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Abstract: The Gangdese batholith, emplaced from the
Cretaceous to the Eocene in the southern Lhasa terrane
of Tibet, provides critical constraints on the tectonic-
magmatic evolution of the Neo-Tethyan Ocean and the
India-Asia continental collision. In this article, we report
new data for the Laimailang monzogranite in the southern
Gangdese, including major and trace element analyses,
zircon U-Pb dating, and in situ Hf isotope analyses. In situ
zircon U-Pb dating of sample yielded Late Cretaceous ages
(ca. 81 Ma). The monzogranite is characterized by relatively
high-silica (=56 wt% Si0,), Na-rich, and high-Al granitoids
that are characterized by high Sr, low Y and HREE contents
and strongly fractionated REE patterns, with no significant
Eu anomaly, indicating that they are consistent with the
definition of adakite. These monzogranite have high K,0
(2.92-6.5%) and negative eyf) (-2.1 to —5.4), suggesting
that these rocks were likely derived from the partial
melting of the lower continental crust. We conclude that
the Laimailang rocks of adakitic affinity were derived due
to the melting of the thickened lower continental crust in
the late Cretaceous.
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1 Introduction

Adakites are used to describe a group of geochemically
distinct intermediate to felsic igneous rocks found gen-
erally in convergent margins; they are characterized by
elevated contents of Na,O, Al,Os, high-silica (=56 wt%
Si0,), high Sr/Y (>40), and light rare earth elements
(LREEs) and depletion in heavy rare earth elements (HREESs)
[1,2]. Existing studies have demonstrated that rocks with ada-
kitic geochemical properties can be produced in a variety of
tectonic settings, including partial melting of subduction
oceanic slab [1,3], high/low pressure differentiation of island-
arc magma [4—6], and partial melting of thickened/foundered
lower crust [7,8]. Therefore, the formation conditions of ada-
kites can provide insights into nature of the convergent mar-
gins. In addition, some igneous rocks with compositions similar
to adakites have been identified in continental settings [8].
Experimental studies have shown that this adakitic geochemical
signature can be achieved via high-pressure melting of mafic
rocks, regardless of the tectonic settings of formation [9,10].
While the India-Asia collision was thought to mainly
control factor for the formation of the Tibetan Plateau,
information of pre-collision geology related to the sub-
duction of the Neo-Tethyan oceanic salb is helpful to
understand structural conditions of the southern Gangdese
(Figure 1). The Gangdese arc south of Lhasa is dominated by
Late Triassic-Miocene mafic-felsic intrusive rocks [11-13],
and the research data of the Gangdese arc intrusive rocks
indicate that an early Late Cretaceous (106—-80 Ma) mag-
matic “flare-up” event occurred in the southern Lhasa sub-
terrane [14-16]. This event was related to subduction of
the Neo-Tethyan oceanic lithosphere [15]. The geodynamic
background of these related rocks continues to generate
controversy, including Neo-Tethyan mid-ocean ridge sub-
duction [15-22], Neo-Tethyan flat-slab or steep-angle sub-
duction [14,23], and the back-arc extension of Neo-Tethyan
Ocean [24]. However, the current tectonic-magmatic data are
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Figure 1: Simplified geological maps of (a) the position of Lhasa on the Eurasian continent, (b) the Qinghai-Tibet Plateau, and (c) the study area
within the Lhasa terrane:1, Jinsha River Suture Zone; 2, Longmu Tso-Shuanghu Suture Zone; 3, Bangong-Nujiang Suture Zone; 4, Yarlung Zangbo
Suture Zone; 5, Oceanic plate; 6, Carboniferous-Permian Sumdo Formation; 7, Jurassic-Cretaceous; 8, Cenozoic; 9, Triassic granitoids; 10,
Cretaceous granitoids; 11, Fault; 12, Angular unconformity; and 13, Zircon U-Pb dating site in this study. Data sources: [14,15,18-20,24,46,51].

still insufficient to fully understand the tectonic evolution of
the southern Gangdese during the Late Cretaceous [13-15].
The lack of consensus among those different models has
also impeded our understanding of the tectonic evolution
of the eastern Tethyan Ocean, especially the late-stage evo-
lution of the Neo-Tethyan.

There is a large amount of Late Cretaceous adakites
outcrop in the southern margin of the Gangdese belt, so it
is an ideal place to study Late Cretaceous adakitic mag-
matism. Based on the different understanding of the gen-
esis and geodynamic background of the Late Cretaceous
adakite, in this study, we rationalized the contradictions
by synthesizing previous studies and used field petrolo-
gical observations in combination with zircon U-Pb dating
and geochemical characterization of the Laimailang gran-
itoids to discuss the genesis of the Gangdese adakitic
magma and the evolution process of the Neo-Tethyan
Ocean in the Late Cretaceous.

2 Geological background and
samples

Geologically, the Tibetan Plateau is essentially composed
of four continental blocks or terranes from south to north:
the Tethyan Himalaya, Lhasa, Qiangtang, and Songpan-
Ganze, separated by the Yarlung-Tsangbo suture zone,
Bangong-Nujiang suture zone, and Jinsha River suture
zone, respectively [25]. Prior to the Carboniferous-Permian,
the Lhasa terrane was located on the northern edge of Gond-
wana and correlated paleo-geographically with Australia
[26]. Ahead of the India-Asia collision, the Lhasa terrane

underwent an Andean-type orogeny, during which the
Neo-Tethyan oceanic slab subducted northward beneath
the Eurasian plate in the Late Triassic through Early
Paleogene [20,27]. This was comprised predominantly
of Paleozoic-Paleogene sedimentary strata associated
with igneous rocks [28], including a series of Mesozoic—
Cenozoic magmatic rocks widespread along its southern
margin that form the well-known Gangdese batholith, dis-
tributed in an east-west orientation that is nearly parallel
to the Yarlung-Tsangho River suture zone from Xietongmen
to Milin. Previous studies indicated that the Gangdese bath-
olith consist of a wide range of compositions from gabbro to
granite [29] and have geochemically comparable to the calc-
alkaline granitoids that were emplaced in circum-Pacific
regions [30,31]. Meanwhile, the Gangdese batholith recorded
a long, punctuated history of magmatism spanning
~210-40 Ma, with peak episodes of granitoid plutonism
at 106—80 Ma and the subsequent period of magmatic quies-
cence (80—65 Ma) events, while the Linzizong volcanic succes-
sions were mainly erupted at 65-42Ma [11,13,14,16,17,20,29].
The southern Lhasa subterrane also contains sedimentary
deposits and volcanic rocks, including Cenozoic ultra-
potassic volcanic rocks, the Lower Jurassic Yeba Formation,
and Upper Jurassic-Lower Cretaceous Sangri Group [13,29].

The study area, located in the Gangdese batholith on
the southern margin of the Lhasa terrane (Figure 1a and b),
has well-preserved Mesozoic magma that records the
evolution process of the Neo-Tethyan ocean. These are
primarily Triassic and Cretaceous magmatic rocks, along
with some Jurassic-Cretaceous strata including a series of
basic to acidic volcanic rocks with island-arc geochemical
characteristics. The basement is poorly exposed and
includes late Paleozoic and Mesozoic units, Fragments of
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ophiolites and sedimentary basement from the Carboni-
ferous-Permian Sumdo Formation are also distributed
within the study area, consisting of metamorphosed quartz
sandstone and muscovite-quartz schist (Figure 1c). The
Mesozoic units represent a series of basic-to-acidic vol-
canic rocks with island-arc geochemical characteristics.

3 Analytical methods

3.1 In situ zircon U-Pb LA-inductively
coupled plasma mass spectrometry
(ICP-MS) analyses

Zircons were separated from sample D2053-18-N1 by stan-
dard density and magnetic separation and then fixed
with a standard zircon with epoxy resin. The surface of
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the sample target was polished until approaching the
near-center section of the zircon crystal, and then a cath-
odoluminescence (CL) photograph was taken. In situ
zircon U-Pb dating was conducted using an LA-ICP-MS
at the Beijing GeoAnalysis using the analytical conditions
defined by Yuan et al. [32]. Offline processing was per-
formed using ICPMS Data Cal 11.5 software [33], and
normal lead correction was performed on the test data
[34]. Harmonic plot mapping and weighted mean age
calculation were performed using Isoplot 3.0 [35].

3.2 Major and trace elements

These were trimmed to remove weathered surfaces, cleaned
with deionized water, crushed, and powdered in an agate
mill. The samples for geochemical analysis were ground to

Figure 2: Representative petrographical images of the Laimailang monzogranite (a, b) field occurrences; (c-f) representative microstruc-
tures of granitoid: Qtz, quartz; Am, amphibole; Bt, biotite; Pl, plagioclase; Kfs, potassium feldspar.
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pass through a 200-mesh sieve and then further ground and
homogenized in an agate mortar under alcohol. Major ele-
ments were analyzed by X-ray fluorescence (XRF), and trace
and rare earth elements were analyzed by ICP-MS at the
ALS Mineral-ALS Chemex Laboratory (Guangzhou, China).
Major elements were assayed using a RIX-2100 XRF spectro-
meter, with an analytical precision of +5%. Trace element
concentrations (rare earth elements included) were assayed
using an Agilent 7500a ICP-MS. The precision of the ICP-MS
analyses is +10% for all elements, but some are +5%.

3.3 In situ zircon Hf isotope analysis

In situ Hf isotope measurements were taken on zircon
grains at the same position as previously dated, using a
Thermo Scientific Neptune (Plus) multi-collector-ICP-MS,
coupled with a New Wave 193 nm solid-state laser abla-
tion system at Beijing GeoAnalysis (Beijing, China). After
removing ages with anomalies (<95% confidence level),
Hf isotopic compositions were determined for the remaining
samples. Lu-Hf isotopic measurements on zircon were per-
formed by LA-MC-ICP-MS with a beam size of 38 um, an
energy density of 10-11 J/em?, and a laser pulse frequency
of 10 Hz.

4 Results

4.1 Petrography

We focused on the Laimailang intrusive rocks that con-
tain a number of regional structural features and ductile
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shear zones that are oriented approximately E-W (Figure 1c).
Weathered surfaces are khaki in color, whereas fresh
surfaces are gray and show a massive structure, and
five samples were collected from rocks without visible
alteration (Figure 2). They had a hypidiomorphic gran-
ular structure, with a mineral composition of mostly
plagioclase (40%), potassium feldspar (25%), quartz
(25%), amphibole (5%), and biotite (<5%), with apatite
and zircon as an accessory mineral (Figure 2). Plagio-
clase is semi-idiomorphic plate, most of those have
zoned crystal structure, and a small amount of the crys-
tals have weak clay alteration (Figure 2c). Potassium
feldspar is microcline in the shape of other granular,
and part of the crystal contains plagioclase, hornblende,
and biotite, which constitute the intergrowth textures
(Figure 2d—f). Quartz crystals are similar in size to feld-
spar and fill between feldspar crystals (Figure 2e and f).
Amphibole and biotite are rare, and chlorite alteration
was found in some edges (Figure 2c). The granitic struc-
ture of the sample is complete and identified as monzo-
granite in QAP classification diagram (Figure 3a).

4.2 Whole-rock geochemistry

The original whole-rock major and trace element data are
shown in Table 1 as standardized values. The loss on
ignition (LOI) values of the five samples were all <1%,
indicating only weak effects from weathering and erosion.
The studied samples have acidic composition, showing
Si0, ranging ~65-68 wt%, in association with high Na,0O
(3.41-4.07 wt%), Al,O3 (14.95-16.60 wt%), and KO (mostly

37 41
Si0,/%

Figure 3: (a) QAP classification and (b) TAS diagram [40] for the Laimailang monzogranite.
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Table 1: Bulk-rock geochemical compositions of Laimailang mon-
zogranite (major elements: wt%; trace elements: ppm)

Sample D2053- D2053- D2053- D2053- D2053-
18-DH1 18-DH2 18-DH3 18-DH4 18-DH5
SiO, 64.57 67.29 66.65 66.61 68.33
TiO, 0.43 0.52 0.56 0.54 0.48
Al,05 16.32 15.45 15.49 15.35 14.9
TFe,05 3.15 3.79 3.81 3.94 3.55
MnO 0.06 0.07 0.07 0.08 0.07
MgO 1.36 1.71 1.77 1.82 1.61
Ca0 2.48 3.15 3.61 3.22 3.16
Na,0 3.35 3.71 4.04 3.72 3.65
K,0 6.39 3.77 2.9 3.75 3.67
P05 0.2 0.24 0.26 0.25 0.22
LOI 0.56 0.51 0.45 0.5 0.64
Total 98.87 100.21 99.61 99.78 100.28
Sc 5 6 6 6 6
\ 57 68 72 69 64
Cr 26 30 30 30 28
Co 7 9 9 10 8
Ni 10 10 12 12 10
Rb 176.5 145 118.5 143.5 136
Ba 2,510 735 436 802 471
Th 121 20.6 19.95 21.2 15.1
U 17 2.39 2.15 2.26 2.43
Nb 10.5 10.9 12 11.4 10.8
Ta 0.9 0.9 0.9 0.9 0.9
La 31.8 43.3 54 46.5 37.3
Ce 67.5 78.9 91.7 82 70.9
Pb 25 19 17 20 18
Pr 7.71 8.12 9.3 8.5 7.69
Sr 985 819 815 823 739
Nd 28.4 29.1 32.9 30 27.7
Ir 146 156 199 163 152
Hf 3.8 4 5.5 4.3 4
Sm 4.69 4.75 5.2 4.83 4.52
Eu 1.27 1.19 133 1.26 113
Ti 2,577 3,117 3,357 3,237 2,877
Gd 3.34 3.35 3.61 3.37 3.18
Tb 0.44 0.42 0.47 0.42 0.39
Dy 21 2.04 2.21 2.15 2.03
Y 1 10.8 11.7 1 10.6
Ho 0.38 0.37 0.41 0.4 0.38
Er 114 1.07 1.15 112 1.05
Tm 0.16 0.15 0.18 0.16 0.15
Yb 0.98 0.94 1.06 0.98 0.9
Lu 0.14 0.14 0.17 0.15 0.14
Mg# 46.1 47.2 47.9 47.8 47.3
Sr/Y 89.55 75.83 69.66 74.82 69.72
(La/Yb)y 148.98 165.96 187.74 166.33 168.89

Mg# = Mg/(FeO + Mg0); LOI = loss on ignition N is chondrite-nor-
malized [60].

2.92-3.78 wt%, except D2053-DH1 6.50 wt%), low MgO
(1.38-1.83 wt%), and medium Mg#(46—48). On the total
alkalis versus silica (TAS) diagram [40], samples mostly
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plot in the dacite fields, with only sample D2053-DH1
plotting in the trachyte field (Figure 3b). The samples
are dominantly high-K calc-alkaline (Figure 4a), and
they have metaluminous affinity on the plot of A/CNK
versus A/NK (Figure 4b).

All samples presented marked fractionated REE pat-
terns in chondrite-normalized REE diagrams and primi-
tive mantle-normalized trace element spider diagrams
(Figure 5). They had low HREEs and Y but relatively
high (La/Yb)N, being enriched in LREEs and depleted
in HREEs (Table 1), which have strong similarity with
the typical adakite (Figure 5a). Samples relatively enriched
in large ion lithophile elements (LILEs: Rb, Th, K, Pb, Sr,
etc.) and depleted in high-field strength elements (HFSEs:
Nb, Ta, Ti, etc.) (Figure 5b).

4.3 Zircon U-Pb ages and Hf isotopes

LA-ICP-MS U-Pb data from zircon were determined in 35
groups of ages (Table 2). The zircon grains are mostly euhe-
dral, with elongated habits (crystal lengths of 60-120 pm)
and length-to-width ratios from 2:1 to 3:1. Most zircons
are generally transparent and colorless. The CL images
show oscillatory and planar magmatic growth zoning
with broadly homogeneous cores (Figure 6a), which are
very similar to the zircon morphology of typical granitoids
[36]. Their Th and U concentrations ranged from 327 to 965
and 519 to 930 ppm, respectively, yielding Th/U ratios of
0.63-1.08 that indicated igneous zircons [37]. Weighted
means of pooled °°Pb/?3U ages were taken to represent
the crystallization ages reported with 95% confidence
level. Of these, eight zircons had a harmonicity of <95%
and were not used further in the harmonic age calculation.
The 2°°Ph/>*U weighted age of the remaining 27 zircons
was 81.22 + 0.49Ma (n = 27, MSWD = 0.4) (Figure 6b),
placing the crystallization ages of the monzogranite in
the Late Cretaceous.

A total of 27 in situ Hf isotope analyses were success-
fully undertaken on zircons within sample D2053-18-N1
(Table 3), and initial "®Hf/"""Hf ratios were calculated on
the basis of the 2°°Pb/?*®U-weighted age (81Ma). The
76Hf/Y7Hf ratio obtained for zircon standard GJ-1 during
the data acquisition was 0.282005 + 34 (2 standard devia-
tions, n = 6), in good agreement with the recommended
Hf isotopic ratio [38]. The decay constant used for 7°Lu
was 1.867 x 107! [39]. These zircons were characterized
by distinctly negative initial eys(t) values (-2.1 to —5.4)
and yielded ®Hf/"”Hf ratios of 0.282661-0.282568. Zircon
D2053-18-N1-14 had the lowest initial eyg(f) value.
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Figure 4: Laimailang monzogranite sample classification within (a) K,0 vs SiO, diagram and (b) A/NK vs A/CNK diagram, with other results

for comparison.

5 Discussion

5.1 Petrogenesis and tectonic setting

The data presented herein show that the studied Laimailang
intrusive suite consists of high-silica (=56 wt% SiO,), Na-
rich, and high-Al granitoids that are characterized by high
Sr, low Y, and HREE contents, and strongly fractionated
REE patterns, with no significant Eu anomaly (Figure 5a),
indicating that they are consistent with the definition of
adakite [2]. In addition, all samples for the studied rocks
plot within the adakite area on the Sr/Y vs Y diagram
(Figure 7a) and (La/Yb)y vs Yby diagram (Figure 7b), indi-
cating the adakitic feature.

As shown in Figure 5, all samples of Laimailang
pluton rocks exhibit similar characteristics, indicating
that all samples could have been derived from a common
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magma source region. Several lines of evidence indicate

that the Laimailang monzogranite are most likely derived

from partial melting of thickened lower crust.

(1) The fractional crystallization of amphibole can signif-
icantly increase the ratio of Sr/Y to La/Yb and reduce
the content of HREEs and Y [4]. However, it has less
influence on the partition coefficient of HREEs than
middle rare earth elements (MREEs) [10], generating
concave downwards patterns between MREEs and
HREEs [4,5]. The Laimailang pluton did not show
this “U-shaped” partition curve (Figure 5a). Trace
element signatures for the Laimailang monzogranite
are consistent with the formation of lower crust rather
than subducted slab (Figure 8). Our samples showed
that the remarkable HREE depletion in the Laimai-
lang monzogranite, as attested by the elevated Sr/Y,
(La/Yb)y, and (Gd/Yb)y (>1) values, is indicative of
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Figure 5: Laimailang monzogranite (a) chondrite-normalized REE patterns and (b) primitive mantle-normalized trace element spider dia-

grams (normalization values after [59]).
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Table 2: LA-ICP-MS zircon U-Pb analytical results from Laimailang monzogranite
Spot Pb Th U Th/u Age (Ma) Confidence
level (%
(x107%) 27pb 116 ?Pb 1o °Pb  +lo  *“Pb 1lg °°Pb )
206Pb 235U 238U 235U 238U
D2053-18 monzogranite
1 12.16 681 698 0.98 0.0520 0.0041 0.0914 0.0066 0.0129 0.0002 89 6 83 1 92
2 12.97 729 736 0.99 0.0534 0.0024 0.0935 0.0047 0.0127 0.0002 91 4 81 1 89
3 11.40 516 677 0.76 0.0520 0.0028 0.0903 0.0049 0.0128 0.0003 88 5 82 2 92
4 13.16 645 762 0.85 0.0493 0.0019 0.0885 0.0038 0.0130 0.0002 86 4 83 2 96
5 16.69 965 930 1.04 0.0488 0.0017 0.0859 0.0032 0.0128 0.0002 84 3 82 1 98
6 8.32 367 499 0.74 0.0502 0.0019 0.0870 0.0031 0.0127 0.0002 85 3 81 1 96
7 11.91 602 677 0.89 0.0480 0.0020 0.0846 0.0041 0.0127 0.0002 82 4 81 1 98
8 15.57 918 849 1.08 0.0474 0.0017 0.0826 0.0029 0.0127 0.0002 81 3 81 1 99
9 9.22 398 531 0.75 0.0548 0.0028 0.0963 0.0050 0.0128 0.0003 93 5 82 2 87
10 12.03 612 669 0.91 0.0501 0.0024 0.0877 0.0047 0.0127 0.0002 85 4 82 1 95
11 11.66 521 675 0.77 0.0474 0.0021 0.0841 0.0040 0.0129 0.0002 82 4 82 2 99
12 10.35 457 594 0.77 0.0497 0.0028 0.0861 0.0041 0.0127 0.0002 84 4 82 1 97
13 9.59 434 568 0.76 0.0543 0.0025 0.0948 0.0045 0.0127 0.0002 92 4 81 1 87
14 11.11 495 659 0.75 0.0495 0.0021 0.0859 0.0035 0.0127 0.0002 84 3 81 1 96
15 8.71 355 524 0.68 0.0495 0.0024 0.0863 0.0042 0.0127 0.0002 84 4 82 1 97
16 15.35 845 882 0.96 0.0484 0.0014 0.0840 0.0028 0.0125 0.0002 82 3 80 1 98
17 13.71 681 807 0.84 0.0483 0.0020 0.0830 0.0032 0.0125 0.0002 81 3 80 1 99
18 9.27 407 570 0.71 0.0460 0.0017 0.0802 0.0030 0.0127 0.0002 78 3 81 1 96
19 14.00 798 812 0.98 0.0495 0.0015 0.0852 0.0029 0.0125 0.0002 83 3 80 1 96
20 8.05 345 486 0.71 0.0537 0.0031 0.0938 0.0055 0.0127 0.0002 91 5 81 1 88
21 9.43 445 571 0.78 0.0478 0.0023 0.0829 0.0038 0.0127 0.0002 81 4 82 2 99
22 15.17 864 858 1.01 0.0472 0.0015 0.0831 0.0029 0.0128 0.0002 81 3 82 1 99
23 12.01 594 723 0.82 0.0479 0.0020 0.0831 0.0037 0.0126 0.0002 81 3 81 1 99
24 9.50 536 564 0.95 0.0482 0.0022 0.0859 0.0043 0.0129 0.0003 84 4 83 2 98
25 9.93 466 600 0.78 0.0493 0.0021 0.0873 0.0036 0.0129 0.0002 85 3 83 1 97
26 14.88 790 884 0.89 0.0470 0.0017 0.0819 0.0034 0.0127 0.0002 80 3 81 1 98
27 10.73 450 672 0.67 0.0484 0.0020 0.0845 0.0038 0.0127 0.0002 82 4 81 1 98
28 7.64 333 485 0.69 0.0453 0.0026 0.0777 0.0043 0.0127 0.0002 76 4 81 2 93
29 11.47 587 700 0.84 0.0479 0.0020 0.0826 0.0037 0.0126 0.0002 81 3 81 1 99
30 9.05 452 548 0.82 0.0534 0.0023 0.0926 0.0043 0.0125 0.0002 90 4 80 1 88
31 12.67 586 793 0.74 0.0482 0.0020 0.0838 0.0038 0.0126 0.0002 82 4 81 1 98
32 10.95 670 618 1.08 0.0477 0.0022 0.0840 0.0041 0.0128 0.0002 82 4 82 1 99
33 8.11 327 519 0.63 0.0472 0.0018 0.0811 0.0034 0.0125 0.0002 79 3 80 2 98
34 11.28 507 696 0.73 0.0464 0.0016 0.0804 0.0032 0.0126 0.0002 78 3 81 1 97
35 8.22 344 513 0.67 0.0499 0.0022 0.0863 0.0041 0.0125 0.0002 84 4 80 1 95
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Figure 6: (a) CL images and (b) U-Pb concordia diagrams for zircon from the Laimailang monzogranite.
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Table 3: Zircon Hf isotopic compositions of the Laimailang monzogranite (D2053-18-N1)

No oY /UTHE  VOLu/Y'Hf  VSHF/Y'Hf 20 YOHETTHE,  £4¢(0)  Ene(®  Tom  TomS frum

D2053-18-N1

D2053-18-N1-04  0.016388 0.000114 0.000758  0.000018  0.282597 -6.2 4.4 920 1,426 -0.98
D2053-18-N1-05  0.015949 0.000232 0.000720  0.000017  0.282655 4.1 -23 837 1,295 -0.98
D2053-18-N1-06  0.019077 0.000307  0.000858  0.000016  0.282600 -6.0 -43 917 1,418  -0.97
D2053-18-N1-07  0.014031 0.000222 0.000628  0.000017  0.282620 —5.4 -3.6 885 1375 -0.98
D2053-18-N1-08  0.018160 0.000354 0.000798  0.000017  0.282643 —4.5 -2.8 85 1,323 -0.98
D2053-18-N1-10  0.021404 0.000101 0.000952  0.000016  0.282630 -5.0 -3.3 878 1,353  -0.97
D2053-18-N1-11  0.021111 0.000486  0.000991  0.000016  0.282632 -4.9 -3.2 876 1,348 -0.97
D2053-18-N1-12  0.016582 0.000139 0.000790  0.000016  0.282592 -6.3 -4.6 927 1,436 -0.98
D2053-18-N1-14  0.022674 0.000130 0.001024 0.000016  0.282568 -7.2 5.4 966 1,490 -0.97
D2053-18-N1-15  0.015955 0.000089  0.000752 0.000015  0.282604 -5.9 -42 910 1,411  -0.98
D2053-18-N1-16  0.015500 0.000067  0.000716 0.000014  0.282620 -5.3 -3.6 887 1,374 -0.98
D2053-18-N1-17  0.020414 0.000173 0.000931 0.000016  0.282647 —4.4 -2.7 854 1315  -0.97
D2053-18-N1-18  0.014041 0.000066  0.000685  0.000014  0.282635 -4.8 -3.1 866 1,342 -0.98
D2053-18-N1-19  0.018124 0.000202  0.000848  0.000017  0.282640 4.6 -29 862 1,331 -0.97
D2053-18-N1-21  0.018563 0.000175 0.000845  0.000015  0.282610 -5.7 -3.9 903 1,396 -0.97
D2053-18-N1-22  0.015701 0.000128 0.000756 0.000015  0.282649 4.3 2.6 847 1310 -0.98
D2053-18-N1-23  0.016880 0.000221 0.000796  0.000017  0.282623 -5.2 -3.5 884 1,367 -0.98
D2053-18-N1-24  0.045235 0.002728 0.001792 0.000018  0.282616 5.4 -3.8 916 1,384 -0.95
D2053-18-N1-25  0.013856 0.000177 0.000667  0.000015  0.282642 4.5 -2.8 854 1,324 -0.98
D2053-18-N1-26  0.014896 0.000174 0.000666  0.000015  0.282607 -5.8 -41 904 1,404 -0.98
D2053-18-N1-27  0.021796 0.000376 0.000959  0.000016  0.282595 -6.2 45 927 1,430 -0.97
D2053-18-N1-29  0.016932 0.000157 0.000804  0.000016  0.282661 -3.9 -21 830 1,282 -0.98
D2053-18-N1-31  0.020664 0.000210 0.000972  0.000013  0.282610 -5.7 -3.9 906 1,396 -0.97
D2053-18-N1-32  0.019233 0.000080  0.000878  0.000017  0.282631 -5.0 -3.2 875 1,351  -0.97
D2053-18-N1-33  0.020872 0.000141 0.000943  0.000015  0.282597 -6.1 4.4 923 1,425 -0.97
D2053-18-N1-34  0.017832 0.000281 0.000777 0.000014  0.282586 -6.5 -4.8 935 1,450 -0.98
D2053-18-N1-35  0.014667 0.000254 0.000710 0.000015  0.282590 —6.4 47 929 1,442 -0.98

Note: &ne(t) = 10,000 x {[(*"CHf/*7Hf)s — ("CLu/Y7HF)S x (e = 1)1/ [("CHE/*"Hf)chur.0 — (YCLu/Y Hf)chur x (€M = 1)] = 1} Tom = 1/A x In{1 +
[(176Hf/177|'|f)s - (176Hf/177Hf)DM]/[(176|-U/177Hf)s - (176|-U/177Hf)nm]} TDMC = Tom = (Tom = ) X [(fec = f)/(fec = fom)] fLu/Hf = (176LU/177Hf)s/
(OLu/M Hf)chur — 1, where A = 1867 x 107%/a [39]; (°Lu/Y"Hf)s and (°Hf/*"Hf)s are the measured values of the samples;
("OLu/" Hf)cqur = 00332 and (YCHF/Y"Hf)churo = 0282772 [61]; (YCLu/*Hf)pm = 00384 and (YCHf/*"Hf)py = 028325 [62];
(7®Lu/"7Hf) mean crust = 0015; fec = [(7Lu/" Hf)mean crust/("Lu/" " Hf)cnur] = 15 fs = frume fom = [(78Lu/ HPom/(CLu/" Hf)cuur] - 1;
and t = crystallization time of zircon.
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Figure 7: Laimailang monzogranite samples plotted on (a) Sr/Y vs Y diagram [2] and (b) (La/Yb)y vs Yby diagram. Data sources: ca. 80 Ma
[14] (lower crust-derived adakitic rocks); 137 Ma [17] (subduction oceanic slab-deriver adakites).
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garnet remained in the magmatic source [6]. The absence
of a pronounced Eu anomaly implies that plagioclase was
not a common residual phase [2,41,42]. These arguments
suggest that the Laimailang monzogranite formation
likely occurred at high-pressure conditions of melting
[9,41,43]. Previous studies have shown that this may
have been generated from eclogites or garnet amphi-
bolites source region [9]. The ratio of the concentration
of a highly incompatible element (e.g., Th) to a mod-
erately incompatible element (e.g., REE, such as La
and Sm) can be used to identify partial melting trends
[44]. In the (Th/trace-element)-Th diagrams (Figure 9),
the Laimailang adakitic rocks define a linear trend,

2
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Figure 9: Laimailang monzogranite samples plotted on (a) Th/Sm vs Th diagram and (b) Th/La vs Th diagram. Data sources: 137 Ma [17]
(subduction oceanic slab-deriver adakites) and ca. 80 Ma [14] (lower crust-derived adakitic rocks).

similar to typical Late Cretaceous adakitic rocks in the
southern Gangdese, indicating that the magmas were
generated by partial melting of the subduction oceanic
lithosphere or the lower crust. However, the K,0 con-
tents (most of 2.90-3.77 wt%) of the Laimailang monzo-
granite differ significantly from the subduction-related
adakitic rocks, because adakitic rocks generated by par-
tial melting of the lower crust tend to be K-rich [45]
(average 2.78 wt%). Compared to the adakitic rocks in
the southern Gangdese derived from partial melting of
the subducting oceanic crust, the Laimailang monzogra-
nite is relatively high silica, K rich similar to those of
thickened lower crust-derived adakitic rocks (Figure 4).
The zircon eg¢(t) value (-2.1to -5.4) of the Laimailang
monzogranite is uniform and negative and old model
ages (~1.3-1.4 Ga), which likely originated from par-
tial melting of ancient crustal materials [13]. In fact,
the existence of ancient-lower crust in the Lhasa
microcontinent further corroborates this suggestion
[13]. It is also important to note that the very large
negative eyg(t) values (up to —22.0) of zircons in the
central Lhasa subterrane [13], which differ signifi-
cantly from the Laimailang monzogranite. Another
piece of evidence is that Mamba (ca. 10 km from Lai-
mailang) mafic enclaves (~85 Ma) are used as the pro-
ducts of mantle-derived magmas, which mixed with
crust-derived felsic magmas [24]. In addition, the
magmatic activity during the same period of this
study has obvious positive isotopic characteristics
(Figure 10). All these features indicate that the Lai-
mailang monzogranite is likely to be mainly derived
from partial melting of thickened ancient-lower crust,
and there is a small amount of enriched fluid-
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Figure 12: Subduction model for the Neo-Tethyan Ocean in the Late Cretaceous, showing the formation model for the Laimailang adakitic rocks studied
here (a) mid-ridge subduction model; (b) thickening of the crust was accompanied by the formation of the Mailang intrusive (adapted from [16,19,29]).

metasomatized mantle magma mixing, resulting in a conditions, and some trace elements (such as Rb, Y, Yh, Nb,
small negative ey(t) value. and Ta) are the most effective elements for the tectonic
discrimination of granites due to the sensitivity of these

As the main rocks forming continental crust, granites elements to fractional crystallization [46]. The Nb/Y and

are closely related to tectonic environment and geodynamic  Ta/Yb diagrams of our samples show the characteristics of
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volcanic arc (Figure 11), indicating that the Laimailang
monzogranite should be in the subduction background.
This is consistent with the previous studies that the Neo-
Tethyan Ocean was subducted in the south Gangdese
during the Late Cretaceous [11-13].

5.2 Geodynamic interpretation

As mentioned above, zircon U-Pb dating results indicate
that a Late Cretaceous (106—80 Ma) magmatic “flare-up”
and the subsequent period of magmatic quiescence
(80-65 Ma) events occurred in the southern Lhasa subter-
rane [20,47]. The model of normal (flab or steep angle)
subduction can account for much of the Mesozoic magma-
tism, which generally produces continuous magmatism,
but the Late Cretaceous magmatism has obviously mag-
matic quiescence (80—65 Ma). The existence of 90 Ma extreme
high temperature (HT) condition and low H,O activity char-
nockites [15,47], which have adakitic affinities, as well as the
mafic magmatism (88-85Ma) [18,24] obtained in southern
Lhasa subterrane. That is, the magmatic “flare-up” cannot
be explained by normal subduction, which is not coincidence
with the extreme high hot. The local region in southern Lhasa
terrane lacks the typical ca.85Ma extension setting rocks,
such as A-type granitoids or ocean island basalt, so more
evidence is needed for the back-arc extension model [24].
The discovery of mafic rocks and adakites in this area is con-
sistent with the Neo-Tethyan mid-ocean ridge subduction
model, given that the rocks indicate HT and require mantle
contributions that could be attributed to mantle upwelling
through a slab window [48]. Consequently, during which
high heat flow as the hot asthenosphere ascends upwards
through the slab window and directly heats the subducting
oceanic slab and continental crust, leading to partial melting
of the oceanic or continental crust along the edges of the slab
window [3,49-51]. At the same time, the asthenospheric
upwelling induced the appearance of large-scale magmatic
rock (e.g., normal calc-alkaline island-arc magmatic rocks
and the adakites derived from partial melting of the sub-
ducting oceanic slab) in the Late Cretaceous (106—-88 Ma)
(Figure 12a) [15-18,20-22,52].

However, the Laimailang monzogranite exposure more
than 90 km north of the previous trench, which is now
represented by the Yarlung-Tsangbo suture zone (IYZSZ,
Figure 1). This distance, combined with more than 40%
of the major upper crustal shortening in the Cretaceous
[53-55], suggests that Laimailang monzogranite was
located north of the IYZSZ at a distance of ~200 km or
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more before Laimailang pluton emplaced (ca. 81 Ma).
With such a long distance, the Neo-Tethyan mid-ocean
ridge subduction may have had rarely effect on the Lai-
mailang pluton. In the study area, the adakites formed
from 85 to 81Ma thus relate to the partial melting of
thickened lower crust ([14,18,19,24]; and this study),
which are consistently later than that of the adakites
derived from partial melting of the subducting oceanic
crust [15-22]. Considering that subduction is a contin-
uous process, these phenomena should be combined to
discuss the evolution of the tectonic setting in the local.

Late Cretaceous (106—85 Ma) magmatic “flare-up” can
be well explained by an oceanic ridge subduction model,
which resulted in the gradual decrease in the plate’s
subduction angle with HT and positive buoyancy [56],
changed to low-angle subduction or flat subduction even-
tually. This flat-slab stage of the Neo-Tethyan subduction
led to a contractional tectonic regime in which the sub-
ducting slab may have tectonically thickened the arc crust
and squeezed out the mantle wedge; thus, the arc magma-
tism was terminated [14,57,58]. That is, adakites derived
from the thickened lower crust appeared (85-81 Ma) in the
south Gangdese ([14,18,19,24] and this study). A magmatic
gap or quiescent period occurred between ca. 80 and
68 Ma [14,59], caused by the mantle wedge gradually
squeezing out under the flat subduction model. The for-
mation of the Laimailang pluton represents the evolution
of the tectonic setting of the Neo-Tethyan oceanic ridge
subduction to flat subduction (Figure 12b).

6 Conclusions

Based on zircon U-Pb dating, in situ Hf isotopes, and major

and trace element geochemistry of the Laimailang monzo-

granite in the southern Gangdese, as well as previously

published data, we can reach the following conclusion:

1. In situ zircon U-Pb dating of sample yielded Late
Cretaceous ages (ca. 81 Ma) for the Laimailang monzo-
granite in the southern Gangdese, suggesting a rela-
tionship with the subduction of the Neo-Tethyan Ocean.

2. The Laimailang pluton is characterized by high-silica
(=56 wt% Si0,), K-rich, Na-rich, and high-Al grani-
toids that are characterized by high Sr, low Y, and
HREE contents, and strongly fractionated REE pat-
terns, with no significant Eu anomaly, similar to the
adakitic affinities and they may be derived from partial
melting of thickened lower crust, interacted with enriched
fluid-metasomatized mantle.
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3. The formation of the Laimailang pluton represents the
evolution of the tectonic setting of the Neo-Tethyan
oceanic ridge subduction to flat subduction.
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