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Abstract

Cenozoic felsic magmatism along the northern Tibetan Plateau records the evolution of
thickened continental crust, yet Miocene intrusions in the East Kunlun Orogen remain
poorly constrained. Here we integrate field and petrographic observations with zircon
U-Pb geochronology, zircon Lu-Hf isotopes, and whole-rock geochemistry for the Gan-
quanhe biotite monzogranite porphyry. Sample TW6 contains two zircon 2%°Pb /23U age
populations at 14.8 = 0.2 Ma and 17.5 & 0.2 Ma, whereas the coherent TW7 population
yields the preferred crystallization age of 17.6 + 0.2 Ma; these uncertainties include a
conservative 1% external reproducibility term. The overlapping epy¢(t) ranges of the two
TW6 age groups support a common magma source and indicate that the younger dates
most likely record Pb loss rather than a separate magmatic event. The high-K calc-alkaline,
metaluminous to weakly peraluminous rocks have low Y and Yb, high Sr/Y and (La/Yb)y,
fractionated rare earth element (REE) patterns, and weak Eu anomalies. Low MgO, Cr, and
Ni contents, negative zircon ey¢(t) values, and Mesoproterozoic Tpyp ages indicate deriva-
tion mainly from ancient, garnet & amphibole-bearing lower crust. Whole-rock zircon
saturation temperatures of 760-782 °C and Sr/Y- and (La/Yb)n-based crustal-thickness
estimates of approximately 72-77 km indicate melting within a warm, strongly thickened
crust. Major-element source discrimination further favors an amphibolitic lower-crustal
source with possible subordinate graywacke—orthogneiss components. The intrusion there-
fore records Early Miocene lower-crustal melting within a collisional to post-collisional
setting along the northern Tibetan Plateau.

Keywords: adakitic biotite monzogranite porphyry; lower-crustal melting; zircon U-Pb
geochronology; zircon Lu-Hf isotopes; post-collisional magmatism; East Kunlun Orogen;
northern Tibetan Plateau

1. Introduction

Cenozoic magmatism across the Tibetan Plateau records thermal and compositional
responses of the continental crust to India—Asia convergence, crustal thickening, plateau
uplift, and intracontinental deformation [1-11]. In central and northern Tibet, high-Sr/Y
felsic rocks, leucogranites, and rhyolites document repeated melting of thickened conti-
nental crust from the Eocene to the Quaternary [2,3,12-19]. These rocks are important for
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evaluating how deep-crustal melting accompanied the outward growth and deformation
of the northern Tibetan Plateau [2-6].

The origin of Cenozoic high-Sr/Y felsic magmatism in northern Tibet remains de-
bated. Proposed sources include subducted continental crust, thickened lower crust, and
reworked mid-to-lower crust during post-collisional deformation [12-17,20,21]. Miocene
to Quaternary leucogranites and rhyolites record prolonged crustal melting, locally linked
to strike-slip extension and thermally weakened crust [2,3,14,16,17,22-29]. Distinguish-
ing these models requires constraints on source depth, thermal trigger, and the timing of
melting relative to plateau deformation.

The East Kunlun Orogen, at the northern Tibetan Plateau margin, was strongly reacti-
vated during the Cenozoic India—Asia collision [4-6,30-37]. Late Oligocene—Early Miocene
thrusting, shortening, and uplift along southern Qaidam preceded stronger strike-slip
and extensional deformation [5,16,22,23,30-37]. However, the age, source, and tectonic
significance of Miocene felsic intrusions in the Ganquanhe area remain poorly constrained.
This gap limits comparison with the better-documented Cenozoic magmatic belts of Hoh
Xil, Qiangtang, and the southern Kunlun Range.

This study investigates the Ganquanhe biotite monzogranite porphyry using field
observations, petrography, zircon U-Pb geochronology, whole-rock geochemistry, and
in situ zircon Lu-Hf isotopes. We determine its crystallization age, evaluate its adakitic
affinity and petrogenesis, constrain the magma source, and assess its Miocene tectonic
setting. The results clarify links among collision-related crustal thickening, lower-crustal
melting, and later post-collisional deformation along the northern Tibetan Plateau. Because
a felsic pluton does not directly test mantle-lithosphere reorganization, our interpretation
is restricted to crustal thickening, melting, and post-collisional deformation.

2. Geological Setting

The Tibetan Plateau occupies the India—Asia collision zone and is bordered by the
India, Tarim, North China, and South China cratonic blocks [1] (Figure 1a).
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Figure 1. (a) Simplified tectonic map showing the Tibetan Plateau and surrounding cratons (modified
after [38]). The location of (b) is indicated. (b) Schematic map showing the distribution of plutonic and
ophiolitic rocks in the East Kunlun Orogenic Belt (modified after [30]). The position of (c) is marked.
(c) Geological map of the Ganquanhe area showing sedimentary formations, intrusive rocks, faults,
and sample locations. Age and lithology annotations in panel (b) are compiled from [2,3,16,39-43].

The East Kunlun Orogen separates the Qaidam Block from the Bayan Har-Songpan—-Ganzi
terrane along the northern plateau margin [30] (Figure 1b). From north to south, it comprises
the North Qimantagh, Central Kunlun, and South Kunlun belts. These belts are separated by
the Qimantagh—Xiangride, Aqikekule Lake-Central Kunlun, and Muztag-Buqing Mountain—
Anemagen ophiolitic mélange zones. Its Paleozoic—Early Mesozoic architecture records Proto-
Tethyan and Paleo-Tethyan evolution, whereas Cenozoic collision strongly reactivated the
inherited structures [1,30]. Late Oligocene-Early Miocene contraction involved thrusting,
crustal shortening, and lower-crustal underthrusting or injection along southern Qaidam and
the adjacent East Kunlun region [31-33,35-37,44,45].

Miocene tectonic reorganization accelerated strike-slip deformation along the Kunlun
fault and enhanced deformation at the northern plateau margin [30,33,35-37]. Shortening,
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strike-slip motion, and uplift overprinted the older orogenic framework and established
the modern Qaidam-East Kunlun basin-mountain system [27,32-37,44,45].

The Ganquanhe pluton crops out along the southern East Kunlun margin, adjacent to
the Shuweimenke Formation and younger Cenozoic cover (Figure 1c). The local east-west-
trending stratigraphic and intrusive framework includes the Hala Milan River, Tokuzid-
aban, Shuweimenke, and Cailing (Caishiling) units, granitoid bodies, and minor mafic—
ultramafic rocks. Faults truncate or offset sedimentary, volcanic, and intrusive contacts,
recording later structural reworking of the map-scale relationships.

The Upper Carboniferous Hala Milan River Group (C,H) is a marine carbonate—
siliciclastic succession composed mainly of calcareous mudstone, micritic limestone, cal-
careous siltstone, sandstone, and local tuffaceous to mafic volcanic rocks; brachiopod-
bearing beds occur locally. The Lower Carboniferous Tokuzidaban Group (C;Tk) comprises
three members: a lower feldspathic siltstone—sandstone—slate—calcareous unit; a middle
sandstone—quartz sandstone-siltstone—slate unit with subordinate andesitic to rhyolitic
volcanic rocks; and an upper sandstone—quartz sandstone—calcareous sandstone-siltstone—
slate unit with local limestone. The Early-Middle Permian Shuweimenke Formation
is dominated by intermediate-felsic volcanic rocks accompanied by conglomerate and
other clastic rocks. The Middle Jurassic Cailing (Caishiling) Formation is a continental
conglomerate-sandstone-siltstone-mudstone succession. These age and lithologic relation-
ships show that the Ganquanhe intrusion was emplaced into a differentiated Carboniferous—
Permian sedimentary—volcanic sequence that was later partly covered by Jurassic and
Cenozoic strata.

3. Materials and Methods

Fresh biotite monzogranite porphyry samples were collected from the Ganquanhe
area on the southern margin of the East Kunlun Orogen. The sampling sites are shown in
Figure 1c. Representative samples TW6 and TW7 were selected for petrographic observa-
tion and zircon U-Pb dating. Following U-Pb screening, TW7 was used as the principal
crystallization-age constraint because its 60 analyses define a coherent population. TW6
was selected for in situ zircon Lu-Hf analysis because its 20 dated spots span both the
older magmatic and younger disturbed U-Pb populations; comparison of their Hf-isotope
signatures provides a direct test of whether the younger dates represent a distinct magma
source or post-crystallization Pb loss. Six fresh whole-rock samples from the TW6 and
TW? outcrops were selected for major- and trace-element analyses. Weathered surfaces
were removed before preparation, and fresh interiors were used for geochemical and
isotopic analyses.

Fresh rock was crushed before zircon concentration by heavy-liquid and magnetic
techniques. Zircon grains were then selected individually under a binocular microscope,
embedded in epoxy, and ground to expose their interiors. Cathodoluminescence (CL)
imaging preceded isotopic measurement and guided the placement of analytical spots.

At the Testing Center of Shandong Bureau, China Metallurgical Geology Bureau, zircon
U-Pb isotopes were measured with a Thermo Scientific iCAP Q ICP-MS (Thermo Fisher
Scientific, Bremen, Germany) coupled to a GeoLas laser-ablation system equipped with a
COMPexPro ArF excimer laser (Coherent, Gottingen, Germany). Ablation conditions
were a 32 um beam diameter, an 8 Hz repetition rate, and a fluence of ca. 8 J/ cm?.
Element concentrations were calibrated against NIST SRM 610 glass (National Institute
of Standards and Technology, Gaithersburg, MD, USA), and zircon 91500 served as the
U-Pb ratio standard [46]. ICPMSDataCal (State Key Laboratory of Geological Processes
and Mineral Resources, China University of Geosciences, Wuhan, China) [47] was used
for signal reduction, whereas Isoplot (Berkeley Geochronology Center, Berkeley, CA, USA)
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and IsoplotR (University College London, London, UK; open-source R package) [48,49]
were used for concordia and weighted-mean calculations. Repeated analyses of zircon
standard 91500 yielded results consistent with recommended values within analytical
uncertainty. Individual analytical uncertainties are reported at the 1o level unless otherwise
stated. The weighted-mean uncertainties obtained from the spot data describe internal
analytical precision only. To avoid overstating the geological age precision, a conservative
1% external reproducibility term was combined in quadrature with each internal weighted-
mean uncertainty, Oyog) = [Oine> + (0.01t)2]'/2, to encompass systematic effects not reduced
by averaging, including reference-material calibration, common-Pb correction, and session-
scale instrumental drift. Internal and total uncertainties are distinguished throughout
the text.

In situ zircon Lu-Hf isotopic analyses were performed at the Testing Center of Shan-
dong Bureau, China Metallurgical Geology Bureau, on or near the same zircon domains
used for U-Pb dating. The analyses were carried out by LA-MC-ICP-MS using a Neptune
Plus MC-ICP-MS (Thermo Fisher Scientific, Bremen, Germany) coupled with a GeoLas
Pro 193 nm laser-ablation system (Coherent, Gottingen, Germany). Laser ablation was
conducted using a spot size of 44 um, a repetition rate of 8 Hz, and an energy density
of ca. 10 J/cm?. Zircon standards 91500 and GJ-1 [50] were used to monitor analytical
quality, and repeated analyses of these standards yielded results consistent with recom-
mended values within analytical uncertainty. The decay constant of 7°Lu was taken as
1.867 x 10~ yr~! [51]. The present-day chondritic values of 17°Hf/77Hf = 0.282772 and
176Lu/Y77Hf = 0.0332 were used for calculating ep(t). Depleted mantle model ages were
calculated using present-day values of 7°Hf/77Hf = 0.28325 and 6Lu/'7Hf = 0.0384.
Two-stage model ages used an average continental crustal 7°Lu/!7”Hf ratio of 0.015,
following [52,53]. The calculated ep(t) values and Hf model ages were based on the
corresponding zircon U-Pb ages obtained in this study.

Major and trace elements were measured at the Experimental Testing Center of Xi’an
Institute of Geology and Mineral Resources. After altered surfaces had been discarded,
fresh interior chips were cleaned, crushed, and milled in agate to less than 200 mesh. Major
oxides were determined with a 4.0 kW Axios X-ray fluorescence spectrometer (PANalytical,
Almelo, The Netherlands), whereas trace and rare earth elements were measured using an
Agilent 7700x ICP-MS (Agilent Technologies, Santa Clara, CA, USA). Sample preparation
and measurement followed GB/T 14506.28-2010 [54] and DZ/T 0223-2001 [55]. Major
oxides are reported in wt.% and trace elements in ppm; analytical uncertainties are generally
below 2% and 5%, respectively. Chondrite-normalized REE ratios and Eu anomalies use
the normalization values in [56].

Whole-rock zircon saturation temperatures (Tz) were calculated from Zr con-
centrations and major-element compositions using the calibration in [57], Tz (K) =
12,900/[2.95 + 0.85M + In(496,000/Zr)], where M = (Na + K + 2Ca)/(Al x Si) is calcu-
lated from normalized cation fractions and Zr is in ppm. Because zircon occurs in both
samples, these values are treated as saturation/crystallization-temperature constraints
rather than liquidus temperatures [58,59]. Paleo-crustal thickness (D), km) was esti-
mated from the median whole-rock Sr/Y and chondrite-normalized (La/Yb)y ratios
using the continental-collision calibrations in [60]: Dy = 0.67(Sr/Y) + 28.21 and Dy
=27.78 In[0.34(La/Yb)N]. These regressions have a typical propagated uncertainty of
approximately £9 km and require particular caution for high-ratio results exceeding
about 70 km [60]. Recent recalibrations and multivariate approaches show that these
ratios also respond to composition and petrogenetic process; accordingly, the paired
estimates are used only as first-order indicators [61-63].
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4. Sample Description and Petrography

The intrusion is red to pale pink, massive, and porphyritic, with quartz and feldspar
phenocrysts set in a fine-grained felsic groundmass (Figure 2a,c). Fresh surfaces are com-
pact, whereas weathered surfaces are paler and locally friable. Samples TW6 and TW7
were collected from the least weathered exposures.

TW6 contains quartz, plagioclase, alkali feldspar, biotite, opaque minerals, and a
microcrystalline felsic groundmass (Figure 2b). Feldspar and quartz phenocrysts account
for approximately 25-30 and 10-15 vol.%, respectively; biotite is sparse (<5 vol.%), and
opaque minerals are accessory. The groundmass constitutes approximately 55-60 vol.%
and consists chiefly of fine-grained quartz, plagioclase, and alkali feldspar. Plagioclase
is identified by polysynthetic twinning and local sericitization, whereas alkali feldspar
is untwinned or weakly perthitic. Quartz is anhedral to subhedral and commonly has
embayed or resorbed margins. Biotite occurs as brown, pleochroic flakes and is locally
chloritized. The quartz—plagioclase—alkali feldspar assemblage with minor biotite supports
the name biotite monzogranite porphyry.

TW?7 has the same essential assemblage and is likewise classified as biotite monzo-
granite porphyry (Figure 2d). Phenocrysts constitute approximately 3545 vol.% and
the quartz—plagioclase—alkali feldspar groundmass approximately 55-65 vol.%; biotite
is minor (<5 vol.%) and locally chloritized. Plagioclase commonly shows polysynthetic
twinning and sericitization, alkali feldspar is untwinned to weakly perthitic, and quartz
has widespread embayment or resorption textures. One conspicuously sericitized feldspar
grain shows clear polysynthetic twinning and is therefore assigned to plagioclase rather

than alkali feldspar.

Figure 2. Field photographs and photomicrographs of the Ganquanhe biotite monzogranite porphyry.
(a,c) Field occurrences of samples TW6 and TW?. (b,d) Photomicrographs showing quartz (Qtz),
plagioclase (Pl), alkali feldspar (Afs), biotite (Bt), and a fine-grained quartz—plagioclase-alkali feldspar
groundmass. Plagioclase is recognized by polysynthetic twinning and sericitization; alkali feldspar is
untwinned to weakly perthitic; quartz commonly shows embayed or resorbed margins.
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5. Results
5.1. Zircon U-Pb Ages

Table S1 compiles all zircon U-Pb analyses obtained from samples TW6 and TW?7.

Figure 3a,b documents the CL textures of the analyzed zircon grains. Most grains are
transparent, euhedral to subhedral prisms. Their oscillatory zoning and Th/U ratios of
0.11-4.58 are consistent with a magmatic origin.

Twenty analyses from TW6 define two distinct 2°°Pb/233U age populations (Figure 3c,d).
Nine younger analyses yield an internal weighted mean of 14.83 & 0.10 Ma (MSWD = 2.0),
whereas eleven older analyses yield 17.51 &+ 0.10 Ma (MSWD = 1.4). After inclusion of
the conservative external term, these ages are reported as 14.8 £ 0.2 and 17.5 & 0.2 Ma,
respectively. The older population overlaps the coherent TW7 age and approximates
crystallization, whereas the younger population most likely records post-crystallization Pb
loss or isotopic disturbance.

Sixty analyses from TW?7 define a coherent 2°°Pb /238U age population of 17.1-18.3 Ma
and yield an internal weighted mean age of 17.63 & 0.04 Ma (MSWD = 1.0; Figure 3ef).
Incorporating the conservative 1% external reproducibility term gives 17.6 & 0.2 Ma, which
is taken as the preferred crystallization age of the Ganquanhe intrusion.
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Figure 3. Zircon textures and U-Pb geochronology of the Ganquanhe biotite monzogranite porphyry.
(a,b) Representative cathodoluminescence images of TW6 and TW7 zircons; yellow circles mark U-Pb
analytical spots, gray circles mark Lu-Hf analytical spots, and adjacent values are epy(t). (c,d) TW6
concordia and weighted-mean age plots, showing internal weighted means of 14.83 & 0.10 Ma (MSWD
=2.0,n=9)and 17.51 £ 0.10 Ma (MSWD = 14, n = 11). (e,f) TW7 concordia and weighted-mean age
plots, yielding an internal weighted mean of 17.63 4= 0.04 Ma (MSWD = 1.0, n = 60). Error ellipses and
internal weighted-mean uncertainties are shown at 10; the corresponding interpreted ages including
the conservative 1% external term are 14.8 & 0.2, 17.5 & 0.2, and 17.6 & 0.2 Ma, respectively.
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Na,0+K,0 (wt.%)

5.2. Whole-Rock Geochemistry

Table S2 reports the major- and trace-element concentrations of the six whole-rock samples.

Major-element diagrams place the samples in the granite and high-K calc-alkaline
fields (Figure 4a,b). They are metaluminous to weakly peraluminous in the A/NK-A/CNK
diagram (Figure 4c). SiO; ranges from 69.44 to 71.81 wt.%, and Al,O3 ranges from 14.44
to 15.07 wt.%. MgO, TFe,O3, TiO;, and P,Os5 contents are low, at 0.54-0.62, 1.16-1.49,
0.25-0.27, and approximately 0.07 wt.%, respectively. Mg# values range from 49 to 53.

The samples contain 8.11-8.70 wt.% total alkalis (K;O + Na,0O), with K,O/Na,O
ratios of 1.14-1.22. These compositions define high-SiO,, alkali-rich felsic intrusive rocks
(Figure 4a,b). Sr (349-399 ppm) and Ba (751-855 ppm) are relatively high. Y (4.0-6.3 ppm)
and Yb (0.3-0.6 ppm) are low, whereas Sr/Y ratios are high (57-87).

The chondrite-normalized rare earth element patterns and primitive-mantle-normalized
trace-element spidergrams are shown in Figure 5. The samples display strongly fraction-
ated REE patterns, with (La/Yb)y values of 39.9-67.6 and (La/Sm)y values of 7.4-7.8
(Figure 5a). They show weak Eu anomalies, with dEu values of 0.79-1.00. The primitive-
mantle-normalized spidergrams show enrichment in large-ion lithophile elements and
depletion in Nb and Ta (Figure 5b).
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Figure 4. Major-element classification diagrams for the Ganquanhe biotite monzogranite porphyry.
(a) Total alkali-silica diagram, modified after [64]; (b) K,O versus SiO, diagram, modified after [65];
(c) A/NK versus A/CNK diagram, modified after [66]. Comparative datasets comprise Pliocene—
Quaternary felsic crustal melts [2], mid-Miocene-Quaternary peraluminous rhyolites [3], Neogene
volcanic and leucocratic rocks [16,17,39,40,67], and Quaternary volcanic rocks [41,68].
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Figure 5. (a) Chondrite-normalized rare earth element patterns and (b) primitive-mantle-normalized
trace-element patterns for the Ganquanhe biotite monzogranite porphyry. Normalization val-
ues are from [56]; comparative datasets and their age-lithology groupings are described in
the Figure 4 caption.

5.3. Zircon Saturation Temperature and Crustal-Thickness Estimates

Calculated M values range from 1.45 to 1.71, and the six samples yield Tz, values
of 760-782 °C (mean = 772 °C; Table S4). The median Sr/Y and (La/Yb)y ratios are 66.0
and 46.85, respectively. Applying the two collision-belt calibrations gives paleo-crustal-
thickness estimates of 72.4 km from Sr/Y and 76.9 km from (La/Yb)y. The two estimates
agree within the model uncertainty of approximately +9 km; therefore, they are interpreted
collectively as evidence for a strongly thickened crust rather than as precise Moho depths.

5.4. Zircon Lu-Hf Isotopes

In situ zircon Lu-Hf isotopic compositions for sample TW6 are provided in Table S3.
TW6 was chosen because all 20 U-Pb-dated spots, including both age populations, could
be compared isotopically; the purpose of the Hf analyses is source characterization rather
than age determination. The epy¢(t) values were calculated using 14.83 Ma for the younger
group and 17.51 Ma for the older group.

The analyzed zircons have 176'yp /177Hf ratios of 0.005367-0.019521, 176Lu /177 Hf ratios
of 0.000207-0.000899, and '76Hf /177Hf ratios of 0.282563-0.282681.

The younger TW6 group has egy(t) values of —7.1 to —2.9 (mean = —4.2, n = 9) and
Tpmz ages of 1278-1542 Ma (mean = 1359 Ma), whereas the older group has ey(t) values of
—5.9to —2.9 (mean = —4.7, n = 11) and Tppp ages of 1280-1470 Ma (mean = 1397 Ma). The
substantial overlap between the two groups is consistent with a common crustal magma
source and supports interpreting the younger U-Pb dates as Pb loss or isotopic disturbance
rather than a separate magmatic episode. The isotopic results are summarized in Figure 6.

No Lu-Hf analyses are available for TW7. Consequently, the Hf data are used only
to constrain the source characteristics represented by TW6 and to compare its two age
populations; they are not used to establish the crystallization age or to claim sample-to-
sample Hf-isotope homogeneity. TW7 provides the independent and more coherent U-Pb
crystallization-age constraint.
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Figure 6. Zircon Hf isotopic characteristics of the Ganquanhe biotite monzogranite porphyry. (a) Zir-
con eqg(t) values plotted against the corresponding TW6 group ages, with chondritic uniform reser-
voir (CHUR) and depleted-mantle evolution lines. (b) Frequency distribution of two-stage Hf model
ages (Tpyp). Red squares in (a) and red bars in (b) represent TW6 zircons; gray crosses in (a) and
gray bars in (b) represent the comparative dataset. Comparative zircon Hf-isotope data for the
mid-Miocene-Quaternary peraluminous rhyolites are from [3].

6. Discussion
6.1. Adakitic Affinity

Adakitic affinity is used here as a descriptive geochemical association, not as a ge-
netic designation. High Sr/Y and La/Yb, low Y and Yb, heavy rare earth element (HREE)
depletion, and weak Eu anomalies can arise through several petrogenetic pathways [69-82].

The Ganquanhe samples plot within or adjacent to the adakitic fields (Figure 7).
Although Sr contents do not uniformly exceed the conventional 400 ppm threshold, the
combined Sr/Y, Y and Yb, REE, and Eu-anomaly systematics support classification as a
high-Sr/Y felsic intrusion with adakitic affinity.
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Figure 7. Adakitic discrimination diagrams for the Ganquanhe biotite monzogranite porphyry:

(a) (La/Yb)y versus (Yb)yn and (b) Sr/Y versus Y, modified after [83]. Comparative datasets and their

age-lithology groupings are described in the Figure 4 caption.

6.2. Petrogenesis

High-Sr/Y felsic magmas can originate through slab melting, remelting of delaminated
or thickened lower crust, magma mixing, or high-pressure differentiation [15,69-82]. The
low MgO, Ni, and Cr contents and felsic mineralogy of the Ganquanhe samples provide
little evidence for substantial mantle input. Their positions in Figure 8 favor lower-crustal
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melting over slab-related fields, although Mg# values of 48.6-53.1 permit limited interaction
with mafic magma or mantle-derived material.
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Figure 8. Petrogenetic discrimination diagrams for the Ganquanhe biotite monzogranite por-
phyry: (a) SiO, versus MgO, modified after [84]; (b) SiO, versus Mg#, modified after [85]; (c) SiO,
versus Ni and (d) SiO, versus Cr, modified after [86]. Comparative datasets are described in
the Figure 4 caption.

Compositional ratios further oppose direct melting of young oceanic crust. High
K>0/NayO (1.14-1.22) and Th/La (0.535-0.579) overlap northern Tibetan adakitic rocks
(Figures 9 and 10). Low CaO/Al,O3 (0.126-0.213) further distinguishes the samples from
typical Cenozoic slab melts. The intracontinental Miocene setting independently supports
a continental lower-crustal source [15,70,71,76,77].

Low Fe, Ti, and Mg contents alone do not demonstrate that the magma was strongly
evolved. The relatively high Mg# values, together with weak negative Eu, Sr, P, and
Ti anomalies, argue against extensive fractionation of feldspar, apatite, or Fe-Ti oxides.
Limited shallow differentiation may have occurred, but it cannot account for the primary
high-Sr/Y and strongly fractionated REE signatures, which are better explained by source-
region mineral residues. The partial-melting and fractional-crystallization relationships are
shown in Figure 11.

The elevated (Dy/Yb)y ratios (1.27-1.69), HREE depletion, and weak Eu anomalies
indicate melting in the presence of residual garnet £ amphibole but little residual plagio-
clase [63,70,76-80]. In the Dy/Yb versus SiO; plot, the six samples retain high Dy/Yb over
a narrow silica range and do not define a systematic differentiation trend (Figure 12b). This
pattern is consistent with source-controlled HREE fractionation, although the small sample
size precludes a strong trend-based inference. Negative zircon ep¢(t) values and Mesopro-
terozoic Tpwmp ages further identify an ancient continental source rather than newly accreted
juvenile crust. The overlapping eps(t) and Tpypp distributions of the younger and older
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TW6 zircon groups further argue against two isotopically distinct magma sources, although
the absence of TW7 Hf data limits assessment of between-sample isotopic variability.
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Figure 9. K,O/Na,O versus CaO/Al,O3 discrimination diagram for the Ganquanhe biotite monzo-
granite porphyry, showing lower-continental-crust-derived and oceanic-crust-derived adakite fields;
modified after [84]. Comparative datasets are described in the Figure 4 caption.
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Figure 10. Th/La versus K,O diagram for the Ganquanhe biotite monzogranite porphyry, showing
Cenozoic slab-melt adakites and northern Tibetan adakitic rocks; modified after [83]. Comparative
datasets are described in the Figure 4 caption.
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Figure 11. (a) La versus La/Yb and (b) La versus La/Sm diagrams for the Ganquanhe biotite
monzogranite porphyry, showing partial-melting and fractional-crystallization trends; modified
after [87]. Comparative datasets are described in the Figure 4 caption.
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Figure 12. Residual-mineral constraints for the Ganquanhe biotite monzogranite porphyry.
(a) (La/Yb)N versus (Dy/Yb)y diagram showing normal-granite and thickened-crust-derived granite
fields, modified after [88]; comparative datasets are described in the Figure 4 caption. (b) Dy/Yb
versus SiO, for the six Ganquanhe samples. Red squares, TW6 (1 = 4); orange squares, TW7 (n = 2).
The narrow SiO, range and small sample size are noted; no regression is fitted.

The Harker diagrams show weak or inconsistent major-element trends, supporting
limited rather than extensive fractional crystallization (Figure 13). The major-element
source-discrimination diagrams provide a more specific source constraint (Figure 14).
The samples lie closest to amphibolite-derived melts and partly overlap the graywacke—
orthogneiss domain, whereas a dominantly pelitic source is not supported. Combined
with the low MgO, Ni, and Cr contents, negative zircon epy¢(t), and garnet £ amphibole
residue signature, the preferred source is therefore ancient amphibolitic (mafic) lower crust
containing subordinate felsic crustal components. The displacement of some samples
from experimental melt fields may reflect source heterogeneity and limited magmatic
differentiation, so a minor graywacke or orthogneiss contribution cannot be excluded.
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Figure 13. Harker diagrams for the Ganquanhe biotite monzogranite porphyry: (a) Al,O3, (b) NayO,
(c) TiOy, (d) K70, (e) MgO, (f) Eu/Eu*, (g) CaO, and (h) P,Os5 versus SiO»; (i) legend. The weak or
inconsistent trends and limited Eu, P, and Ti depletions argue against extensive feldspar, apatite, or
Fe-Ti oxide fractionation. Comparative datasets are described in the Figure 4 caption.
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Figure 14. Major-element source-discrimination diagrams for the Ganquanhe biotite monzogranite
porphyry. (a) Molar Al,O3/(MgO + FeOT) (AMF) versus molar CaO/ (MgO + FeOT) (CMF), modified
after [89]. (b) CaO/AlL,O3 versus CaO + Al,O3, showing experimental melt fields for amphibolite,
graywacke—-orthogneiss, and pelite sources; modified after [90]. Comparative datasets and their
age-lithology groupings are described in the Figure 4 caption.
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6.3. Tectonic Implications for Miocene Magmatism in the East Kunlun Orogen

The 17.6 £ 0.2 Ma crystallization age, including the conservative external uncer-
tainty term, dates magma emplacement rather than the onset of crustal thickening.
Regional evidence shows that southern Qaidam and East Kunlun had already un-
dergone substantial shortening, thrusting, and lower-crustal underthrusting by the
Early Miocene [5,6,30-37,44,45,91,92]. The intrusion therefore records melting of a
preconditioned thickened crustal source rather than a sharp regional tectonic transition
at ca. 17.6 Ma.

The comparative dataset is not uniformly coeval with Ganquanhe. Only the mid-
Miocene subset overlaps its emplacement age; the remaining samples include broader
Neogene and Pliocene-Quaternary felsic volcanic, rhyolitic, and leucocratic intrusive
assemblages [2,3,16,17,39-41,67,68]. Their compositional divergence from Ganquanhe
therefore reflects both different source—process combinations and a time-transgressive
regional magmatic record. Ganquanhe specifically extends the evidence for crust-derived
Early Miocene magmatism to the southern East Kunlun margin.

The Tz, range of 760-782 °C indicates a moderately hot felsic magma and lies within
the 700-844 °C range reported for crust-derived felsic lavas of the Songpan-Ganzi—Central
Kunlun region [2]. More importantly, the ca. 17.6 Ma Ganquanhe intrusion is coeval with
18-15 Ma Hoh Xil K-rich adakitic magmatism attributed to melting of amphibole-bearing
lower crust at depths of at least 55 km [12]. The Ganquanhe proxy estimates of 72-77 km
also overlap, within model uncertainty, the independently constrained 66—69 km crustal
thickness of southern Tibet during the Middle Miocene [60]. These comparisons support a
regionally thick and thermally capable crust during Early-Middle Miocene magmatism,
but they do not establish when thickening began or uniquely identify the heat source.

Trace-element discrimination places the samples near syn-collisional and post-
collisional granite fields (Figure 15). Such diagrams are non-unique because inherited
and fractionated magmas may preserve arc-like signatures after collision [93]. Neverthe-
less, the regional absence of a coeval oceanic arc and the crustal geochemical and isotopic
characteristics support an intracontinental collisional to post-collisional setting.

Regional geophysical studies identify partially molten mid-to-lower-crustal do-
mains beneath northern Tibet and possible melt migration beyond the Kunlun
fault [2,3,24-29,37,92]. Neogene fault reactivation may therefore have aided melt ex-
traction and ascent [16,22,23,27,30,33-37]. In the preferred model, ancient amphibolitic
lower crust containing residual garnet = amphibole thickened during collision and
partially melted at ca. 17.6 Ma (Figure 16). The melt rose along deep structures and
crystallized as the Ganquanhe pluton, although the immediate thermal trigger re-
mains unresolved.

Whole-rock Sr—-Nd-Pb isotopes, mineral chemistry, thermobarometry, and phase-
equilibrium modeling are needed to constrain the source lithology, pressure-temperature
conditions, and heat-transfer mechanism.
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Figure 15. Rb versus Y + Nb tectonic discrimination diagram for the Ganquanhe biotite monzogranite
porphyry, modified after [93]. VAG, volcanic-arc granites; syn-COLG, syn-collisional granites; post-
COLG, post-collisional granites; WPG, within-plate granites; ORG, ocean-ridge granites. Red and
orange squares represent TW6 and TW7, respectively; the other symbols denote the published com-
parative datasets identified in the legend. Comparative datasets are described in the Figure 4 caption.
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Schematic tectono-magmatic model for the Ganquanhe granite porphyry
India-Asia convergence
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Figure 16. Tectono-magmatic model for the Early Miocene Ganquanhe biotite monzogranite porphyry. Cenozoic convergence thickened ancient amphibolitic lower

crust beneath the southern East Kunlun margin. At ca. 17.6 Ma, localized transtension and possible heat input promoted partial melting in the presence of residual
garnet = amphibole. The melt ascended along structural weaknesses and formed the Ganquanhe pluton; the immediate heat-transfer mechanism remains uncertain.
Inward-pointing black arrows indicate regional India—Asia convergence, and outward-pointing black arrows indicate local extension. Red arrows denote localized
transtension and melt extraction and ascent, as labeled.
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7. Conclusions

(1) TWS6 contains two zircon age groups with internal weighted means of 14.83 & 0.10 and
17.51 + 0.10 Ma; after inclusion of a conservative 1% external reproducibility term,
the corresponding ages are 14.8 £ 0.2 and 17.5 £ 0.2 Ma. The older group overlaps
the coherent TW7 crystallization age of 17.6 & 0.2 Ma. The Ganquanhe intrusion is
therefore Early Miocene and is accurately classified as biotite monzogranite porphyry.

(2) Integrated Sr/Y,Y and Yb, REE, and Eu-anomaly systematics establish a high-Sr/Y
felsic composition with adakitic affinity. Relatively high Mg#, weak negative Eu,
Sr, P, and Ti anomalies, and Harker relationships indicate limited rather than exten-
sive fractional crystallization; the fractionated REE pattern mainly records residual
garnet = amphibole in the source.

(3) Whole-rock zircon saturation temperatures of 760-782 °C and Sr/Y- and (La/Yb)n-
based paleo-crustal-thickness estimates of approximately 72-77 km indicate Early
Miocene melting within a warm, strongly thickened crust. Major-element source dis-
crimination, whole-rock geochemistry, and negative zircon ep¢(t) values favor partial
melting of ancient amphibolitic lower crust with possible subordinate graywacke—
orthogneiss components in a collisional to post-collisional intracontinental setting; the
immediate thermal trigger remains uncertain.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/geosciences16090383/s1 ; Table S1: LA-ICP-MS zircon U-Pb dating
results for the Ganquanhe biotite monzogranite porphyry (samples TW6 and TW?7); Table S2: whole-
rock major- and trace-element compositions of the Ganquanhe biotite monzogranite porphyry; Table
53: LA-MC-ICP-MS zircon Lu-Hf isotope data for the Ganquanhe biotite monzogranite porphyry
(sample TW6); Table S4: whole-rock zircon saturation temperatures and trace-element ratios used for
paleo-crustal-thickness estimation.
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