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Abstract: Within the Himalayan collisional belt, granites occur along two subparallel belts, namely,
the Tethyan Himalayan Sequence (THS) and the Greater Himalayan Crystalline Complex (GHC). In
this study, Eocene adakitic rocks and leucogranite are found only in the northern Himalayas, so further
research is required to constrain their origin. Here, we present zircon U-Pb and monazite U-Th-Pb
ages, Sr—Nd-Pb and Hf isotopes, and whole-rock major and trace elements for Liemai muscovite
granite in the eastern Himalayan region. The U-(Th)-Pb results show that Liemai muscovite granite
was emplaced at 43 Ma, and that its geochemical characteristics are similar to those of adakitic
rocks of the same age (Dala, Quedang, Ridang, etc.). Combined with previous studies, both Eocene
adakitic rocks and leucogranite are high-potassium calc-alkaline peraluminous granites. The former
is relatively rich in large-ion lithophile elements (LILEs), such as Ba and Sr, and relatively deficient
in high-field-strength elements (HFSEs), such as Nb, Ta, Zr, and Y, with weak or no Eu anomalies,
and the average light rare earth element (LREE)/heavy rare earth element (HREE) ratio is 17.8. The
latter is enriched in LILEs (such as Rb) and U, Ta, and Pb, and depleted in HFSEs (such as Nb and Zr),
La, and Nd, with obvious negative Sr, Ba, and Eu anomalies and a mean LREE/HREE ratio of 10.7.
The 87Sr/8Sr of the former is in the range of 0.707517-0.725100, eNd (t) ranged from —1.2 to —14.7,
the average is —11.6, eHf (t) ranged from —0.5 to —65, the average is —12.2. The average values of
(2%Pb /294Pb) i, (*O”Pb/2%4Pb) i and (>%®Pb/274Pb) i are 18.788, 15.712 and 39.221, respectively; The
87GSr /86Sr of the latter is in the range of 0.711049~0.720429, ¢Nd (t) ranged from —9.8 to —13.8, the
average is —12.3, eHf (t) ranged from —4.2 to —10, the average is —6.7. The isotopic characteristics
indicate that adakitic rocks and leucogranites are derived from the ancient lower crust, and both may
be derived from metamorphic rocks of the GHC. In this paper, the origin of the two is associated with
the transformation of the Himalayan tectonic system during the Eocene, and it is inferred that the
deep crust may have altered the tectonic environment (temperature and pressure), resulting in an
obvious episodic growth trend of leucogranite and significant development of adakitic rocks from 51
to 40 Ma. From 40 to 35 Ma, the development of Eocene magmatic rocks was hindered, and adakitic
rocks disappeared. It is proposed that the genetic difference is related to the transition from high to
low angles of the subducting plate in the crustal thickening process.
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1. Introduction

In the Tethyan Himalayas regime, a belt of leucogranites up to 2000 km long is dis-
tributed approximately along the east-west direction, nearly parallel to the Greater and
northern Himalayas. They are important rock probes for studying the tectonic-magmatic
evolution history of the Himalayan orogenic [1-9]. Therefore, the detailed study of
leucogranite is very important for determining the evolution of the Himalaya-Tibetan
Plateau orogenic belt [7,10-14].

In addition to Eocene leucogranite, Eocene adakitic rock associated with thickening
crust has been found in the northern Himalayan region by previous scholars. These discov-
eries have aroused widespread attention among experts and scholars at home and abroad,
and the discussion has focused on the genesis, metamorphism, and tectonic evolution mech-
anism [11,12,15-22]. However, there are different understandings regarding the origin of
adakitic rocks. Gao et al. (2021b) [20] used the fractional crystallization model to invert the
differentiation and evolution process between Eocene two-mica granite (heap crystal) and
Eocene leucogranite, indicating that adakitic rock with a high Sr/Y ratio may be formed via
fractional crystallization. However, Zeng et al. (2011, 2014) [10,11] found that the middle
Eocene high-5r/Y adakitic granites in the northern Himalayan gneiss dome originated from
the thickened lower crust. Xie et al. (2010) [15] and Dai et al. (2020) [22] proposed that Dala
two-mica granite has an affinity for adakitic rocks and is the product of the partial melting of
deep rocks dominated by garnet and amphibole under high pressure. Hou et al. (2012) [23]
and Cao et al. (2020) [24] reported that the oceanic crust plates of the Neo-Tethys Ocean
broke off at 45 Ma, after which a brief extension occurred in the northern Himalayas from
45 to 40 Ma, resulting in large amounts of adakitic rocks. Tian et al. (2017) [25] and Dai et al.
(2023) [21] stated that Liemai two-mica granite and muscovite granite are the products of
the partial melting of metamorphic rocks in a thickened crustal environment. In the latest
study of Cao et al. (2022) [6], the genesis of Cenozoic leucogranite was investigated in
detail. Their team proposed that the Himalayan leucogranite originated from the incon-
sistent (unbalanced) partial melting of the Greater Himalayas complex and experienced
highly differentiated evolution of mineral separation and crystallization. However, no
systematic comparative study has been conducted to determine the differences and genetic
connections between Eocene adakitic rock and leucogranite in the northern Himalayas.
In this study, it was found that Eocene adakitic rocks and leucogranites are exposed only
in the northern Himalayas (Supplementary Table S1) and are mainly concentrated in the
dome structure of the eastern part of the northern Himalayas. These two types of granites
exhibit obvious differences in their spatial and temporal distribution and geochemical
characteristics. On this basis, previous studies on adakitic rocks and leucogranites in this
area were reviewed [10,19,23,26-32].

To comprehensively determine the genesis and tectonic evolution characteristics of
these two types of Eocene granite, we focused on the Eocene northern Himalayas and
investigated Liemai muscovite granite. Zircon and monazite U-(Th)-Pb dating, whole-rock
major and trace element analysis, and Sr, Nd, Pb, and Hf isotope analyses were conducted.
At the same time, the genesis (partial melting and fractional crystallization) and diagenetic
constraints (temperature, pressure, depth, etc.) of the considered leucogranite were related
to the transformation of the Himalayan Eocene tectonic system, with the aim of exploring
and constraining the genetic mechanism of granite in the collisional orogenic belt.

2. Geological Background

The Qinghai-Tibetan Plateau, which has experienced a long, multistage and com-
plex history of oceanic spreading, subduction and continental collision, consists of the
Songpan-Ganzi, North Qiangtang, South Qiangtang, Lhasa and Himalayan (Indian) blocks,
from north to south [33,34]. The Himalayan orogenic belt was formed by the continental
collision between the Indian and Eurasian blocks [33-35]. The orogen is separated from
the Lhasa block in the north by the Yarlung Tsangpo suture zone, and from the Indian
block in the south by the Main Frontal Thrust. Four major tectonic units have been defined
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from north to south—the Tethyan Himalayan Sequence (THS, also referred to as northern
Himalaya), the Greater Himalayan Crystalline Complex (GHC), the Lesser Himalayan
Sequence (LHS), and the Sub-Himalayan Sequence (SHS)—which are separated by the
South Tibet Detachment System (STDS), the Main Central Thrust (MCT) and the Main
Boundary Thrust (MBT), respectively [2,35] (Figure 1). In the northern Himalayan tectonic
belt, a series of gneiss domes developed, known as northern Himalayan gneiss domes
(NHGDs). The core of the NHGDs comprises gneiss and leucogranite overlying a layer
of non-metamorphic sedimentary rocks transitioning to high-grade metamorphic clastic
rocks [36]. The THS contains passive continental margin sedimentary rocks of the Indian
block deposited during the Paleozoic-Mesozoic and mainly encompasses clastic and carbon-
ate rocks metamorphosed under low-grade greenschist- and low-grade amphibolite-facies
conditions [37]. The GHC represents the core of the Himalayan orogenic belt, which com-
prises Proterozoic—early Paleozoic sedimentary sequences and magmatic rocks. The GHC
experienced granulite to eclogite-facies metamorphism, forming crystalline complexes that
largely include schist, paragneiss, orthogneiss, amphibolite, marble, and granulite [38]. The
Cenozoic magmatic rocks of the Himalayas primarily comprise leucogranite formed after
continental-continental collision between the Indian and Lhasa blocks [6,39].
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Figure 1. Age summary of Eocene magmatic rocks in the Himalayas. The map was modified from
Cao et al. (2022) [6].

3. Sampling and Petrography

In this paper, five fresh muscovite granite samples were collected near the Longzi fault
zone (longitude and latitude: 92°35'27.88" E and 28°27'14.02" N, respectively) in Yangxiong
Village, Eastern Liemai Township, Longzi County, Shannan City, Tibet (Figure 2a). The
mineral assemblages in Liemai muscovite granite do not exhibit a directional structural
arrangement (Figure 2d), and some chloritization alteration and structural deformation
are apparent, indicating that only brittle deformation occurs in Liemai muscovite granite.
The contact boundary between the Liemai rock mass and wall rock is obvious. The wall
rock of Liemai muscovite granite is medium-thick-layered light metamorphic sandstone
and siltstone with dark gray silty slate in the second member of the Ridang Formation
(Figure 2b). At the edge of the rock mass, muscovite granite mainly occurs as veins and
interspersed in the wall rock. The width of the rock vein ranges from 1 to 2 m (Figure 2c),
and the length of the rock vein ranges from approximately 100 to 500 m. A small amount
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of muscovite granite exists in the form of rock plants and branches, and the exposed area is
smaller than 1 km?.
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GHC Greater Himalayan Crystalline Complex GCT Greater Counter thrust NSTR North South Trending rifts

Figure 2. Sampling location map: (a) regional geological map of the study area modified from Cao et al.
(2023a) [7]; (b—d) representative field photos and photos of Liemai muscovite granite samples.

The fresh rock surface exhibits an obvious porphyritic-like structure, which mainly
includes quartz (2 vol. %), plagioclase (4 vol. %), and muscovite (5 vol. %). Plagioclase is of
the self-shaped plate-columnar type (Figure 3b,c), muscovite is of the semi-self-shaped flake
type, and quartz is of the other-shaped granular type. The matrix is a fine-grained granite
structure, mainly comprising quartz (40%), muscovite (25 vol. %), K-feldspar (10 vol. %),
plagioclase (10 vol. %), and biotite (4 vol. %) (Figure 3). Plagioclase and K-feldspar are of
the semi-automorphic plate-columnar type, and some plagioclases contain obvious zoning
structures (Figure 3b—d). Muscovite is scaly, quartz is anhedral granular, and the accessory
minerals include apatite, zircon, and titanite.
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Figure 3. Representative photomicrographs of the Liemai muscovite granite. (a—d) are the microscopic
photographs of plagioclase, K-feldspar, biotite, muscovite and quartz under orthogonal polarized
light. (Bt—biotite; Ms—muscovite; Kf—K-feldspar; Pl—plagioclase; Q—quartz).

4. Analytical Methods
4.1. Zircon and Monazite U-Pb Geochronology Analysis

Laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) U-Pb
dating of zircon and monazite was performed at Wuhan Sample Solution Analytical
Technology Co., Ltd., Wuhan, China. Please refer to Zong et al. (2010) [40] for detailed
instrument parameters and analytical procedures. The spot size and frequency of the laser
were set to 32 um and 8 Hz, respectively, in this study. Zircon 91500 and glass NIST 610
were used as external standards for U-Pb dating and trace element calibration, respectively.
Each analysis incorporated a background acquisition of approximately 20-30 s followed
by 50 s of data acquisition from the sample. The GeolasPro laser denudation system
includes a COMPexPro 102 ArF 193-nm excimer laser and a MicroLas optical system with
an ICP-MS instrument (Agilent 7700e). ICPMSDataCal software was adopted for offline
data processing [41,42]. Isoplot/Ex_ver3 [43] was used to obtain U-Pb age harmonic maps
and calculate the age-weighted average of the zircon and monazite samples.

4.2. In Situ Sr-Nd—-Hf Isotope Analysis

In situ Sr isotope ratio analysis of feldspars, in situ Nd isotope ratio analysis of mon-
azite, and in situ Hf isotope ratio analysis of zircon were conducted using a Neptune Plus
multicollector (MC)-ICP-MS instrument (Thermo Fisher Scientific, Gottingen, Germany) in
combination with a Geolas HD excimer ArF laser ablation system (Coherent, Géttingen,
Germany) hosted at the Wuhan Sample Solution Analytical Technology Co., Ltd., Wuhan,
China. For single-laser-spot ablation, the spot diameter ranged from 60 to 160 um, depend-
ing on Sr signal intensity. The pulse frequency was from 8 to 15 Hz, but the laser fluence
was kept constant at ~10 ] /cm?. The spot diameter ranged from 32 to 90 um, depending on
Nd signal intensity. The pulse frequency was from 4 to 10 Hz, but the laser fluence was
kept constant at ~8 J/cm?. Hf isotopes were acquired on zircon in single-spot ablation
mode at a spot size of 44 um. Detailed instrument operating conditions and analytical
methods can be found in Hu et al. (2015) [44]. Sr isotopic instrument mass fractionation
correction was performed using the index rule, and the correction factor was estimated as
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88gr /860Gy = 8.375209 [45,46]. 43Nd /1*4Nd isotope instrument mass fractionation calibra-
tion was performed using the exponential rule. Please refer to the detailed description of
the analytical method calibration process in Xu et al. (2015) [47].

4.3. Whole-Rock Pb Isotope Analysis

Whole-rock Pb isotope analysis was performed at Wuhan Sample Solution Analytical
Technology Co., Ltd., Wuhan, China. Pb isotope analysis was performed using a Thermo
Fisher Scientific MC-ICP-MS instrument (Neptune Plus). A jet + X cone combination and
dry pump were used during MC-ICP-MS analysis to improve the instrument sensitivity.
The Pb international standard solution NBS SRM 981 (100 ug/L) was used as a quality
control and external correction standard sample, and the 2%®Pb signal was generally higher
than 6 V. Pb isotope instrument mass fractionation was corrected by the pseudo-internal
standard index rule [48].

4.4. Whole-Rock Major and Trace Element Analysis

Whole-rock major and trace element analyses were performed at the Wuhan Sample
Solution Analytical Technology Co., Ltd., Wuhan, China. The major and trace elements
were analyzed using a Primus II X-ray fluorescence spectrometry (XRF) instrument and
Agilent 7700e ICP-MS instrument, respectively. To determine the main elements, the
sample was ground into 200 mesh particles and dried. The total amounts of 6.0 g flux
(LipB4Oy: LiBO,: LiF = 9:2:1), 0.6 g sample, and 0.3 g oxidant (NH4NO3) were weighed. To
analyze the trace elements, the sample was ground into 200 mesh particles and dried, and
1 mL of high-purity HNO3 and 1 mL of high-purity HF were slowly added in sequence to
a 50 g Teflon sample dissolving cartridge. Subsequently, the sample was first heated and
then cooled, and a second drying process was conducted. The detailed process is described
by Gao (2003) [49].

5. Analytical Results
5.1. Zircon U-Pb Ages and Hf Isotopes

In this paper, the LA-ICP-MS zircon U-Pb test was performed targeting the edge
of the Cenozoic zircon and the core of the inherited zircon. The test data are listed in
Supplementary Table S2. There were 10 test points of zircon data at the edge. Of these, the
U-Pb ages at points 01, 02, 24, and 37 were inconsistent due to the influence of residual
zircon, which is not involved in the calculation of mixed ages. The U and Th contents in the
remaining six new zircons were high, and the 2°°Pb /233U age of the zircons varied between
41.1 and 42.9 Ma (Figure 4a,e, Supplementary Table S2). The weighted average age was
42.1 + 0.76 Ma (mean squared weighted deviations (MSWD) = 1.2), which represents the
crystallization age of Liemai muscovite granite. This result is supported by the monazite
U-Pb geochronology (Figure 5). In the selection of inherited zircon ages, we used the
206pp /2381 age to calculate zircon ages less than 1000 Ma and employed the 2“Pb /20°Pb
age to calculate zircon ages greater than 1000 Ma. The inherited zircon core ages ranged
from 258 to 2957 Ma (Supplementary Table S2). The 2%°Pb /238U age at zircon measuring
points No. 04, 07, 09, 12, 29, and 31 varied between 926 and 983 Ma, and the weighted
average age was 956 £ 14 Ma (MSWD = 2) (Figure 4b,c), indicating that the source rocks
of the granite contained late Neoproterozoic—early Mesoproterozoic ancient zircons. The
206pb /2381 ages at the No. 15, 16, and 20 zircon measuring points were relatively concen-
trated at 568 Ma in the concordant line, and the age-weighted average was 559 &+ 58 Ma
(MSWD =1.8) (Figure 4d), indicating that the source rock of the granite contained late
Cambrian-Neoproterozoic ancient zircons. The oldest age of the inherited zircons was
observed at measuring point No. 24, and the 2°°Pb/2%Pb age was 2954 Ma, indicating
the Mesoarchean. The remaining core inherited zircon ages varied greatly, reflecting the
diversity of the inherited zircon sources.
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Figure 4. Concordia diagrams of zircon U-Pb ages and zircon CL images for the Liemai muscovite
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dashed circles show the spots for the Hf isotopic analyses. (a) YXC-01 zircon age concordia diagram;
(b—d) concordia diagram for inherited zircon cores; (e) concordia diagram for zircon rims; (f) age
distribution curves and age distribution histogram of newborn and inherited zircons; (g) zircon
catodeluminescence diagrams of representative zircons.
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representative monazites.
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In this paper, the zircons in the YXC-01 sample of Liemai muscovite granite (data
are provided in Supplementary Table S3) were subjected to LA-MC-ICP-MS Lu-Hf in
situ isotope analysis. The 76Hf/177Hf ratio of six magmatic zircons was in the range
0.281976~0.282403. ¢Hf(t) ranged from —12.2 to —27.3, with an average value of —21.6.
The two-stage depleted mantle model age (TDM,) varied between 1884 and 2831 Ma.

5.2. Monazite U-Pb Ages and Nd Isotopes

The monazite U-Th-Pb isotope and trace and rare earth element content analysis
results for Liemai muscovite granite (D1530) are listed in Supplementary Tables S4 and S5,
respectively. A backscattered image and the U-(Th)-Pb age of monazite are shown in
Figure 5. Monazite in Liemai muscovite granite contains a high content of light rare
earth elements (LREEs) and a low total amount of heavy rare earth elements (HREEs)
(Supplementary Table S5). The 2 Pb?*>U ages of monazite in Liemai muscovite granite are
relatively dispersed, ranging from 55.4 to 224 Ma. Except for one monazite site not occurring
on the concordia curve, the remaining 2°°Pb/2%U and 2%Pb/?3?Th ages are relatively
concentrated. The 2°°Pb /23U ages range from 39.5 to 46.8 Ma, and the 2%*Pb/?*’Th ages
range from 40.4 to 45.4 Ma. These ages are relatively concordant (Figure 5a). The weighted
mean age is 41.7 £ 0.11 Ma (MSWD = 0.52, n = 39) (Figure 5b).

In this paper, samples of Liemai muscovite granite (D1530) were analyzed using in
situ Nd isotope analysis. The detailed test data are listed in Supplementary Table S7. The
ratio of eNd(t) at the time of magma crystallization was calculated according to the data
results. The in situ Nd isotope for monazite showed that the Nd isotope composition is
low and stable. The initial value of 13Nd /1*Nd ranges from 0.511883~0.512038, and the
eNd(t) value ranges from approximately —12.56 to —9.53.

5.3. In Situ Plagioclase Sr Isotopes

The Sr isotope data obtained for plagioclase are listed in Supplementary Table S8,
and the beam positions are shown in Figure 6a,c. Because some plagioclase was pierced
during the test, the black point data error was large, and the corresponding data did
not participate in the calculation. The Sr isotope content in the plagioclase of the two
Liemai muscovite granite samples is stable, indicating that the samples are not affected by
assimilation and contamination. The plagioclase (¥Sr/80Sr) value of YXC-03 ranges from
0.724095 to 0.724717, with an average of 0.724498. The (8”Sr/%Sr) value of YXC-04 ranges
from 0.720552 to 0.724491, with an average of 0.723456. The 8Sr/8Sr ratios occur within
the range of whole-rock Eocene adakitic rocks (Figure 6b,d), and the whole-rock Sr isotope
results are provided in Supplementary Table 513.

5.4. Whole-Rock Pb Isotopes

The whole-rock Pb isotope composition of Liemai muscovite granite is summarized in
Supplementary Table S9. The values of (*%*Pb/2%*Pb);, (**’Pb/ 204pp);, and (2%8Pb /204Pb);
are 18.751-18.832, 15.708-15.735 and 39.197-39.379, respectively. All initial values are calcu-
lated using an age of 43 Ma. The whole-rock Pb isotope data are listed in Supplementary
Table S13.

5.5. Whole-Rock Major and Trace Element Geochemistry

The whole-rock major and trace element results of five fresh Liemai muscovite granite
samples are provided in Supplementary Table S6, and the major and trace element results
for the Himalayan Eocene magmatic rocks (adakitic rocks and leucogranites) are listed in
Supplementary Tables S10 and S11.
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Figure 6. (a,c) Sr isotope point of LA-ICP-MS feldspar of Liemai muscovite granite. Comparison

0.700

of whole-rock Sr isotope data between Eocene adakitic rocks and leucogranite (b,d). (Data from
Supplementary Tables S10 and S11).

5.5.1. Adakitic Rock

Based on previous studies, geochemical analysis of 121 Himalayan Eocene adakitic
rocks was conducted in this paper. The Himalayan Eocene adakitic rocks contained SiO,
(62.1-74.8 wt.%), with an average content of 70.1 wt.%, which is much higher than the total
crustal content (60.6 wt.%). Moreover, K,O (0.72-10.5 wt.%) was observed, with an average
content of 3.24 wt.%, as well as NayO (1.82-5.81 wt.%), with an average content of 3.87 wt.%.
The K;O and NayO contents are higher than those in the total crust (1.81 and 3.07 wt.%,
respectively), and Na,O/K,O > 1. The average content of CaO is 2.34 wt.%. The average
Al,O3 content is 18.95 wt.%, the average A/NK value is 1.62, and the average A/CNK
value is 1.13. The P,O5 content is 0.03-0.31 wt.%. The MgO content is low, between 0.04
and 2.08 wt.%, with an average value of 1.0 wt.%, which is much lower than the total crustal
content (4.66 wt.%). The results show that the Himalayan Eocene adakitic rocks are high-K
calc-alkaline peraluminous granites (Figure 7c,d). In this paper, considering five fresh
Liemai muscovite granite samples, the SiO, content is 68.3-75.5 wt.%, the Al,O3 content
is 15.1-16.1 wt.%, and the total alkali Na,O + K,O content is 5.26-8.43 wt.%. Moreover,
the MgO content is 0.14-0.98 wt.%, the A/NK value is 1.32-2.02, and the A/CNK value
is 1.1-1.15. In the petrological Q—-A-P classification diagram (Figure 7a), the five samples
are plotted in the monzonitic granite area, except for one sample that is plotted in the
granodiorite area. The Na,O + K,O/5iO; petrological classification diagram (Figure 7b)
shows that the adakitic rocks are plotted in the granite or granodiorite area.
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Figure 7. (a) Q-A-P lithology discriminant diagram of the Leimai granites (after Middlemost,
1994) [50]; (b) plots of SiO; versus Na,O + KO (according to Middlemost, 1994) [50]; (c) Al,O3/(CaO
+ NayO + K,0) versus Al;O3/(NayO + K,0) diagram (according to Maniar and Piccoli, 1989) [51];
(d) SiO, versus KO diagram (after Peccerillo and Taylor, 1976) [52].

The primitive mantle-normalized trace element distribution diagram shows that the
Liemai muscovite granite yields a distribution curve similar to that of adakitic rocks
(Figure 8a,c). The characteristics of adakitic rocks include relative enrichment of large-ion
lithophile elements (LILEs) such as Rb; moreover, high-field-strength elements (HFSEs)
such as U and Pb are relatively enriched, Nb, Ta and Zr are relatively depleted, and the Sr
elemental content is high, with an average value of 354.2 x 10~°. Eocene adakitic rocks are
enriched in LREEs (119.3 x 107°) and depleted in HREEs (6.9 x 10~°), with weak or no
Eu anomalies. The LREE/HREE ratio varies between 10 and 20, with an average of 17.8,
indicating a clear right-leaning model (Figure 8d). The average LREE [(La/Yb)n] value
is 40.2, indicating that the internal fractionation of LREEs is relatively high. The content
of Ho-Lu elements in the rare earth element distribution model decreases or stabilizes in
turn [53].

5.5.2. Leucogranite

The geochemical analysis of 68 Himalayan Eocene leucogranite samples is described
in this paper. The values of the major elements of Eocene leucogranite do not differ
from the mean values of total crustal major elements. Leucogranite exhibits the following
characteristics: (1) high silicon (5i0;) content (68.3-73.8 wt.%), with an average of 73.1 wt.%,
which is much higher than the total crustal content (60.6 wt.%); (2) high alkalinity, including
K70 (0.3-6.7 wt.%), with an average of 3.59 wt.%, and NayO (1.5-6.3 wt.%), with an average
of 4.01 wt.%, both of which are higher than the total crustal K,O and Na,O contents (1.81
and 3.07 wt.%, respectively), with Na,O/K;O > 1; (3) relatively low CaO content, with
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an average of 1.02 wt.%; (4) high Al,O3 content, with an average value of 14.97 wt.%, the
average A/NK value is 1.49, and the average A/CNK value is 1.27; and (5) low MgO
content, between 0.02 and 1.47 wt.%, with an average of 0.35 wt.%, which is much lower
than the total crustal content (4.66 wt.%). In summary, the Eocene leucogranite is a high-K
calc-alkaline peraluminous granite (Figure 7c,d). In the trace element distribution diagram
(Figure 8e), the leucogranite is characterized by enriched LILEs (such as Rb) and U, Ta,
and Pb elements, depleted HFSEs (such as Nb and Zr) and La and Nd elements, with
obvious negative Sr, Ba and Eu anomalies. The content of REEs in the light granite exhibits
a narrow range (XREE =9.4 x 1076-182.2 x 10_6), with an average value of 68.9 x 10-°,
which is lower than the average value of the total crust (106.2 x 10~°). The LREE/HREE
ratio mainly varies between 2.6 and 22.4, with an average value of 10.7. In addition to the
obvious negative Eu anomaly in leucogranite, the normalized rare earth model distribution
curve of the other chondrites is relatively flat (Figure 8f).
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Figure 8. Rare earth element chondrite-normalized diagrams and primitive mantle-normalized trace
element diagrams of the Leimai two-mica granite and other granitoids in the study area. (a,c,e) Stan-
dardized map of REE chondrites; (b,d,f) standardized map of trace element primitive mantle.

6. Discussion: Relationship between Adakitic Rocks and Leucogranite
6.1. Chronological Characteristics

In this paper, the in situ U-Pb ages of U-bearing accessory minerals such as zircon,
monazite, and titanite in Himalayan Eocene magmatic rocks are statistically analyzed
(Supplementary Table S12), and the age distribution of the analyzed Himalayan Eocene
magmatic rocks is shown in Figure 9. We note that Eocene magmatic rocks are found only
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in the northern Himalayas and are dominated by leucogranite and adakitic rocks. Figure 9a
shows that the Himalayan Eocene magmatic rocks mainly developed in two time stages,
early Eocene (5140 Ma) and late Eocene (39-34 Ma), and the age distribution exhibits three
peaks: 47-43 Ma, 42-40 Ma and 37-35 Ma. To explore the significance of the study for
the chronology of Eocene granite, we determined the age of the exposed rock mass in the
northern Himalayas.
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Figure 9. U-(Th)-Pb age distribution of Himalayan Eocene magmatic secondary minerals (Zir-
con/Monazite/Titanite). (a) Age distribution of Himalayan Eocene magmatic rocks; (b) Age distribu-
tion of Himalayan Eocene adakitic rocks; (c¢) Age distribution of Himalayan Eocene leucogranites.
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Early Eocene (51-40 Ma) magmatic rocks are preserved only in the northern Himalayan
belt, with a peak at 44 Ma [24]. The Eocene leucogranites are mainly exposed in the Lhagoi
Kangri dome [26], the Ramba dome [54] and the Yalaxiangbo dome [11]. The magmatic
rocks of Rongbo in Langkazi County and Dala, Quedang, and Liemai in Longzi County are
dominated by adakitic two-mica granites with mafic enclaves [10,21-25,31,54-56]. Hawen
in Langkazi County, Langshan in Gyangze County and Zhegucuo in Cuomei County
contain intermediate-mafic granodiorite, gabbro and high-Mg diorite, respectively [57-59].
Late Eocene (39-31 Ma) magmatic rocks are less exposed and are most developed in the
gneiss domes of the northern Himalaya, with a peak at 35 Ma, including the Yalaxiangbo
dome [30], Changguo dome [60], Xiaru dome [61], Lhagoi Kangri dome [26] and Cuon-
adong dome [62]. The lithology is dominated by leucogranite.

The data show that the ages of 544 Eocene adakitic rock samples mainly range from
47 to 41 Ma and from 43 to 42 Ma (Figure 9b). The ages of 173 leucogranite samples show
an continuous distribution with five peaks (Figure 9¢c), at 51-50 Ma, 49-46 Ma, 45-43 Ma,
42-40 Ma and 37-35 Ma. In summary, we found that leucogranites were actively generated
throughout the Eocene, and a clear episodic growth trend occurred from 51 to 40 Ma.
Adakitic rocks only significantly developed during the early Eocene (47—40 Ma), and the
development of adakitic rocks was inhibited from 40 to 35 Ma, which may represent a
tectonic transition period. The leucogranites formed from 40 to 37 Ma also indicated a
low age peak, suggesting that they may have been affected by the same tectonic events as
adakitic rocks.

6.2. Petrogenesis

As mentioned above, adakitic rocks and leucogranites exhibit different characteristics
of their major and trace elements (Figures 7 and 8, respectively). Similarly, through the
study of chronology, we found that the peak values of these two rocks differed significantly,
at 51-40 Ma and 40-35 Ma, respectively, indicating that the two must have experienced
differences in rock genesis. Based on the characteristics of the major and trace elements
and the Y-Sr/Y and Ybn-Lan/Yby ratios (Figure 10), Liemai muscovite granite is similar
to adakitic rock.
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Figure 10. Geochemical discrimination diagrams of (a) Y versus Sr/Y and (b) Yb § versus La n/Ybn
(Defant and Drummond, 1990) [63].

The Sr-Nd isotopes show that the Eocene adakitic rocks and leucogranites exhibit
similar source characteristics, and their source is likely the Greater Himalayan complex
dominated by garnet amphibolite (Figure 11a). This view is supported by Zeng et al.
(2011) [10], who proposed that the Eocene granite source rock in the Yalaxiangbo dome
is dominated by amphibolite. The main minerals (such as feldspar and mica) in granite
can control the geochemical behavior of elements such as Sr and Ba. A large amount of
plagioclase remains in the melting process of sandstone, while a small amount of plagioclase
remains in the melting process of pelite [64—66]. Therefore, the Rb/Sr and Rb/Ba ratios of
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a sandstone-derived melt are significantly higher than those of a pelite-derived melt [67].
As shown in the Rb/Sr-Rb/Ba diagram (Figure 11b), the Eocene adakite source rocks are
mainly argillaceous rocks with less clay, little plagioclase and some basic components.
The leucogranite is mainly a clay-rich, multiplagioclase pelite, which contains sandstone
components. Sylvester (1998) [67] proposed that the lower CaO/NayO ratio of strongly
peraluminous granites generally indicates that the granite source area involves pelite
melting, while a higher CaO/Na;O ratio indicates a psammite melting source area. The
ratio of the major elements of Eocene adakitic rocks and leucogranites conforms to this
feature (the CaO/NayO ratio of the two is 0.91 > 0.26; Supplementary Tables 510 and S11).
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Figure 11. Diagrams of (a) eNd(t) versus 875y /86Sr(i); (b) Rb/Ba versus Rb/Sr (after Sylvester,
1998) [67]; (c) 20°Pb /294Pb versus 2%7Pb /204Pb and (d) (°°Pb /2%4Pb)i versus (2%8Pb/2%4Pb)i for the

Liemai muscovite granites.

Due to the lack of Pb isotope records for Eocene leucogranite, only whole-rock Pb
isotopes of adakitic rocks were analyzed in this paper, and it was determined that the Pb
isotope composition of Eocene adakitic rocks is similar to that of the Himalayan basement
(Figure 11c,d). In the eHf(t) and U-Pb age maps, all the sample sites were plotted below
the chondrite evolution line, indicating that Eocene adakitic rocks and leucogranites were
derived from the ancient crust (Figure 12).

In this paper, the saturation temperature of Eocene adakitic rock and leucogranite
was measured based on whole-rock Zr and whole-rock rare earth elements. The results
show that the average whole-rock Zr-based temperature (Tz,) of adakitic rock is 699.2 °C,
and the average whole-rock rare earth element-based temperature (T rgg) is 827.2 °C. The
average whole-rock Zr-based temperature (Tz,) of leucogranite is 636.6 °C, and the average
whole-rock rare earth element-based temperature (T rgg) is 757.4 °C [53] (Figure 13a,b).
Both crystallization temperatures indicate that the saturation temperate of adakitic rock
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is approximately 60 °C higher than that of leucogranite. We have previously estimated
the crystallization pressure of Eocene adakitic rocks and leucogranites [68,69]. The results
revealed that the crystallization pressure of adakitic rocks is much higher than that of
leucogranites. The average crystallization pressures of adakitic rocks and leucogranites are
2147 and 1312 MPa, respectively, showing a decreasing trend with age (Figure 13c).
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Figure 12. Plot of eHf(t) versus zircon U-Pb ages for the Liemai muscovite granites. Data sources:
see Supplementary Table 513.
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and adakitic rocks, China. Data cited from Supplementary Tables S11-513; (c) Diagrams of Pressure
versus Age (Ma); (d) Diagrams of Tzr °C versus Zr/Hf; (e) Identification diagram of the evolutionary
types of Nb/Ta versus Zr/Hf granite (after Breiter and Skoda, 2017) [70].

The data in this paper show that the diagenetic pressure of the Eocene magma devel-
oped in the northern Himalayas exhibited a decompression trend from 45 to 37 Ma, and
the magmatic activity was weak from 40 to 35 Ma, indicating that there was a short-term
tectonic stress adjustment. This view is supported by those of Stipska et al. (2020) [71]
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and Kawabata et al. (2021) [72] regarding retrograde metamorphism and decompressional
partial melting, respectively. The Zr/Hf-T, temperature diagram and Zr/Hf-Nb/Ta
diagram (Figure 13d,e, respectively) show that the degree of fractional crystallization of
the Himalayan Eocene leucogranite is much higher than that of the adakitic rock. The
Zr /Hf-Tz, temperature diagram and Zr/Hf-Nb/Ta diagram (Figure 13d,e, respectively)
show that the degree of fractional crystallization of the Himalayan Eocene leucogranite is
much higher than that of the adakitic rock.

Seven genetic models of adakitic rocks (YalaXiangbo dome, Ranba dome, Dala,
Quedang, Liemai, etc.) exposed in the eastern Himalayas were examined one by one,
including the following: (O The Sr, Nd and Hf isotope characteristics and geochemical
differences all reflect the characteristics of granite crust sources. Before 65 Ma, the Hi-
malayas were located at passive continental margins, and there was no subducted oceanic
crust beneath. Therefore, the cause of partial melting of the subducted oceanic crust plate
is excluded [22,73,74]; @ the crust source characteristics of granite and many ancient in-
herited zircons exclude the genesis of partial melting of the lower crust of underplating
basaltic rocks [75]; ® the MgO, Mg#, Cr and Ni contents in the granite are lower than
those in the metasomatism products of the delaminated lower crust and mantle peridotite,
which excludes the origin of partial melting of the delaminated lower crust [63,76,77];
® the main collision stage of the India—Eurasia continent encompasses crustal shortening,
pressurization and warming, which excludes the cause of water-induced partial melting
of high-grade metamorphic rocks under abnormal heat due to rapid exhumation [78];
() there exists no correlation between eNd(t) and 47Sm/14*Nd and SiO, in granites, while
very little mantle-derived magma is exposed in the eastern Himalayas, and the Langshan
gabbro (45 £ 1.1 Ma) is 500 km away. Therefore, the possibility of magma mixing between
felsic and basaltic magmas is excluded [58,79]; (& Adakitic rocks indicate no trend of low-
pressure fractional crystallization, which excludes the crustal assimilation and fractional
crystallization process of basaltic magma. Finally, previous authors have determined that
the adakitic rocks in the eastern part of the Himalayas are the product of partial melting
of the basic materials of the thickened lower crust [80]. The eastern part of the Eocene Hi-
malayas occurs at the Indian—-Eurasian continental collision stage. The tectonic background
is the continuous thickening of the crust, and the crust thickness is >50 km. The Liemai
muscovite granite considered in this paper exhibits geochemical characteristics similar to
those of adakitic rocks in the adjacent area. Therefore, the Liemai granite is the product of
partial melting of the thickened lower crust, which is supported by Dai et al. (2023) [21]
and Tian et al. (2020) [31].

The above determination of the granite source area, magmatic crystallization tempera-
ture, crystallization pressure and tectonic background lay the foundation for the subsequent
discussion in this paper. Therefore, it is proposed that the difference in the characteristics
of the major and trace elements between Eocene adakitic rocks and leucogranites indicate
that they may have undergone different magmatic processes [10,11,21-23]. The correlation
between the main elements is shown in the Harker diagram (Figure 14a-1), AlO3, MgO
and CaO exhibit obvious linear decreasing trends because the separation and crystalliza-
tion of plagioclase leads to decreases in certain main elements (Figure 14a,d,e) and there
exists no obvious linear relationship between Na,O, K,O and N,O/K,O, which may be
affected by the end-member characteristics of granite crystallization differentiation [61]
(Figure 14b,c,f). Usually, high-pressure fractional crystallization of basaltic melts (involving
garnet) yields a unique geochemical trend. For example, the Sr/Y, Dy/Yb, Ba and (La/Yb)y
ratios and Al,O3 content significantly increase with increasing SiO; content [80]. Obviously,
in Figures 13a and 14i-], there is no obvious change trend in Eocene adakitic rocks, and
leucogranite exhibits an obvious linear trend of low-pressure fractional crystallization,
indicating that the leucogranite is significantly affected by fractional crystallization of
plagioclase. This result is consistent with the genesis of low-magnesian granite determined
by Zeng et al. (2014) [11] and Dai et al. (2023) [21]. The magmatic crystallization differentia-
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tion attributed to fractional crystallization of plagioclase may be reflected in the melt of
peraluminous leucogranite.
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Figure 14. Diagrams of major element and trace element ratios versus SiO, in Eocene magmatic
rocks of the Himalayas. (a) Al,O3 versus SiO, diagram; (b) Na,O versus SiO, diagram; (c) K;O
versus SiO, diagram; (d) CaO versus SiO, diagram; (e¢) MgO versus SiO, diagram; (f) Na,O/K,O
versus SiO, diagram; (g) A/CNK versus SiO, diagram; (h) Y versus SiO, diagram; (i) Ba versus
SiO; diagram; (j) Sr/Y versus SiO, diagram; (k) (La/Yb)y versus SiO; diagram; (1) Dy/Yb ver-
sus SiO; diagram; The green arrows represent the trend of element content ratio changes with
increasing magmatic acidity and differentiation. HPFC: high-pressure fractional crystallization in-
volving garnet (Macpherson et al., 2006) [81]; LPFC: low-pressure fractional crystallization involving
olivine + clinopyroxene + plagioclase + hornblende + titanomagnetite (Castillo et al., 1999) [82].

As an incompatible element, Th is not easily affected by rock weathering and alter-
ation and can remain stable in separation crystallization and assimilation contamination
processes [83]. Therefore, we use the incompatible element Th as an effective index to
determine the genesis of rocks. The experimental data show that garnet remains stable
under pressures higher than ~1.0 GPa (a thickness of approximately 33 km), and amphibole
remains stable at <2.2-2.5 GPa [84]. The stability of plagioclase is closely related to the
H,O content, and it remains stable under pressures < 1.0 GPa in the presence of aqueous
fluid. However, in the case of dehydration melting, the stability pressure reaches as high as
1.5-1.8 GPa (a thickness of approximately 50-60 km) [85-87]. In deep crust environments
(>~1.0 GPa), Y and Yb preferentially dissolve into garnet or amphibole in the process of
fractional crystallization and crystallization differentiation of granite, while Sr and La enter
the melt to form magmatic melt with high Sr/Y and La/Yb ratios. In shallow crustal
environments (<~1.0 GPa), Sr preferentially enters plagioclase, Y and Yb enter the melt,
and the Sr/Y and La/Yb ratios are low [13,88].
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In the trace element Harker diagram, there is no linear correlation between Rb and Sr
(Figure 15a,b), the trace element characteristics of leucogranite indicate an obvious linear
relationship among Y, Yb, Ba, LREE (Figure 15c—f). During the evolution of Eocene adakitic
rocks, Yb and Y are basically in a stable state, indicating that adakitic rocks with high
Sr/Y ratios may occur in deep crust environments (>~1.0 GPa, average of 2.15 GPa), and
amphibole and garnet remain in a stable state. In contrast, light-colored granite with a low
Sr/Y ratio occurs in medium- to high-pressure environments (>~1.0 GPa, with an average
of 1.31 GPa) in the deep crust, and a certain degree of amphibole dehydration partial
melting likely occurs to maintain plagioclase stability, which is also consistent with the
classification characteristics of granite under different pressures explained by Zhang et al.
(2006) [89].
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Figure 15. Variation diagrams for representative trace elements. (a) Rb versus Th diagram; (b) Sr
versus Th diagram; (c) Yb versus Th diagram; (d) Y versus Th diagram; (e) Ba versus Th diagram;
(f) LREE versus Th diagram; (g) Rb versus Ba diagram; (h) Rb versus Sr diagram; The green arrow

represents linear correlation.
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A previous paper revealed that adakitic rocks are strongly depleted in HREEs and that
Ho to Lu exhibit slightly inclined or flat characteristics, reflecting the presence of garnet
and amphibole in the residual phase during partial melting. The absence of Eu anomalies
shows that the adakitic rocks have not experienced obvious separation and crystallization
of plagioclase. Notably, plagioclase exists as a reaction phase during partial melting [90].
The fractional crystallization of plagioclase leads to decreases in the Ba and Sr contents in
felsic magma (Figure 15g,h). The LREE and Th elements in Eocene leucogranite exhibit
obvious depletion characteristics, indicating that a certain degree of monazite separation
and crystallization has occurred [91,92].

In summary, we conclude that the genesis mechanisms of Liemai granite and Eocene
adakitic rock are consistent, being a result of partial melting of metapelite dominated
by amphibolite in the deep crust in a high-temperature and high-pressure environment
in the crustal thickening process. Leucogranite is the result of the ascending emplace-
ment migration process against the same geological background in a lower-temperature
and lower-pressure environment and continuous fractional crystallization dominated by
plagioclase. At the same time, this explains the episodic age distribution of leucogranite.

6.3. Tectonic Implications

Through the review of magmatic records of the early tectonic evolution of the Hi-
malayan region and the division of tectonic stages by previous researchers, it has been
proposed that it would be difficult for early prograde metamorphism to produce large-
scale crustal anatexis [2,5,10,11,23]. Therefore, the development of Himalayan magmatism
requires additional mechanisms, such as heating and decompression. In this study, we
focused on the Himalayan Eocene (55-35 Ma).

During the early Eocene (50-45 Ma), the leading edge of the Indian continental crust
subducted northward under the Lhasa plate. In contrast, the THS in the upper crust was
thrust southward along the southern Tibetan thrust system, resulting in low-grade meta-
morphism and formation of the Himalayan fault—fold belt [93], and the whole Himalayan
crust was shortened and thickened [94]. Previous scholars have found that although the
metamorphic times of the eastern and western parts of the Himalayas are almost the same,
at 47~45 Ma [84,95] and 47~46 Ma [96], respectively, the metamorphic facies in the two
parts differ. The metamorphic facies in the eastern part of the Himalayas is a high-pressure
amphibolite-granulite facies, while the facies in the western part is a high-ultrahigh pres-
sure eclogite facies. This may be related to the angle of the subducting Indian continental
crust plate [93]. Gentle subduction occurred in the eastern Himalayas at a low angle up to a
depth of 20-30 km [2,93], while deep subduction occurred in the Indian continental crust at
a high angle up to a mantle depth of 90-100 km in the western Himalayas. During the mid-
dle Eocene (approximately 45 Ma), the Neo-Tethys oceanic plate broke off from the Indian
continental crust, and asthenospheric mantle upwelling occurred. Qi et al. (2008) [97] first
studied Himalayan Eocene granites and proposed that the Dala pluton was formed at the
India—Lhasa continental-continental collision stage and originated from material remelting
of the middle and lower crusts of the Indian block. Zeng et al. (2011) [10] explained the
genesis of Eocene (44—42 Ma) granites in the Yardoi dome and its adjacent area for the first
time using the plate fracture model. Ji et al. (2016) [58] identified 45 Ma oceanic island
basalt (OIB)-type gabbro, which constrained the fracture time of the Neo-Tethys plate in
the central and eastern orogenic belt regions. Immediately, a large amount of magmatic
activity occurred in the northern Himalayas from 45 to 40 Ma, forming Eocene medium-
basic dikes [58,98,99], adakitic rocks [10,21-23] and leucogranites [11,24,100]. Aikman et al.
(2008) [101] reported that the formation of the Dala pluton occurred later than the crustal
thickening process of the northern Himalayan fold belt. Zeng et al. (2011) [10] and Xie et al.
(2010) [15] proposed that the Dala pluton shares the geochemical characteristics of adakitic
rocks, which originated from dehydration partial melting of amphibolite under the thick-
ened crust. Later studies confirmed this view and determined that the formation time of
partial melting granite related to the thickened crust was 43 Ma [22,25].
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Combined with previous studies, we propose that between 55 and 45 Ma, the front of
the Indian passive continental margin collided with the Lhasa block, resulting in medium-
to high-pressure metamorphism and partial melting of the middle-lower crust. The upper
crust (the northern Himalayas) was compressed to form a fold—fault zone, and a small
amount of leucogranite and adakitic rock emerged from 49-45 Ma (Figure 16a). At approxi-
mately 45 Ma, the Neo-Tethys oceanic plate subducted to a certain depth broke off from the
Indian continental plate, and asthenospheric upwelling occurred. From 45 to 40 Ma, due to
the detachment of the Neo-Tethys oceanic crust plate, the northern Himalayas experienced
short-term extensional extension. The early partial melting magma in the high-temperature
and high-pressure environment of the middle-lower crust invaded the northern Himalayas
from 45 to 40 Ma to form many Eocene adakitic rocks (Figure 16a). It is speculated that the
angle of the subducting plate changed from high to low angles from 39 to 29 Ma. During
this period, the Himalayas were dominated by continuous crustal thickening [33]. Due to
the transformation of the tectonic environment, only a small amount of leucogranite was
exposed from 37 to 35 Ma (Figure 16b).
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Figure 16. Eocene tectonic evolution model for the Himalayan region. (a) From 49 to 40 Ma, break-off
occurred between the Indian continental lithosphere and the Neo-Tethys oceanic slab and the Indian
lithosphere subducted under the Lhasa Block at a low angle during 39-29 Ma. (b) Structural profile
of the Himalayan fault—fold belt (modified from Cao and Pei et al., 2023a [7]; Cao et al., 2022 [6]).

7. Conclusions

1. Liemai muscovite granites were emplaced at ca. 42 Ma and are characterized by
peraluminous features, high Sr/Y and La/Yb ratios, and low Y and Yb concentrations,
suggesting an adakitic affinity, similar to that of the granites formed during the same
period in adjacent areas (Yalaxiangbo, Dala, Quedang, etc.).

2. The Eocene adakitic rock is the result of the partial melting of metapelite dominated
by amphibolite in the deep crust under high temperature and high pressure in the
crustal thickening process. The leucogranite is the result of the continuous fractional
crystallization of plagioclase against the same geological background in a relatively
shallow low-temperature and low-pressure environment.
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3. Eocene adakitic rocks only developed significantly during the early Eocene (47-40 Ma)
and were obviously stunted from 40 to 35 Ma, which may represent a tectonic transi-
tion period. Leucogranites were actively formed throughout the Eocene, and there
was a clear episodic growth trend from 51 to 40 Ma. The peak age trough between 40
and 37 Ma may have been influenced by the same tectonic event as that impacting the
adakitic rocks.

4. Itis proposed that the transition from a high- to low-angle subduction plate may
affect deep crustal diagenesis conditions such as temperature and pressure, resulting
in differences in the spatial and temporal distributions of Eocene adakitic rocks
and leucogranites.
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