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The Qaidam Precambrian block is located in the northeastern Tibetan Plateau and
was intruded by numerous Ordovician-Devonian granitoids during and after the
closure of the Proto-Tethys Ocean. In the past 20 years, the granitoids within early
Paleozoic subduction-collision belts have been investigated in detail. However, the
granitoids intruding the inner part of the Qaidam block, bearing the tectonic
significance for the whole block, still need to be understood. This study presents
new whole-rock geochemical and zircon U-Pb-Hf isotopic data for the Huatugou
granitoids in the Qaidam Precambrian block. The investigated granitoids include
granodiorite, monzogranite, biotite granite, and muscovite granite, which intruded
the Precambrian basements during 451-400 Ma. The granodiorites (451 + 6 Ma)
display adakitic geochemical features and syn-tectonic textures, and their magmas
were generated by the partial melting of the lower mafic crust within a thickened
continent. The muscovite granites (410 + 6 Ma), with negative zircon eHf(t) values
of —14.5 to —10.4, were crystallized from fractionated S-type magmas, which were
derived from the partial melting of ancient crustal materials. The biotite granite (410 +
3 Ma) and monzogranites (400 + 4 Ma) are high-temperature A,-type granites. The
biotite granite displays positive zircon eHf(t) values of +1.7 to +5.6. Its magma was
generated by the high-temperature partial melting of juvenile crustal rocks in a
thinned lower crust. The monzogranites exhibit higher SiO, contents and lower eHf(t)
values, and their magmas were derived from the same source but underwent
assimilation and fractional crystallization during emplacement. From the
thickened to the thinned continent during 451-410 Ma, the western Qaidam
block experienced a tectonic transition from compression to extension.
Combined with regional geological data, this study suggests that the Qaidam
block consisted of the thickened continental crust during subduction processes
until the detachment of the subducted slab during the continental collision. The
regional extension of the Qaidam block commenced at ~420 Ma, soon after the
exhumation of ultrahigh-pressure metamorphic rocks within the northern Qaidam
subduction-collision complex belt.
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1 Introduction

Granitic plutons account for a significant volume of many ancient
orogenic belts and have been a primary investigated object concerning
orogenic evolution. On the one hand, observations from partial
melting experiments indicate that the chemical features of granite
products are directly related to melting conditions and source
compositions (e.g., Clemens et al, 1986; Patiio Douce, 1995;
Winther, 1996; Patifio Douce and Harris, 1998; Castro et al., 1999;
2006), most of which are not exclusively
encountered in one specific tectonic setting (Whalen et al., 1987;
Eby., 1992; Chappell and White, 2001; Frost et al., 2001; Castillo,
2012). On the other hand, most ancient orogenic belts contain various

Acosta-Vigil et al,

granitic plutons, each of which was derived from a specific source at
different periods of tectonic evolution. In turn, the petrogenesis and
formation ages of such a set of various granitoids provide critical

10.3389/feart.2023.1105992

constraints on changes in P-T conditions and source regions with
time, which can be related to a sequential transition of tectonic settings
in a relatively well-constrained geological framework (e.g., Zhang
et al., 2013; Zhu et al., 2018; Hopkinson et al., 2019).

The Qaidam block, located in the northeastern Tibetan Plateau, is
a Precambrian block surrounded by Paleozoic orogenic belts (Zhang
et al,, 2021). Previous studies indicate that granitic magmas intruding
the Qaidam block were mainly crystallized at 470-370 Ma and
270-215Ma (Wu C. L. et al, 2014b; Cheng et al, 2017; Chen
et al,, 2020). The early Paleozoic granitic magmatism (470-370 Ma)
has been linked to the subduction of the Proto-Tethys Ocean and
following collisional to post-collisional processes experienced by the
Qaidam block (Wu et al., 2014a; Yu et al., 2019; Yang et al., 2020). This
series of tectonic processes also resulted in arc-related magmatism,
exhumated high-to ultrahigh-pressure metamorphic associations, and
preservation of possible ophiolites (relict of oceanic crust) within the
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FIGURE 1

(A) Location of the Qaidam basin. (B) Simplified western Qaidam geological map (after Cheng et al., 2017). Zircon U-Pb data of early Paleozoic granitoids
are cited from Cheng et al. (2017), Wang C. et al,, (2014a), and Wu C. L. et al. (2014b). (C) Simplified geological map of the study region showing primary
lithologies and sample locations. Magmatic and metamorphic zircon U-Pb data are cited from Teng et al. (2020, 2022).
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TABLE 1 Sampling location, ICPW norm calculation, and analytic items for granitoids from the western Qaidam block.

Sample no. Location Lithology ICPW norm/wt%
Latitude Longitude Pl Or
1 AQI18-13-2.2 38°32'53.44"N 90°57'42.07"E Biotite granite 22.04 41.52 25.07 0.81 7.76
2 AQ20-4-9.1a 38°32/25.27"N 90°55'35.44"E 27.40 43.23 22.98 0.34 4.63
3 AQ20-4-9.1b 3832'25.27"N 90°55'35.44"E 28.34 41.04 23.93 0.62 4.60
4 AQ20-4-9.1¢ 38°32/25.27"N 90°55'35.44"E 28.57 39.36 25.18 0.86 4.60
5 AQ20-4-9.1d 38°32'25.27"N 90°55'35.44"E M . 28.57 41.07 23.58 0.69 4.62
onzogramte
6 AQ20-4-9.1e 38°32/25.27"N 90°55'35.44"E 29.36 38.64 24.96 0.94 4.63
7 AQ20-4-9.1f 38°32'25.27"N 90°55'35.44"E 29.70 41.11 22.33 0.78 4.62
8 AQ20-4-9.2 38°32/25.27"N 90°55'35.44"E 26.82 35.29 31.61 0.07 4.57
9 AQ19-6-2.2 3836'2.17"N 90°44'21.65"E 30.96 29.33 35.11 2.03 1.77
10 AQ20-3-3.1a 3836'2.31"N 90°44'27.04"E 32.56 31.73 29.91 2.77 2.19
11 AQ20-3-3.1b 38°36'2.31"N 90°44'27.04"E 34.74 3323 28.22 1.60 1.51
= o) " . " Muscovite granite
12 AQ20-3-3.1¢ 3836'2.31"N 90°44'27.04"E 30.52 31.47 33.77 1.60 1.80
13 AQ20-3-3.1d 38736/2.31"N 90°44'27.04"E 28.35 29.09 38.47 1.43 1.84
14 AQ20-3-3.1e 3836'2.31"N 90°4427.04"E 34.29 32.79 28.90 1.83 1.55
15 AQ20-4-4.1a 38°38'11.93"N 90°56'41.88"E 33.65 50.89 10.36 1.41 2.95
16 AQ20-4-4.1b 38°38'11.93"N 90°56'41.88"E 33.25 51.07 10.46 1.41 3.03
17 AQ20-4-4.1¢c 38°38'11.93"N 90°56'41.88"E 33.13 51.13 10.93 1.20 2.90
Granodiorite
18 AQ20-4-4.1d 38°38'11.93"N 90°56'41.88"E 33.01 50.51 11.41 1.24 3.06
19 AQ20-4-4.1e 38°38'11.93"N 90°56'41.88"E 32.49 52.36 10.08 1.25 3.10
20 AQ20-4-4.2 38°38'13.55"N 90°56'30.93"E 33.32 50.83 10.61 127 3.20

Qtz, Quartz; Pl, Plagioclase; Or, Orthoclase; Co, Corundum; Hy, Hypersthene.

northern Qaidam and northern East Kunlun (southern Qaidam)
subduction-collision belts (Zhang et al, 2017; Dong et al, 2018;
Song et al., 2018 and references therein). In the past 20 years, most
investigated granitoids, especially syn-collisional granitoids, came
from subduction-collision belts, which are complex belts resulting
from processes including continental subduction, collision,
exhumation of subducted crust, and post-collisional extension. In
addition to the complexity of interpreting the petrogenesis, the
tectonic processes, inferred from granitoids within subduction-
collision belts, hardly reflect the response of the whole Qaidam
block, which used to be a Precambrian micro-continent located on
the margin of East Gondwana (Teng et al., 2020; Zhang et al., 2021;
Teng et al, 2022). Recognizing the early Cambrian ultrahigh-
temperature (UHT, >900°C) metamorphism within western
Qaidam provides new constraints on the paleo-geographic position
of the Qaidam block (Teng et al, 2020), a continent arc of the
Gondwana facing the Proto-Tethys Ocean, before early Paleozoic
subduction-collision. Meanwhile, it also evokes a tectonic interest
in granitic intrusions in the same region in the Precambrian Qaidam
block. It is recognized that the western Qaidam was affected by
Ordovician-Devonian felsic magmatism, inferred from 469 to
381 Ma granitoids along the Altyn Tagh Fault and in drills
(Figure 1B; Cheng et al., 2017; Wang C. et al., 2014a; Wu C. L.

et al,, 2014b). However, the tectonic transitions during the prolonged
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felsic magmatism in western Qaidam, a part of the Precambrian
micro-continent, have not been well constrained.

This study presents whole-rock geochemical and zircon U-Pb-Hf
isotopic data for Huatugou granitoids, which were emplaced into the
UHT  metamorphic  rocks-bearing  Precambrian  basements
(Figure 1C). Our new data not only put new constraints on the
ages, sources, and petrogenesis of these granitoids but also provide
essential insights into the tectonic processes of the whole Qaidam

block.

2 Geological setting and sampling
2.1 Geological setting

The Qaidam Basin, located in the northeastern Tibetan Plateau, is
bounded by the Qilian Mountains to the northeast, the Altyn Tagh
Mountains to the northwest, and the East Kunlun Mountains to the
south (Figure 1A). The main body of the Qaidam basement is covered
by thick Mesozoic-Cenozoic sediments. Hence, the nature of the
basement is mainly studied with outcrops and drills on the basin’s
margins.

The Paleoproterozoic basement of the Qaidam block, Jinshuikou
Group, comprises migmatite, gneiss, amphibolite, schist, quartzite,

frontiersin.org
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and marble and is mainly exposed in the south of the Qaidam Basin
(Wang et al, 1983). During early Neoproterozoic, the Jinshuikou
Group, as well as some Mesoproterozoic protoliths in the northern
Qaidam (the northeast of the Qaidam Basin), underwent a series of
high-grade metamorphism, which is characterized by transitions from
Buchan-type (low-pressure) metamorphism at ~1.0 Ga to Barrovian-
type up to high-pressure granulite-facies metamorphism at
0.94-0.92 Ga (Ren et al,, 2019; He et al., 2020; Ren et al., 2021; He
et al., 2022). Coeval magmatism produced abundant S-type granites,
whose emplacements started as early as ~1.1 Ga and widely occurred
during 1.0-0.9 Ga (He et al,, 2016; He et al., 2018; Teng et al., 2022 and
references therein). The 1.1-0.9 Ga metamorphism and magmatism
resulted from prolonged subduction-collision and were followed by
0.85-0.75 Ga felsic and mafic magmatism in a continental rifting
setting, linked to the assembly and breakup of the Rodinia
supercontinent, respectively (Song et al., 2010; Yu et al., 2013; Ren
et al., 2021; He et al., 2022; Teng et al., 2022).

During the early Paleozoic, the Qaidam block underwent
continental subduction-collision following the closure of the Proto-
Tethys Ocean, as implied by arc-related Tanjianshan Group
metavolcanic rocks and gabbro dikes (514-465 Ma, Wu et al., 1987;
Lietal, 1999; Yuan et al., 2002; Shi et al., 2004) and subduction-related
(U)HP metamorphic rocks (457-422 Ma, Song et al., 2005; Yang et al.,
2005; Mattinson et al., 2006; Chen et al., 2009; Zhang et al., 2010; Meng
et al., 2013; Song et al., 2018) within the northern and southern
Qaidam. In northern Qaidam (the northeast of the Qaidam Basin),
granitic magma emplacement started as early as ~470 Ma in a
continental arc setting, prevailed at 446-397 Ma during the
exhumation of subducted crust, and continued to 382-372 Ma in a
post-collisional environment (Wu et al., 2014a; Sun et al., 2020; Yang
et al,, 2020). In the southern Qaidam (including the northern East
Kunlun), Paleozoic magmatism primarily occurred during
424-394Ma in a post-collisional extension, forming granitic
plutons (Zhang et al., 2003; Chen et al., 2006; Cheng et al., 2017;
Chen et al., 2020), mafic-ultramafic intrusions (Wang G. et al., 2014b;
Peng et al, 2016; Song et al, 2016), and rhyolitic rocks of the
Maoniushan Formation (Lu et al., 2010). In addition, the western
Qaidam, to the south of the active left-slip Altyn Tagh Fault, was also
affected by Ordovician-Devonian felsic magmatism, inferred from
469 to 381 Ma granitoids along the Altyn Tagh Fault and in drills
(Figure 1B; Cheng et al., 2017; Wang C. et al., 2014a; Wu C. L. et al.,
2014b).

The rock records regarding geological activities of the Qaidam
block between 750 and 520 Ma are mainly found in the western
Qaidam. Exposed in the north of Huatugou City, the Precambrian
basements of western Qaidam consist of granulite-facies metamorphic
rocks and low-grade metamorphic supracrustal rocks (Figure 1C). The
Huatugou granulite-facies rocks include felsic gneisses with protolith
ages of ~1.1 Ga (Teng et al., 2022), pelitic gneisses, and olivine-bearing
marbles, with minor Mg-Al granulite and mafic granulite lenses. They
experienced early Cambrian (540-500 Ma) UHT metamorphism,
which is characterized by a clockwise P-T path with a prograde P
peak >1.4 GPa (Teng et al, 2020). The UHT metamorphism was
thought to occur within the Kuunga Orogen; hence, the Qaidam block
was located on the margin of East Gondwana (Teng et al., 2020; Teng
and Zhang, 2020). The low-grade metamorphic supracrustal
association comprises metavolcanic rocks, quartzofeldspathic
leptynite, mica schist, and quartzite. The protoliths of felsic

metavolcanic rocks were crystallized from high-temperature A-type

Frontiers in Earth Science

10.3389/feart.2023.1105992

magmas with positive zircon ¢Hf{(t) values (+0.9 to +6.1), which were
emplaced in a continental rifting environment at ~0.75 Ga (Teng et al.,
2022). Both high-grade and low-grade metamorphic basements
exposed in the Huatugou area were intruded by granitic plutons
and dikes (Figure 1C), whose petrogenesis and tectonic significance
are the focus of this study.

2.2 Sampling

In the Huatugou area, the granitoids mainly occurred as small
plutons and dikes intruding Precambrian basements (Figure 1C). In
this  study, biotite
monzogranite, muscovite monzogranite, and granodiorite. A total

investigated ~ granitoids include granite,
of 20 samples were used for whole-rock geochemical analyses, and
four representative samples were selected for zircon U-Pb age and Hf
isotope analyses (Table 1).

The biotite granite, sample AQ18-13-2.2, was collected from a dike,
which is 1-5 m wide and intruded mylonitic quartzite (Figure 2A). The
sample consists of plagioclase (40%-45%), K-feldspar (20%-25%), quartz
(20%-25%), biotite (7%-10%), and amphibole (1%-3%) (Figure 2B). The
monzogranite samples AQ20-4-9.1a~f and AQ20-4-9.2 were collected
from a granitic pluton that was broken into fragments widespread the hills
and buried by the sediments (Figure 2C). Monzogranites are fine-to
coarse-grained and composed of K-feldspar (20%-30%), plagioclase
(35%-45%), quartz (25%-30%), biotite (1%-3%), and muscovite
(<1%) (Figure 2D). The muscovite granites, including samples AQ19-
6-2.2 and AQ20-3-3.1a~e, were collected from a granitic dike, which
is ~20 m wide and intruded marble (Figures 1C, 2E). Muscovite granites
consist of K-feldspar (28%-33%), plagioclase (30%-35%), quartz (30%—
35%), muscovite (5%-7%), and biotite (~1%). Muscovite and plagioclase
are deformed and aligned under the microscope (Figure 2F). The
granodiorite samples (AQ20-4-4.1a~e and AQ20-4-4.2) were collected
from a granitic pluton intruding marble near a talc deposit (Figure 1C).
Granodiorites exhibit porphyritic textures and are locally mylonitized in
the contacting zone with marble (Figure 2G). Granodiorites mainly
consist of plagioclase (50%-55%), quartz (30%-35%), K-feldspar (9%-
12%), and biotite (~3%). The phenocrysts consist of K-feldspar and
plagioclase, while quartz mainly occurs in the matrix (Figure 2H).

3 Analytical methods

3.1 Whole-rock major and trace elemental
analysis

The whole-rock composition analysis was conducted at the
Wuhan Samplesolution Analytical Technology Co., Ltd., China.
The major elements were measured by a Primus II X-ray
(XRF). The
measured by an Agilent 7700e inductively coupled plasma mass

fluorescence spectrometer trace elements were

spectrometry (ICP-MS). The analytical uncertainties are ~5%.

3.2 Zircon U-Pb isotopic and trace elemental
analysis

Zircon grains were extracted from pulverized rock samples using
combined heavy liquid and magnetic techniques and handpicked
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Biotie granite

FIGURE 2

10.3389/feart.2023.1105992

iotie granite

Field photographs and photomicrographs of (A,B) biotite granite, (C,D) monzogranite, (E,F) muscovite granite, and (G,H) granodiorite in the Huatugou

area. Bt, biotite; Kfs, K-feldspar; Ms, muscovite; Pl, plagioclase; Qtz, quartz.

under a binocular microscope. Separated zircon grains were mounted
in an epoxy resin and polished to expose about half the grains.
Cathodoluminescence (CL) images were taken using an FEI
PHILIPS XL30 SFEG scanning electron microscope (SEM) at the
Institute of Geology, Chinese Academy of Geological Sciences
(CAGS). Zircon U-Pb isotope and trace element concentrations
were measured by an Analytikjena PQMS Elite ICP-MS equipped
with a RESOlution 193 nm laser ablation system at Beijing Createch

Frontiers in Earth Science 05

Testing Technology Co., Ltd. The laser spot was set to 24 um with a
repetition rate of 6 Hz and an energy density of 6J/cm’. Zircon
standards GJ-1 (602 Ma, Jackson et al., 2004), 91500 (1065 Ma,
Wiedenbeck et al., 1995), and Plesovice (337 Ma, Slama et al,
2008) were analyzed together with samples for quality control of
zircon U-Pb isotope data. Each measurement consisted of a 15s
background signal acquisition followed by a 45s data acquisition
from the samples. Off-line raw data selection, background and
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SiO, (Frost et al, 2001). Fe*=FeO"/(FeO™+MgO).

analyzed signals integration, time-drift correction, and quantitative
calibration for U-Pb dating were performed using ICPMSDataCal (Liu
et al,, 2010). U-Pb concordia plots and weighted mean ***Pb/***U age
calculations were conducted using Isoplot 4.15 (Ludwig, 2012).
Uncertainty of individual analysis was reported with a 1o error,
and weighted mean ages were calculated at a 95% confidence level.
Trace element concentrations were corrected using NIST610 as an
external and Si as an internal standard.

3.3 Zircon Hf isotopic analysis

Hf isotope compositions of the dated zircons were measured using
a Neptune Plus ICP-MS (Thermo Fisher Scientific, Germany) in
combination with a Geolas HD excimer ArF laser ablation system
(Coherent, Germany) at the Wuhan Samplesolution Analytical
Technology Co., Ltd., China. All data were acquired with a beam
size of 44 um, a laser repetition rate of 8 Hz, and an energy density of
10 J/cm?. The zircon 91500, GJ-1, and Plesovice were used as external
standards and have weighted mean "*Hf/"”7Hf values of 0.2822939 +
0.0000093, 0.282008 + 0.000022, and 0.2824780 + 0.0000049,
respectively. Offline selection, background and analyzed signals
calibration
2010).

integration, and mass
ICPMSDataCal (Liu et

were performed using

al,, All calculated data were
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considered for isobaric interferences and normalized to "’Hf/"”7Hf
of 0.7325 using an exponential correction for mass bias.

4 Results
4.1 Whole-rock geochemistry

Whole-rock compositions are presented in Supplementary Table
S1 and illustrated in Figures 3, 4. The biotite granite has 66.77 wt%
Si0,, 7.62 wt% total alkali (Na,O+K,0), 2.53 wt% CaO, 15.19 wt%
Al,O3, 4.68 wt% Fe,05", and 0.93 wt% MgO, with high FeO"/MgO
(421) and Fe* [=FeO"/(FeO"™+Mg0)=0.82]. In the classification
diagram, the biotite granite falls on the boundary between quartz
monzonite and granodiorite (Figure 3A). In discrimination diagrams
of A/NK vs. A/CNK, (Na,O+ K,0-CaO) vs. SiO,, and Fe* vs. SiO,
(Figures 3B-D), the biotite granite falls in weakly peraluminous,
alkali-calcic, and ferroan fields. The biotite granite contains
367ppm REE. In the chondrite-normalized REE diagram, it
displays LREE enrichment relative to HREE [(La/Yb)\=12.64] and
Eu anomaly (Eu/Eu*=Eun/(SmyxGdy)'>  =0.49)
(Figure 4A). In the primitive mantle-normalized diagram, the
biotite granite exhibits enrichments of Th, La, Nd, and Zr and
depletions of Ba, Nb, Ta, and Sr (Figure 4B).

a  negative
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The monzogranites have 70.64-71.46 wt% SiO,, 7.43-8.60 wt%
total alkali, 1.39-2.15 wt% CaO, 13.59-14.58 wt% Al,O3, 2.37-2.74 wt
% Fe,05", and 0.57-0.76 wt% MgO, with 0.74-0.81 for Fe*. In the
geochemical classification diagrams (Figure 3), all monzogranite
samples are plotted in the magnesian granite field, and most of
them exhibit weekly peraluminous and calc-alkaline characteristics.
Total REE contents of monzogranites vary from 192 to 312 ppm. In
the chondrite-normalized REE diagram, monzogranites show LREE
enrichments relative to HREE [(La/Yb)y=11-23], with notably
negative Eu anomalies (Eu/Eu*=0.48-0.57) (Figure 4A). In the
primitive mantle-normalized diagram, they show enrichments of
Th, La, and Nd and depletions of Ba, Nb, Ta, and Sr (Figure 4B).

The muscovite granites contain 72.89-75.40 wt%  SiO,,
8.34-9.71 wt% total alkali, 0.57-0.75wt% CaO, 13.54-14.63 wt%
ALOs, 0.94-1.35wt% Fe,05", and 0.12-0.15 wt% MgO, with high
Fe* (0.86-0.89). In the classification diagrams (Figure 3), the
muscovite granites fall in the granite area and display
peraluminous, ferroan, and alkali-calcic to alkalic characteristics. In
the chondrite-normalized diagram (Figure 4A), the muscovite granites
exhibit low REE contents (21-27 ppm) and flat REE patterns [(La/
Yb)n=3-4], with notably negative Eu anomalies (Eu/Eu*=0.32-0.56).
In the Primitive mantle-normalized diagram (Figure 4B), the
muscovite granites show depletions of Ba, Nb, Sr, Zr, and Eu and
enrichments of Rb, U, Ta, and Sm.

The granodiorites have 71.46-72.20 wt% SiO,, 5.75-5.93 wt% total
alkali, 3.18-329wt% CaO, 15.66-15.94 wt% AlL,O;, 1.35-1.50 wt%
Fe,05", and 0.49-054wt% MgO, with the Fe* of 0.71-0.73.
According to classification diagrams (Figure 3), all granodiorite
samples belong to granites of peraluminous, calc, and ferroan series.
The granodiorites contain 47-62 ppm REE. In the chondrite-normalized
REE diagram (Figure 4A), they exhibit LREE enrichments relative to
HREE [(La/Yb)n=15-20] with weekly positive Eu anomalies (Eu/
Eu*=1.02-1.21). The Primitive mantle-normalized diagram shows that
they are enriched in Ba, La, Sr, and Zr and depleted in Nb (Figure 4B).

4.2 Zircon U-Pb geochronology
Representative zircon CL images are presented in Figure 5. Zircon

geochronological data are presented in Supplementary Table S2 and
illustrated in Figure 6. Zircons in biotite granite (AQ18-13-2.2) and
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monzogranite (AQ20-4-9.2) are euhedral, 100-220 pm in length with
length/width ratios of 2:1 to 3:1 (Figures 5A, B). In CL images, most
zircons exhibit clear oscillatory zoning, which is interrupted by
irregularly patchy zones in some monzogranite zircons (Figure 5B).
Zircons from the biotite granite contain 36-492 ppm Th and
66-559 ppm U, with Th/U ratios of 0.43-0.96 (Supplementary
Table S2). Twenty-nine of 30 analyses yield **Pb/>*U ages of
432-393 Ma, with a weighted mean **Pb/***U age of 410 + 3 Ma
(MSWD=2.9) (Figure 6A). Twenty-two zircons were analyzed for the
monzogranite and had 59-531 ppm Th and 102-1029 ppm U, with
Th/U ratios varying from 0.32 to 1.47 (Supplementary Table S2).
Except for one inherited zircon, the remaining 21 zircons yield ***Pb/
28U ages of 414-382 Ma, with a weighted mean **°Pb/***U age of 400 +
4 Ma (MSWD=3.9) (Figure 6C). In the chondrite-normalized REE
diagram (Figures 6B, D), biotite granite and monzogranite zircons
exhibit HREE enrichments relative to LREE, with positive Ce
anomalies and negative Eu anomalies.

The muscovite granite (AQ19-6-2.2) contains zircons with
30-80 um in length and length/width ratios of 1:1 to 2:1. In CL
images, zircons exhibit oscillatory or sector zoning; some zircons
contain inherited cores with relatively dark-CL luminance (Figure 5C).
Twenty analyzed zircons have 25-444 ppm Th and 70-418 ppm U
with Th/U ratios of 0.27-1.06, and their **Pb/>**U ages vary from
393 to 455 Ma. Except for two inherited zircons (Figure 5C), the rest
18 analyzed zircons yield a weighted mean **Pb/***U age of 410 +
6 Ma (MSWD=5.7) (Figure 6E). The chondrite-normalized REE
diagram displays that the muscovite granite zircons are enriched in
HREE relative to LREE with notably positive Ce anomalies
(Figure 6F).

Zircons from the granodiorite (AQ20-4-4.2) are 60-160 pm in
length with length/width ratios of 3:2 to 3:1. CL images show that most
zircons are oscillatory-zoned, and many of them are either mantled by
dark rims or contain fragmental cores (Figure 5D). Among
28 analyzed spots, twelve spots were ignored owing to high
discordance. Four analyses on inherited cores yield **Pb/***U ages
0f 1632-509 Ma (Supplementary Table S2). The remaining 12 analyses
on oscillatory-zoned zircons yield **°Pb/>**U ages of 470-441 Ma, with
a weighted mean **Pb/**U age of 451 + 6Ma (MSWD=4.0)
(Figure 6G). These zircons contain 70-394ppm Th and
229-1344 ppm U with variable Th/U ratios (0.07-0.40) and highly
scattered chondrite-normalized REE patterns (Figure 6H).
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4.3 Zircon Hf isotopes

The zircon Hf isotopic data are presented in Supplementary Table
S3 and illustrated in Figure 7. For the biotite granite (AQ18-13-2.2),
zircon SHf/*”’Hf ratios are 0.282574-0.282688. Zircons exhibit the
initial eHf(t) values of +1.7 to +5.6 (at 410 Ma) and Hf two-stage model
ages (Tpap) of 1293-1042 Ma (Figure 7). The monzogranite (AQ20-4-
9.2) zircons have 7*Hf/"”Hf ratios of 0.282497-0.282581 and eHf(t)
values of -2.0 to +1.8 at 400 Ma. Their Tpy, ages vary from 1520 to
1280 Ma. Zircons from the muscovite granite (AQ19-6-2.2) display
Y6Hf/'"Hf ratios of 0.282119-282230 and eHf{(t) values of —14.5 to
-10.4 (at 410 Ma), with Tpys, ages of 2317-2058 Ma.

5 Discussion
5.1 Petrogenesis

5.1.1 Biotite granite and monzogranites

The biotite granite displays similar chemical features to A-type
granites (Figure 8A, B; Whalen et al., 1987), including high contents of
total alkali (7.62 wt%), Fe,O5" (4.68 wt%), highly charged cations (Nb,
Y, Zr, REE), and high ratios of FeOT/MgO (4.54) and 10000Ga/Al
(3.06), but low CaO (2.53 wt%). In addition, the high Fe* (0.82) of
biotite granite also indicates an A-type affinity (Figure 3D; Frost et al.,
2001). Although there is no alkaline mineral, such as arfvedsonite and
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riebeckite, the high zircon saturation temperature (908°C) was
obtained for the biotite granite using the zircon solubility model of
Watson and Harrison (1983). In the absence of inherited zircons, the
calculated temperature reflects the magma temperature. Therefore, the
biotite granite was formed by a high-temperature melting process,
similar to A-type granites (Collins et al., 1982; Clemens et al., 1986;
Whalen et al., 1987; Chappell and White, 2001).

Similar to the biotite granite, the monzogranites sampled nearby
exhibit high total alkali (7.43-8.6 wt%), Fe,O5" (2.37-2.74 wt%), and
Fe*(0.74-0.81), and low CaO (1.39-2.15wt%). In addition, the
monzogranites and biotite granite share similar distribution
patterns for trace elements and Hf isotopic compositions (Figures
4,7), implying that they were derived from the same source. The Ga/Al
ratios in the biotite granite and monzogranites decrease with
decreasing Zr, consistent with the chemical trend of A-type granite
fractionation (Wu et al., 2017). In comparison with the biotite granite,
the monzogranites have higher SiO, and lower CaO, Fe,05", MgO,
Al O3, Zr, and total REE contents with lower eHf(t) values (Figures 7,
9), which likely resulted from an assimilation and fractional
crystallization (AFC) process. For instance, the assimilation of
upper-crustal materials would decrease the eHf(t) values of
ascending magma. The decreases in CaO and ALO; with
increasing SO, could result from the fractionation of feldspar and
decreases in Fe,O;" and MgO from the fractionation of biotite
(Figure 10A). The fractionation of zircon, as well as monazite and
apatite (Figure 10B), would decrease Zr and total REE contents.
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(G,H) granodiorite in the Huatugou area. The whole-rock REE patterns in Figure 3A are gray-shaded here.

The least fractionated sample (biotite granite) shows depletions of
Eu and Sr and the enrichment of Y (Figure 4), suggesting that
plagioclase (instead of garnet) is stable in the source region,
consistent with a low-pressure melting condition. The biotite
granite has Yb/Ta and Y/Nb ratios of 2.3 and 1.6, similar to
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continental crust (Taylor and McLennan, 1995). Biotite granite and
monzogranites are chemically classified into the A, group (Figures 8C,
D), which represents magmas generated by the remelting of the
continental crust or underplated crust that was initially formed
during subduction or continent-continent collision (Eby, 1992).
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The biotite granite has positive zircon ¢Hf(t) values of +1.7 to +5.6
(Figure 7), indicating that melted crustal igneous rocks were derived
from juvenile materials. In addition, the high-temperature melting

10.3389/feart.2023.1105992

condition for producing A-type magma implies residual sources with
an additional heat input from the mantle, which was encountered
within the lower continental crust (Clemens et al., 1986). Therefore,
the magmas of the biotite and monzogranites in the Huatugou area
were generated by the partial melting of the lower continental crust
under high-temperature and low-pressure conditions and underwent
an AFC process during emplacement.

5.1.2 Muscovite granites

The muscovite granites are peraluminous granites (A/
CNK=1.07-1.19) with 5%-7% and >1% CIPW
normative corundum. Similar to typical S-type granite (Chappell

muscovite

and White, 2001), the muscovite granites exhibit high contents of
SiO, (>72wt%), K,O (4.7-6.5wt%), Rb (=200 ppm), and Pb
(36-51 ppm), of CaO (<1wt%) and Sr
(<30 ppm). With increasing SiO,, P,O5 increases and Pb decreases
(Figures 9G, H), typical S-type granite trends (Chappell and White,
2001). The muscovite granites are fractionated granites, indicated by
their high Rb/Sr ratios (8.2-10.4) and REE tetrad effect (Figure 4).
Additionally, Th, La, and Y contents decrease with increasing Rb

and low contents

(Figure 91I). According to Chappell (1999), these chemical trends are
typical in fractionated S-type granites, indicating the fractionation of
biotite, plagioclase, and monazite (Figure 10). S-type granites are
generally derived from sedimentary or supracrustal rocks (Chappell
and White, 2001). The muscovite granites yielded low zircon
saturation temperatures of 638-656°C (Watson and Harrison,
1983), consistent with low-temperature magmas. Combined with
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negative zircon eHf(t) values (-14.5 to —10.4, Figure 7), it is suggested
that the magma of the muscovite granites resulted from the low-
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temperature partial melting of ancient crustal materials.
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5.1.3 Granodiorites
The granodiorites are magnesian calcic granitoids characterized by

high contents of Al,O; (>15wt%) and Na,O (>4 wt%) with low K,0/

1

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1105992

Teng et al.

10.3389/feart.2023.1105992

A
500 100
A Biotite granite
9 Monzogranites
i @ Muscovite granites ]
400 B Granodiorites o8
300 = 604
a
z >
Z s
200+ | Adakites ~ 401
Typical ARC Rocks
100 Typical ARC Rocks 201
A
0+ - - 0 T T T T T
10 20 30 40 50 0 5 10 15 20 25 30
Y(ppm) Yb,

FIGURE 11

(A) Sr/Y vs. Y and (B) (La/Yb)y vs. Yby discrimination diagrams (Defant and Drummond, 1990; Martin, 1999), indicating that granodiorites in the Huatugou

area are adakitic rocks.

Na,O ratios (0.39-0.46). As to trace elements, the granodiorites
exhibit strongly fractionated REE patterns ((La/Yb)n=(15-20), low
Y (6-7 ppm), and high Sr (398-418 ppm) and Sr/Y ratios (61-72),
which are distinctive chemical features of adakitic rocks (Figure 11;
Defant and Drummond, 1990; Martin, 1999). These adakitic affinities,
combined with high CaO (3.18-3.29 wt%) and insignificant Eu
anomalies (Figure 4A), imply that the garnet was stable and
plagioclase was unstable in the source, indicative of a high-pressure
condition.

The generation of adakitic rocks may have different
mechanisms, including partial melting of the subducted oceanic
slab with or without the involvement of mantle peridotite, partial
melting of mafic lower crust with or without the participation of
mantle peridotite, and fractional crystallization of arc basaltic
magma (Castillo, 2012 and references therein). The high Ba
contents (623-705 ppm), low Rb/Sr ratios (<0.2), and the
absence of correlations between SiO, and other major oxides
(Figure 9) of these granodiorites, indicate no or insignificant
fractionation. Hence, the fractional crystallization model is
largely ruled out. The granodiorites display consistently high
SiO, (71.46-72.2 wt%) and low MgO (0.49-0.54 wt%) contents
with high Fe* (0.71-0.73), inconsistent with the chemical
signatures of mantle peridotite or mantle-derived magma. The
granodiorites have zircons that contain Proterozoic cores and
display complex growth patterns (Figure 5D). These zircon
cores show chondrite-normalized REE patterns similar to (re)
crystallized zircons (Figure 6H), indicating that they were
captured in the source. Since there were ancient continental
materials in the source, we favor the partial melting of the lower
mafic crust over the oceanic slab to generate the granodiorites.

5.2 Granitic magmatism in the western
Qaidam

The investigated Huatugou granitoids in this study, including
granodiorites, muscovite granites, biotite granite, and monzogranites,
yield weighted mean **°Pb/***U ages of 451 + 6, 410 + 6, 410 + 3, and
400 + 4 Ma (Figure 6). Dated zircons are euhedral and oscillatory-
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zoned with most Th/U ratios of > 0.5 (except the granodiorites),
indicating a magmatic origin (Corfu 2003; Hoskin, 2003). For
granodiorite zircons, the variations in Th/U ratios (0.07-0.40)
might be due to disequilibrium crystallization (Wang et al., 2011).
Hence, the weighted mean **Pb/>**U ages are interpreted as the
timing of granitic magma crystallization, suggesting that the
Huatugou granitoids were mainly emplaced during the late
Ordovician-early Devonian. This study, combined with published
U-Pb data (Figure 1B; Cheng et al,, 2017; Wang C. et al.,, 2014a;
Wu C. L. et al, 2014b), indicates that the western Qaidam block
experienced multiple felsic magmatic events during 469-381 Ma
(Figure 1B), mainly at 469-460 Ma, 453-440 Ma, and 411-400 Ma.
The first granitic magmatism (469 to 460 Ma) is characterized by
quartz diorite, diorite, and granite with zircon eHf(t) values varying
from —4.8 to +5.3 (Figure 7; Wu C. L. et al., 2014b; Cheng et al., 2017),
indicative of variations in melted sources.

The (453-440 Ma)
granodiorite and granite with mylonitic textures (Cheng et al,

second granitic magmatism formed
2017, this study), reflecting a syn-tectonic origin. In this study, the
granodiorites exhibit adakitic features (Figure 11), and their magmas
were generated by the partial melting of the lower mafic crust under
high-pressure conditions. Similar granodiorite was also reported in the
Yusupuleke area, west of western Qaidam, which was thought to result
from the partial melting of garnet amphibolite within the thickened
lower crust (Wang C. et al,, 2014a).

The third granitic magmatism (411-400 Ma) is characterized by
A-type S-type
monzogranite, syenogranite, granodiorite, biotite granite, muscovite
granite (Cheng et al., 2017; Wu et al, 2014b; this study). A-type
granitoids mainly exhibit positive zircon eHIf(t) values (Figure 7),

granitoids with minor granites, including

suggesting that their high-temperature magmas were derived from
juvenile crustal sources. In Huatugou, monzogranites show lower
zircon €Hf(t) values with more fractionated features than the
biotite granite, resulting from an AFC process during the
emplacement of A-type magmas. S-type granites, such as the
Huatugou muscovite granites, have negative zircon eHf(t) values
(Figure 7), and their magmas were produced by low-temperature
(650°C) partial melting of ancient crustal materials and experienced
fractionation process (Figure 9).
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5.3 Tectonic implications

According to this study, the Huatugou granitoid comprises three
types: adakitic rocks (451 Ma), S-type granites (410 Ma), and A,-
type granites (410-400 Ma). Both magmas of adakitic rocks and
A-type granitoids were generated by the partial melting of the lower
crust. Differently, adakitic rocks were crystallized from magma
produced by the high-pressure remelting without significant
fractionation, which implies a relatively fast emplacement within
a thickened continental crust. The A-type granitic magma was
generated under high-temperature and low-pressure partial
melting conditions and experienced an AFC process during
emplacement, indicating a relatively slow emplacement/cooling
within a thinned continental crust. The thickness change from
the thickened to the thinned continent suggests that the western
Qaidam experienced a tectonic transition from compression to
extension. Considering three magmatism pulses, as summarized
in section 5.2, this transition likely occurred between 440 and
411 Ma.

During 445-423 Ma, parts of northern Qaidam experienced
ultrahigh-pressure ~ metamorphism  related to  continental
subduction (Song et al,, 2005; Yang et al., 2005; Zhang et al,
2010). As ultrahigh-pressure metamorphic rocks are now exposed
to the surface, the exhumation of the subducted continental crust
should start around the same time. Otherwise, with ongoing
subduction, the exhumed rocks would record younger peak
The subducted
continental crust was thought to result from the detachment of
the dense oceanic slab (Zhang et al., 2016). The slab breakoff also
induced mantle upwelling, which heated the thickened lower crust to

metamorphic ages. exhumation of deeply

produce adakitic magmas under high-pressure granulite-facies
conditions in the Dulan area, south of northern Qaidam (Yu
et al, 2019). The emplacement of high-temperature A-type
granitoids as early as 418 Ma (Chen et al, 2020), as well as
mantled-derived mafic-ultramafic plutons during 424-406 Ma in
the southern Qaidam (Peng et al., 2016; Song et al., 2016; Wang
et al,, 2016), indicates that the exhumation of the subducted
continental slab was followed by post-collisional extension of the
whole Qaidam block. The third granitic magmatism (411-400 Ma)
in western Qaidam also occurred in this extensional regime.
Moreover, the Dulan adakitic rocks (433-423 Ma) exhibit
positive zircon eHf(t) values of 8.5-12.7 (Figure 7; Song et al,
2014; Yu et al, 2019). The protoliths of melted high-pressure
granulite-facies sources are ~470 Ma gabbroic rocks with an arc
affinity, similar to gabbro dikes intruding the Tanjianshan Group
metavolcanic rocks (514-465 Ma, Wu et al., 1987; Li et al., 1999;
Yuan et al., 2002; Shi et al., 2004). On the one hand, the Tanjianshan
Group was exposed to the east and north margins of the Qaidam
Basin. Their existence implies that the Proto-Tethys Ocean
commenced subducting under the Qaidam block before 514 Ma.
On the other hand, in Huatugou, the northwest margin of Qaidam,
the UHT metamorphic rocks were formed at 540-500 Ma (Teng
et al., 2020). If the Huatugou UHT metamorphism was linked to a
collisional event alone, as inferred from clockwise P-T paths with
prograde high-pressure (>1.4 GPa) history, the scenario would
contradict the oceanic subduction. Nevertheless, the Huatugou
ultrahigh-temperature metamorphic rocks were suggested as the
result of the late Pan-African UHT metamorphism during the
final assembly of the Gondwana (Teng et al, 2020; Teng and
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Zhang, 2020). The Qaidam block on the margin of East
Gondwana, as a continental arc, is in line with the subduction of
the Proto-Tethys Ocean around the Gondwana. In this position, the
tectonic processes controlling the UHT metamorphism of the
western Qaidam block are more intriguing than proposed and
deserve further investigation. Nevertheless, our study suggests
that the thickened continental crust of the Qaidam block was
likely sustained until the detachment of the subducted crust
during the continental collision. The extension of the Qaidam
block commenced at ~420 Ma, likely after the exhumation of
ultrahigh-pressure metamorphic rocks in subduction-collision
complex belts.

6 Conclusion

1) The Huatugou granitoids, including granodiorites, monzogranites,
biotite granites, and muscovite granites, intruded the Qaidam
Precambrian basements during 451-400 Ma.

The granodiorites (451 + 6 Ma) have adakitic affinities, and their
magmas were generated by high-pressure remelting of the lower
mafic crust. The muscovite granites (410 + 6 Ma) with negative
zircon eHf(t) values of —14.5 to —10.4 resulted from the partial
melting of ancient crustal materials and S-type granite
fractionation. The biotite granite (410 + 3 Ma) was crystalized
from a high-temperature A-type magma with positive zircon
eHf(t) of +1.7 to +5.6, which was generated by the partial
melting of juvenile crustal rocks in an extensional setting. The
magmas of monzogranites (400 + 4 Ma) derived from the same
source as that of the biotite granite but experienced an AFC process
during emplacement.

Combined with former studies, it is inferred that the Qaidam block
consisted of the thickened continental crust during subduction

w
~

processes until the detachment of subducted crust during the
continental collision. The regional extension of the Qaidam block
commenced at ~420 Ma, likely after the exhumation of ultrahigh-
pressure metamorphic rocks in subduction-collision complex belts.
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