny plagioclase crystals dispersed in the glass. The trachydiorite has a
gray-black color with spotted and interweaving structures. The spotted crystals, which
account for approximately 30% of the composition, mainly consist of biotite, occasionally
hornblende and quartz. The matrix has a stripe-shaped plagioclase interweaving structure
that makes up about 60% to 75% of the rock. There are almond-shaped structures filled
with vesicle, accounting for 10%, which are irregularly shaped, and some are filled with
silica. After the silica loses its glassy nature, they are replaced by radially arranged fibers
of quartz.

4.2. Major Elements

The volcanic rocks collected from the Xiongba Basin exhibit alkaline characteristics,
with a total alkali content (K20 + NaO) ranging from 7.53 wt.% to 9.7 wt.% and SiOg
contents ranging from 56.39 wt.% to 64.85 wt.% (Table 1). The TAS diagram classifies
the Neogene volcanic rocks in the Xiongba Basin as belonging to the alkaline series of
trachyandesite and trachydacite. The alkaline volcanic rocks in the Xiongba Basin consist
of trachydacite and trachyandesite, most of them falling within the range of potassic—
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ultrapotassic volcanic rocks of the Lhasa terrane (see Figure 3a). In the SiO» and K>O
diagram (see Figure 3a), the volcanic rocks are classified as potassic intermediate-felsic
rocks, characterized by KO > NayO, K20 + Naz0 ranging from 7.53 wt.% to 9.7 wt.%,
K20/Nax0 > 2, and K»0 ranging from 5.17 wt.% to 7.73 wt.%. The major elements of
the rock samples show Al,O3 concentrations ranging from 11.77% to 15.29% and MgO
concentrations ranging from 2.35 wt.% to 6.39 wt.%. Specifically, the MgO values of potassic
trachyandesite and potassic andesitic trachyte are less than 3 wt.%, while the MgO values
of ultrapotassic andesitic trachyte are greater than 3 wt.%.
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Figure 3. Total alkali-silica (TAS) diagram (after Irvine et al., 1971 [21]; Bas et al., 1986 [22]); (b) K20-
SiO; diagram (after Rickwood et al., 1989 [23]); the potassic—ultrapotassic rocks in the Lhasa block
(after Liu et al., 2011 [16]) (1—ultrapotassic andesite; 2—ultrapotassic trachyte; 3—potassic trachyan-
deiste; 4—potassic trachyte).

Table 1. The major element composition for the volcanic rock samples.

Sample D2B8 D2B10 D2B11 D2B12 D8B3 D8B4 DS8B7 D8B8 D8B17 D8B18 D8B19 SKP1-14 SKP1-15

SiO, 5796 5771 56.39 58.1 6248 6421 5727 57.78 59.26 58.62 58.13 63.26 64.85
TiO, 1.08 1.07 1.04 1.08 0.65 0.68 1.35 1.31 111 111 111 1.12 1.1

ALO3 12.63 12.7 12.55 12.69 1492 1529 1248 1262 13.04 13.85 12.87 11.77 11.79
Fe;O3 4.47 4.95 4.39 4.49 2.99 3.07 5.29 5.37 4.65 4.5 3.98 6.15 441
MnO 0.08 0.08 0.07 0.08 0.05 0.04 0.09 0.08 0.08 0.06 0.06 0.12 0.04
MgO 6.39 6.19 5.74 6.26 1.65 15 5.64 6.09 491 4.16 4.84 2.35 248
CaO 5.22 4.8 5.49 5.08 4.36 2.95 4.13 4.07 45 4.92 5.49 2.02 1.66
Na,O 2.54 2.53 1.37 2.55 2.18 2.15 1.97 1.9 1.83 2.18 1.63 1.73 213
KO 6.35 6.44 6.16 6.41 6.33 6.66 7.73 7.33 6.85 6.35 6.78 6.88 6.70
P,0s5 0.99 0.97 0.98 1.02 0.25 0.25 0.87 0.82 0.65 0.62 0.65 0.85 0.87

LOI 0.94 0.9 431 0.81 3.12 1.99 1.92 0.89 2.08 2.29 3.45 2.38 1.86
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Based on the definition of potassic rocks, characterized by high K>O content and
K20/NaO > 1, as well as the definition of ultrapotassic volcanic rocks, having MgO > 3 wt.%,
K20 >3 wt.%, and K2O/NapO > 2 [7,24], and considering the rock classification chart and
the range of potassic and ultrapotassic volcanic rocks in the Lhasa terrane [16], the volcanic
rocks found in the Xiongba Basin can be classified into four distinct types: ultrapotassic
andesite, ultrapotassic trachyte, potassic trachyte, and potassic trachyandesite.

4.3. Trace and Rare Earth Elements

The REE values of the studied volcanic rocks from the Xiongba Basin range from
337 ppm to 836 ppm with an average of 579 ppm (Figure 4 and Table 2). The LREEs
(light rare earth elements) and HREEs (heavy rare earth elements) average values are
553 ppm and 26 ppm, respectively. In general, the chondrite-normalized REE patterns
of the volcanic rocks showed the following characteristics: (1) significant LREEs enrich-
ment [(La/Yb)n=3.49-6.24, avg. = 4.72]; (2) no obvious Ce anomaly; (3) slight negative Eu
anomalies (Eu/Eu* = 0.51-0.63, avg. = 0.55). The LREEs/HREEs ratio ranges from 18.50
to 31.37, indicating a high degree of differentiation. Among the volcanic rocks analyzed,
the potassium trachyte andesite exhibits higher “REE, LREE, and HREE values than the
ultrapotassic andesite and the ultrapotassic trachyte, while the potassic trachyte shows the
lowest values. The spider diagram of trace elements normalized to the primitive mantle
indicates that the distribution patterns of trace elements in the studied volcanic rocks are
similar (Figure 4b). The studied volcanic rocks are enriched in large ion lithophile elements
(LILE) such as Th, K, and Pb, while high-field strength elements (HFSE) such as Nb, P,
and Ti are relatively depleted, suggesting the crustal contamination in such setting [25].
Another contributing factor to these geochemical characteristics might be the processes of
apatite and Fe-Ti oxide fractionation.
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Figure 4. Rare earth elements (REE) (a) and trace elements (b) abundances of volcanic rocks from the
Xiongba Basin normalized to chondrite [26] and primitive mantle [27], respectively.
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Table 2. The trace and rare earth element composition for the volcanic rock samples.

Sample D2B8 D2B10 D2B11 D2B12 D8B3 D8B4 D8B7 D8B8 D8B17 D8B18 D8B19 SKP1-14 SKP1-15

Li 33 32.5 31.7 30.7 23.8 23.7 29.8 30.3 35.2 28.1 26.8 24 31.9
Be 129 13.6 10.4 115 129 13.6 14 124 10.1 9.25 10 11 115
Sc 14.6 154 13.7 15.7 - - - - 12.5 12.7 12.8 13.7 111
v 105 109 106 99.8 57.4 58.8 87.2 103 101 98.8 97.1 101 103
Cr 385 401 374 381 458 47.7 424 428 279 260 283 437 469
Co 26.7 46.9 209 221 8.21 6.98 235 26.7 22.4 16.5 23.1 39.6 30.6
Ni 263 290 178 195 16.3 13.3 259 288 164 94.3 157 232 221
Cu 57.2 51.6 63.1 54.1 10.6 7.48 443 411 28 229 24.8 33.3 419
Zn 85.7 110 58.5 73.5 63.1 60 71.2 75.1 69.8 72.6 70.7 74.5 107
Ga 21.9 22.5 20.6 21.3 26.7 27.3 22.6 22.8 22 23.5 22 19.7 21.2
Rb 664 636 546 587 401 398 605 607 590 524 586 458 509
Sr 974 1035 1034 1071 522 476 880 822 787 854 819 994 1072
Zr 450 466 434 459 332 350 663 657 525 524 530 537 557
Nb 247 25.7 25.6 26 19.3 19.9 37.3 36.7 26.6 26.1 27 32.4 32.3
Ba 2551 2385 2578 2366 1073 1063 2734 2658 1791 2757 2299 3059 2283
Hf 12.6 12.6 11.8 13 - - - - 15.2 14 14.5 14.8 14.8
Ta 1.45 1.45 146 1.59 - - - - 1.46 1.48 1.55 1.77 1.69
Pb 47.6 48.7 56.9 43.8 82.7 81.4 59.2 66.9 48.7 51.5 47.3 90.9 103
Th 153 152 144 153 48.1 49 208 201 150 156 150 168 179
U 239 23.5 21.7 22.3 - - - - 194 17.2 223 20.4 19.2
As 5.26 5.88 54.3 4.27 9.18 3.71 5.89 5.46 65.8 10.9 15.7 74.2 62.1
Mn 552 661 517 629 382 345 651 626 618 462 496 781 324
B 20.3 24.6 18.9 7.73 115 126 102 25 140 54.3 26.1 377 1109
La 95.6 96.6 97 97.2 81.7 79.6 119 97.2 94.1 97.8 94.5 134 157
Ce 223 225 222 223 155 156 284 223 221 223 222 324 329
Pr 31.6 324 31.7 31.3 18.6 18.1 432 31.3 30.3 31.1 30.9 444 50.1
Nd 142 144 141 141 64.8 62.4 194 141 133 138 134 189 214
Sm 29.5 28.7 28.2 28.7 9.6 9.18 36 28.7 24.4 25.1 25 35.8 39.8
Eu 444 442 4.05 4.58 1.59 1.56 523 4.58 3.57 3.65 3.52 6.43 6.8
Gd 13.4 14.1 13.1 13.7 45 435 15.9 13.7 10.3 11.5 10.3 19.8 21.7
Tb 1.7 1.74 1.55 1.66 0.66 0.64 1.89 1.66 1.27 1.36 1.23 2.36 2.6
Dy 6.37 6.51 5.53 6.07 2.63 2.54 6.57 6.07 4.4 4.84 4.44 8.34 8.58
Ho 1.01 1.01 0.85 0.97 0.44 0.42 0.99 0.97 0.68 0.76 0.72 1.19 1.23
Er 2.75 2.85 2.36 2.72 1.35 1.25 2.76 2.72 1.99 2.23 2.04 3.13 3.18
Tm 0.3 0.31 0.25 0.31 0.15 0.14 0.28 0.31 0.21 0.23 0.22 0.31 0.33
Yb 2.02 1.91 1.61 1.97 1.09 0.94 1.73 1.97 1.43 1.44 1.42 2.08 1.9
Lu 0.28 0.28 0.22 0.26 0.14 0.14 0.23 0.26 0.19 0.22 0.19 0.28 0.26
Y 259 26.6 22.8 247 11.7 10.9 254 26 17.9 20.3 18.3 30.4 31.9

4.4. Characteristics of B Content in Volcanic Rocks

The Xiongba Basin is known for its volcanic rocks of various ages, and the volcanic
rocks of the Xiongba Formation are primarily found in the Sekazi region [16,28,29]. These
rocks exhibit a combination of volcanic and sedimentary features, with lithological assem-
blages consisting of trachyte and trachydacite explosive rocks. The boron content of these
rocks varies significantly (Table 2), ranging from 7.73 to 1109 ppm. The ultrapotassic an-
desite has the lowest boron content, while the potassium trachyte andesite has the highest.
The boron content of ultrapotassic andesite ranges from 7.73 to 102 ppm, displaying a
relatively large variation range with an average value of 33.09 ppm. The potash trachyte has
a boron content ranging from 115 to 126 ppm, with an average of 121 ppm. The ultra potas-
sium trachyte exhibits a boron content ranging from 26 ppm to 140 ppm. The potassium
trachyte andesite, on the other hand, has the highest boron content, ranging from 337 ppm
to 1109 ppm, with an average of 743 ppm. The boron content of these rocks demonstrates a
strong positive correlation with their SiO, content. B is considered an incompatible element
that tends to migrate along with Pb, Li, As, and Be in subduction environments [7]. In the
studied volcanic rocks, B displays a positive correlation with Pb, Li, and Be but shows a
greater variation when compared to As.

5. Discussions
5.1. Genesis of Miocene Volcanic Rocks in Xiongba Basin

The origin of ultrapotassic andesites is thought to involve partial melting of a man-
tle source that is highly enriched in K, leading to their elevated K content and unique
geochemical characteristics [30-32]. This mantle source is believed to have undergone
metasomatism, a process of alteration by fluids, which is associated with subduction or
mantle plume activity. The partial melting of this enriched and modified mantle source
produces magmas with high K and low Al content, which are then transported to the
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surface to form ultrapotassic andesites [32,33]. The enrichment in incompatible elements is
likely a result of the addition of fluids or melts from the subducting plate or mantle plume,
which modify the composition of the mantle source [34]. The melting process may also in-
volve the addition of subducted material or lithospheric mantle, which can further modify
the geochemical signature of the resulting magmas [34,35]. The chemical composition of
ultrapotassic andesites is characterized by LILE such as Rb, K, Pb, and LREE enrichment,
while HFSE (e.g., Nb, P, and Ti) and HREE are significantly depleted [36]. The high MgO
values, as well as high Cr and Ni values relative to the crustal average [37], indicate that
they originate from enriched mantle sources and have characteristics of primitive magma.
This is due to the involvement of continental crustal material in the Lhasa terrane mantle
tectonic activity during the subduction of the Indian continental lithosphere beneath the
northern margin of the Indian continent [29,38].

Potassic trachyandesites are thought to have originated from the partial melting of
basaltic rocks that underwent metasomatism in the mantle wedge [24,39]. This melting
produces magmas with high K and low Al content, which are then transported to the
surface to form potassic andesites. In some cases, potassic andesites can also be generated
by the mixing of different magma types, including melts from the mantle and crust, leading
to hybrid compositions [40,41]. Potassic trachyte andesites in this study exhibit LILE and
HREE enrichment, as well as HFSE and HREE depletion. The Cr and Ni contents range
from 45.8 to 47.7 ppm and 13.3 to 16.3 ppm, respectively, which are similar to the crustal.
They share similar characteristics with Chaga-tsé volcanic rocks and may have originated
from partial melting of the enriched potassium-rich material in the lower crust of the Lhasa
terrane [42].

The volcanic rock known as ultrapotassic trachyte has a unique composition with high
potassium content and fine-grained texture. It forms through the partial melting of enriched
mantle sources [43], often in post-collisional or within-plate settings [44]. Subduction-
induced heat and pressure trigger mantle rock melting, leading to volcanic eruptions
upon ascent. As the magma cools, it solidifies into various volcanic rocks, including
ultrapotassic trachyte [43,45]. Ultrapotassic trachyte’s origin ties to plate tectonics, driving
Earth’s lithosphere movement and rock formation. Average ytterbium (Yb) and yttrium (Y)
concentrations in ultrapotassic trachyte stand at 1.43 ppm and 18.83 ppm, consistent with
adakitic rocks from crustal melting, suggesting a lower crust origin [46]. Trachyte/syenite
magmas form at pressures around 15 x 10® Pascals (equivalent to a 55 km thick crust),
with plagioclase retaining negative europium (Eu) anomalies. At 17 x 10® Pascals (60 km
crust), plagioclase transforms into clinopyroxene, leading to trachyandesitic/monzonitic
magmas without negative Eu anomalies [47]. In the study area, ultrapotassic trachyte
shows faint negative Eu anomalies and Rb/Sr ratios between 0.61 and 0.75, implying deeper
magma origins [48,49]. All samples have negative Eu anomalies around 0.5, indicating
plagioclase fractionation or melting depths within plagioclase stability (<30 km).

Potassic trachyte is formed through volcanic activity, which is associated with vol-
canic regions that are rich in alkali metals such as K and Na. In general, potash trachyte
is formed when magma containing high levels of K and Na slowly cools and solidifies,
either above or below the earth’s surface [50]. As the magma cools, minerals such as alkali
feldspar, mica, hornblende, and biotite crystallize and combine to form the characteristic
fine-grained texture of trachyte. Potash trachyte can be found in various geologic environ-
ments, including volcanic fields, calderas, and rift zones. It is often associated with other
volcanic rocks such as basalt, andesite, and rhyolite, and can be found in both extrusive
and intrusive forms [50,51]. The potash trachyte examined in this study displays typical
features including high concentrations of Mg and compatible elements such as Cr and Nij,
high contents of rare earth elements (REEs) and trace elements, enrichment in LILEs and
depletion in HFSEs, high Th/Ta ratios (94.91-105.92), low Nd/La ratios (0.18-0.22), and low
Rb/Ba ratios (0.14-0.15). These characteristics are similar to those of Xiongba Basin potassic
trachytes described by Liu Dong [16] and may have originated from partial melting of the
thickened lower crust [16,52,53]. To summarize, ultrapotassic andesite with distinct mantle
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characteristics is generated by partial melting of the enriched mantle. Potash trachyte and
diorite are produced by the melting of the thickening lower crust. Ultrapotassic trachyte
originates from the lower crust. However, these four types of volcanic rocks share some
geochemical features, including enrichment in large ion lithophile elements and transition
metals such Cr and Ni, high Th/Ta ratios, low Nd/La ratios, and low Rb/Ba ratios. They
also exhibit similar trace element distribution patterns, indicating possible interaction
among different magma source regions [54,55]. Therefore, we suggested that the four types
of volcanic rocks in the Xiongba Formation are likely the result of magma activity response
in different lithospheric layers under the same tectonic-magmatic setting [16].

5.2. Formation Mechanisms and Sources of Boron Enrichment in Volcanic Rocks

The B enrichment in magmas is a complex process that involves various sources
and mechanisms. The original magma usually has a low boron content, which is mostly
dispersed in rock-forming minerals such as plagioclase, K-feldspar, biotite, and quartz [56].
The average B abundance in the mantle is <0.1 ppm, while in the continental lithosphere
and upper crust, it can reach 6.7-7.82 ppm and 15 ppm, respectively [56,57]. Thus, any B
content higher than these values indicates an enrichment anomaly, which can result from
the incorporation of B from external sources. Two main pathways have been proposed to
explain the origin of B enrichment in magmas [57,58]. One is the underwater alteration
of the oceanic crust, which releases boron into fluids that can infiltrate and modify the
overlying mantle or crust. The other is the adsorption of boron by deep-sea sediments
from seawater, which can later release boron during subduction and fluid-rock interaction.
The subduction plates and sediments can host much higher boron concentrations than
the mantle [59]. The content of trace elements in magmas can provide insights into their
evolution and enrichment history. Although boron does not show significant changes
during normal magmatic differentiation, it can reflect fluid enrichment when compared to
relatively fluid-immobile elements such as La, Ce, Nb, Sm, Gd, Yb, and Zr [58-60]. In this
study, the higher values of B/La, B/Ce, and B/Zr in the potassium trachyte andesite and
potash trachyte indicate that boron was enriched in the magma [60]. The B/La and B/Ce
ratios of the studied volcanic rocks ranged from 0.080 to 7.064 and from 0.035 to 3.371,
respectively. The B/Zr ratios were 0.017 and 1.991, respectively, higher than the average
B/Zr value of ocean island basalts (0.012) [60]. These high B/incompatible element ratios
suggest that the magma experienced fluid enrichment from the dehydration of subducted
oceanic crust [59,60]. The arc-like trace element features (e.g., Nb-Ta depletion relative
to La and K) and high B concentrations in these rocks were inherited from the mantle
source, which had been enriched by melt/fluid of the subducted sediments. Overall, B
enrichment in magmas can result from the interaction of various components and processes,
including subduction fluids, altered oceanic crust, and deep-sea sediments. The contents of
REEs, such as Gd and Sm, in magmas can provide valuable information on their source
and evolution. In this study, the Gd and Sm contents increase in the order of potash
trachyte, ultrapotassium trachyte, ultrapotassic andesite, and potassium trachyte andesite
(Figure 5d). This trend can be explained by the increasing degree of fractionation and
differentiation in the magmas, which causes the enrichment of Gd and Sm [61]. Moreover,
we found that the Gd and Sm contents of all studied samples show a positive correlation,
suggesting these elements behave similarly during magmatic processes. The Gd and Sm
contents of the potash trachyte are lower compared to the other samples, indicating the
influence of fluid enrichment [50,51,54,55].
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Figure 5. Plots of (a) B/La and SiO»; (b) B/Zr and SiO3; (c) B/Ce and SiOj; (d) Sm and Gd.

The Pb/Ce ratio of marine sediments is often higher than that of oceanic basalts,
indicating the involvement of subducted sediments in the formation of oceanic basalts [62].
The Pb/Ce ratio and Pb content in the studied volcanic rock are close to the area near the
marine sediment, indicating that the magmas have assimilated marine sediment (Figure 6).
This finding is further supported by the enrichment of Th in the samples, which is closely
associated with the addition of sedimentary material to the mantle source region by sub-
duction [63]. Moreover, the Ba/La and La/Sm ratios in arc volcanic rocks can be utilized
not only to differentiate between island arc volcanic rocks and oceanic volcanic rocks but
also to explain the involvement of a minor quantity of subducted deep-sea sediment in the
magma source of arc volcanic rocks [62]. By examining the correlation analysis between the
Ba/La and La/Sm ratios of the samples with the chondrite-normalized values (Figure 7),
it is evident that the samples mainly fall within the boundary between marine sediments
and island-arc basalts, indicating the characteristics of arc magmas and the possible par-
ticipation of marine sediment in the magma activity. Furthermore, it is suggested that the
magmas of potassic rocks may have assimilated biogenic sediment (Figure 8).
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Figure 6. Pb/Ce ratios and Pb concentrations in studied volcanic rocks compared with oceanic basalts
and marine sediments (modified from Othman et al., 1989 [62]). Two mixing curves are shown: one
with average sediment and a calculated MORB source (depleted mantle) composition, the other with
average sediment and an OIB source (“enriched mantle”) composition. Numbers adjacent to ticks on
mixing curves are the percent sediment in the mixture.
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Figure 7. Chondrite-normalized Ba/La and La/Sm ratios in volcanic rocks in Xionba Basin. Two cal-
culated mixing curves are shown. A is a high Ba/La Pacific biogenic sediment (DSDP 183-3-2 from
Kay, 1984 [64]; Numbers adjacent to ticks on mixing curves are the percent sediment in the mixture.
The MORB field is also shown.
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5.3. Implication for the Origin of Lacustrine B-Rich Sediments in QTP

The subduction environment is a critical factor in the initial enrichment of boron in
magma. The high mobility and incompatibility of boron allow for the altered oceanic
crust and deep-sea sediments enriched in boron (and other related elements such as Li) to
release boron during subduction metamorphism and dehydration processes [38,53,60,62].
As a result, large ion lithophile element end-member fluids are enriched with boron and
carried into magma, leading to the enrichment of boron in the magma. The enriched fluid
is released during magma eruption, resulting in the release of boron into volatiles [7].
The continuous subduction process leads to the gradual depletion of boron with the
decomposition or reaction of the host rock containing boron. The B/Be and B/Nb ratios
(see Table 1) decrease with increasing subduction depth, resulting in varying degrees
of boron enrichment in magma at different depths. Although the volcanic rocks in the
Xiongba Basin are in a post-collisional environment and have no direct relationship with the
subduction zone, subduction can still cause boron enrichment in magma [65]. The Indian
continental lithosphere underwent subduction at 25-16 Ma [38], and the crustal sediment
carried down to the western Lhasa lithosphere under the ancient subduction zone resulted
in boron enrichment in magma. The boron-enriched magma underwent degassing during
the eruption, releasing boron into volatiles, which was then transported by the Xiong'er
Fault to the Nie’er Lake and Zaching Caka drainage basins, becoming one of the primary
sources of boron for boron minerals. Boron is also a potential “escape” element that is
soluble in water solutions at medium to high temperatures (>100 °C) [65]. In the ancient
subduction environments of the QTP, which is composed of multiple suture zones, shell-
derived sediments may have been carried into the magma during the ancient subduction,
leading to the enrichment of beneficial elements such as boron and lithium in volcanic
rocks [29,38]. Boron's propensity for redistribution under the conditions of water solution
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can cause the concentration of boron in rocks to change due to diagenesis, hydrothermal,
or metamorphic processes [54,56]. This behavior is common in geothermal, hydrothermal,
and mineralization environments. Therefore, the numerous boron- and lithium-rich hot
springs developed in the Qinghai-Tibet Plateau are another significant source of boron
for the current “special” salt lakes [66]. In summary, the subduction environment may
play a crucial role in the initial B enrichment of the magma source. The boron-enriched
magma undergoes degassing during the eruption, releasing boron into volatiles that can be
transported by faults to different drainage basins, becoming one of the primary sources
of boron for boron minerals. The solubility of boron in water solutions at medium to
high temperatures can also cause the concentration of boron in rocks to change due to
various geological processes, resulting in significant concentrations of boron in geothermal,
hydrothermal, and mineralization environments.

6. Conclusions

This work investigated the volcanic rocks in Xiongba Basin, which are composed of
four types of rocks classified: ultrapotassic andesites, ultrapotassic trachyte, ultrapotassic
trachyte, and potassic trachyte. The arc-like trace element features (e.g., Nb-Ta depletion
relative to La and K) and high B concentrations in these rocks were inherited from the mantle
source, which had been enriched by melt/fluid of the subducted sediments. Subduction
plays a crucial role in magma boron enrichment, and our results reveal that the volcanic
rocks in the Xiongba Basin exhibit varying degrees of B enrichment, and the magma source
was mainly influenced by subduction. The ultrapotassic andesite has the lowest boron
content and ultrapotassic trachyte has the highest, as they formed at different subduction
depths, suggesting that subduction is a critical factor in boron enrichment. Our study
results indicate that the boron released during the degassing process of high-boron magma
eruptions and post-eruption hydrothermal activities has been transported to the ancient
lake basin. As a result, the presence of this type of volcanic rock can serve as an indicator
of B and Li mineralization in the QTP. Our study provides insight into the geochemical
characteristics of the volcanic rocks in the Xiongba Basin and their potential link to ancient
subduction environments. Our findings reveal the crucial role of subduction in magma
boron enrichment and the enrichment of beneficial elements such as B and Li in volcanic
rocks. This work has significant implications for understanding the geological processes
contributing to the formation of B and Li resources within salt lakes in the QTP.
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