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Abstract 

We present a detailed study of geochronology, mineral chemistries, bulk-rock 

major and trace element abundances, and Sr-Nd-Hf isotope compositions of the 

granodiorite and associated dioritic dikes in the Hongqilafu pluton at the northwestern 

margin of the Tibetan Plateau. The granodiorite and dioritic dikes yielded zircon U-Pb 

ages of ~104 Ma and ~100 Ma, respectively. The dioritic dikes comprise varying 

lithologies of gabbroic diorite, diorite porphyry and granodiorite porphyry, exhibiting 

a compositional spectrum from intermediate to felsic rocks. Their mineral 

compositions display disequilibrium features such as large major element 

compositional variations of plagioclase, clinopyroxene and amphibole crystals. These 

dioritic dikes are enriched in incompatible elements (Ba, Rb, Th, U, K) and Sr-Nd-Hf 

isotopes (
87

Sr/
86

Sri: 0.7066 to 0.7071, εNd(t) : -5.3 to -7.4, εHf(t) : -3.6 to -6.2). We 

suggest that the dioritic dikes were most likely derived from partial melting of mantle 

wedge metasomatized by the subducted/subducting seafloor with a sediment 

component, followed by AFC processes with fractional crystallization of 

clinopyroxene, amphibole and plagioclase and assimilation of lower continental crust. 

The mantle-wedge derived magma parental to the dioritic dikes underplated and 

induced the lower continental crust to melt, forming the felsic crustal magma parental 

to the granodiorite with mantle melt signatures and having more enriched isotope 

compositions (
87

Sr/
86

Sri: 0.7087 to 0.7125, εNd(t) : -9.5 to -11.6, εHf(t) : -10.3 to -14.1) 

than those of the dioritic dikes. The Hongqilafu pluton is thus the product of 

mantle-crust interaction at an active continental margin subduction setting over the 

period of several million years. This understanding further indicates that the closure 

timing of the Shyok back-arc basin and the collision between the Kohistan-Ladakh 

Arc and the Karakoram Terrane may have taken place later than ~100 Ma. 
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1 Introduction 

The continental crust is generally interpreted to have formed as a result of melt 

extraction from the Primitive Mantle in Earth’s early history and grown gradually to 

the present-day size (Hofmann, 1988) although different models exist with varying 

details (Allègre and Rousseau, 1984; Armstrong and Harmon, 1981; Collerson and 

Kamber, 1999; Taylor and McLennan, 1995). As an inevitable process during crust 

accretion-related magmatism, crust-mantle interaction has been the subject of much 

research. Models have been proposed to characterize crust-mantle interaction such as 

“underplating”, “delamination”, “convective removal”, “tectonic erosion” (Bergantz, 

1989; Clift et al., 2009; Conrad and Molnar, 1997; Kay and Kay, 1993; Lee, 2012; 

Lee and Anderson, 2015). All these are probable processes, but details of these 

processes need better understanding. As one of the principal constituents of 

continental crust, granites and granitoids must retain the messages on the perceived 

crust-mantle interaction (Chen et al., 2009; Wu et al., 2012; Xia et al., 2014; Yang et 

al., 2007). Revealing such messages therein will facilitate elucidating the processes of 

continental crust growth and evolution. 

The India-Asia continental collision and convergence since the Early Cenozoic 

has resulted in the largest uplift structure on the Earth, i.e., the Greater Tibetan Plateau 

(Bouilhol et al., 2013; Mo et al., 2007, 2008; Yin et al., 1999). Previously, the Greater 

Tibetan Plateau had experienced long-term amalgamation and orogeny of several 

continental collision events since the Early Paleozoic (Niu et al., 2013; Zhu et al., 
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2013). However, the pre-Cenozoic geological evolution of the northwestern Tibetan 

Plateau remains unclear and further studies are in urgent need. Extensive magmatism 

and associated granitoids therein have not yet well been recognized because of the 

difficult access at the high altitude and because of lacking precise dating and 

geochemical data on the available samples. 

In this paper, we focus on the tectonically important yet poorly studied 

Hongqilafu pluton at the northwestern margin of the Tibetan Plateau (Fig. 1a). Up to 

now, only one study (Jiang et al., 2014) noted the Hongqilafu pluton which consists of 

metaluminous high-K calc-alkaline granodiorite and yielded zircon U-Pb age of 102.2 

± 1.4 Ma. Jiang et al. (2014) suggested that the granodiorite in the Hongqilafu pluton 

was generated by crystal fractionation of basaltic magmas in a continental arc setting 

without even mentioning the dioritic dikes that intruded the granodiorite (Fig. 2). In 

this study, we emphasize the geological and petrogenetic significance of these dikes in 

order to better understand the petrogenesis of the Hongqilafu pluton. 

We present age data, major and trace elements analyses and Sr-Nd-Hf isotope 

compositions of the granodiorite and associated dioritic dikes in the Hongqilafu 

pluton to place constraints on their petrogenesis and to elucidate crust-mantle 

interaction in the context of the tectonic evolution of the Greater Tibetan Plateau. 

 

2 Geological background 

The northwestern Tibetan Plateau adjoins the Tarim Basin to the north and the 

Himalaya to the south, extending from the Altyn Tagh Fault and the Eastern Kunlun 

Orogen in the east to the Pamir Plateau in the west. It is offset by the Miocene dextral 

Karakoram Fault (KF) (Bhutani et al., 2003) (Fig. 1a). 

To the east of the KF, several terranes and suture zones from north to south have 
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been recognized (Fig. 1a): (1) the North Kunlun Terrane (NKT); (2) the 

Oytag-Kudi-Qimanyute Suture (OKS); (3) the Sorth Kunlun Terrane (SKT); (4) the 

Mazha-Kangxiwa-Anyemaqen Suture (MKS); (5) the Tashkurghan-Tianshuihai 

Terrane (TST); (6) the Hongshanhu-Qiaoertianshan-Jinshajiang Suture (HQS); (7) the 

Qiangtang Terrane (QTT); (8) the Bangonghu-Nujiang Suture (BNS). The geological 

details can be found in the recent literatures (Cao et al., 2015; Hu et al., 2015; Jiang et 

al., 2008; Wang et al., 2002; Xiao et al., 2005; Zhang et al., 2016), especially the 

1:1,500,000 Geological Map Series (Pan et al., 2004). 

To the west of the KF are, from north to south, the following tectonic units (Fig. 

1a): 

The Karakoram Terrane (KT), assumed to be the western extension of the Lhasa 

Terrane in Tibet, is bounded by the Tirich Mir Fault (TMF) from the South Pamir 

Terrane to the north and by the Shyok Suture Zone (SSZ) from the Kohistan-Ladakh 

Arc (KLA) to the south (Zanchi and Gaetani, 2011). It mainly consists of highly 

deformed and metamorphosed sedimentary rocks including Precambrian basement 

overlain by Paleozoic and Mesozoic sedimentary covers in the northern KT and 

metamorphic belt in the southern KT (Fraser et al., 2001; Searle et al., 2010; Zanchi 

and Gaetani, 2011), which has been interpreted to have affinity with Gondwana 

(Gaetani, 1997; Heuberger et al., 2007). In addition, the Karakoram Batholith 

comprises the largest intrusive bodies such as the Cretaceous calc-alkaline granitoids 

(plus andesites) and the Miocene two-mica leucogranites (Ravikant et al., 2009). 

The Shyok Suture Zone (SSZ), an important boundary between the Karakoram 

Terrane (KT) and the Kohistan-Ladakh Arc (KLA) - back arc system (Thakur and 

Misra, 1984), is made up of Cretaceous volcanic-sedimentary formations intruded by 

granodioritic plutons (Rolland et al., 2000). However, the closure timing of Shyok 
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basin is still controversial (see below) (Clift et al., 2002; Heuberger et al., 2007). 

The Kohistan-Ladakh Arc (KLA), located between the Shyok Suture Zone (SSZ) 

and the Indus-Tsangpo Suture Zone (ITSZ), is interpreted as a Mesozoic intra-oceanic 

volcanic arc in response to the north-dipping subduction of the Neo-Tethyan oceanic 

crust beneath the KLA. The initiation of this subduction is interpreted as being 

indicated by the ~154 Ma calc-alkaline Matum Das intrusion (Schaltegger et al., 

2003). The KLA comprises arc-related volcanic rocks, metamorphic rocks and 

volcaniclastic sediments (Burg, 2011; Coward et al., 1987). Meanwhile, the exposed 

Kohistan-Ladakh batholith shows two intrusive episodes of (1) the 103-83 Ma 

mafic-ultramafic rocks and arc-related volcanic rocks and (2) the 67-50 Ma 

diorite-granodiorite-granite (Ravikant et al., 2009). 

The Hongqilafu pluton, one of the plutons of the Karakoram batholith, is located 

in the eastern segment of the KT, and intruded the lower Permian siltstone and slate 

sedimentary strata (Fig. 1b). Besides, the dioritic dikes intruded the granodiorite, 

whose chilled margins developed at the contact with the granodiorite are also 

observed (Fig. 2). 

 

3 Analytical methods 

In this study, we selected 2 samples (dioritic dike sample XKL12-21 and 

granodiorite sample XKL12-31) for zircon U-Pb dating and 9 samples (4 dioritic dike 

and 5 granodiorite samples) for whole-rock major and trace elements analysis. In 

addition, 6 samples (3 dioritic dike and 3 granodiorite samples) were analyzed for 

whole-rock Sr-Nd-Hf isotope compositions. Some principal mineral phases (e.g., 

clinopyroxene, plagioclase, amphibole and biotite) have been analyzed for major 

element compositions using electron microprobe analyzer (EPMA). 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

Page 7 of 37 

 

 

3.1 Zircon U-Pb isotopic dating 

Zircon separation was done using combined methods of heavy liquid and 

magnetic extraction plus hand-picking under a binocular in the Langfang Institute of 

Regional Geological Survey in China. The selected zircon grains were mounted in an 

epoxy resin disk and polished to expose the interior for imaging and analysis. All the 

polished zircon grains were examined using cathodoluminescence (CL) images prior 

to the U-Pb analysis at China University of Geosciences in Wuhan (CUGW). Zircon 

U-Pb dating was done using a laser ablation inductively coupled plasma mass 

spectrometer (LA-ICP-MS) at CUGW. Zircon 91500 was analyzed twice between 

every five unknown analyses as the external standard for U-Pb dating. Trace element 

compositions of zircons were calibrated against multiple-reference materials 

(BCR-2G and BIR-1G) as external standards in combination with Si
29

 as internal 

standard. Our analysis follows the procedure by Liu et al. (2010a, b) with the data 

reduction done using ICPMSDataCal (ver. 8.0) (Liu et al., 2010a, b). The weighted 

mean age calculations and concordia diagrams were done using isoplot/Exversion 

4.15 (Ludwig, 2012). 

 

3.2 Mineral compositions analysis 

Mineral analysis was carried out using a JXA-8100 microprobe at Chang’an 

University, China. The operating conditions were a 15 kV accelerating potential with 

a probe current of 10 nA and the electron beam diameter of 1 μm, 10s counting time 

and ZAF correction procedure for data reduction. The detection limits of measured 

oxides were less than 0.01%. The error was lower than 5%. 
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3.3 Whole-rock major and trace elements analysis 

The whole-rock major and trace elements analysis was done at China University 

of Geosciences in Beijing (CUGB), using Leeman Prodigy inductively coupled 

plasma-optical emission spectroscopy (ICP-OES) and Agilent-7500a inductively 

coupled plasma mass spectrometry (ICP-MS), respectively. The analytical 

uncertainties are generally less than 1% for most major elements with the exception of 

TiO2 (~1.5%) and P2O5 (~2%). The loss on ignition was measured by placing 1 g of 

sample powder in the furnace at 1000℃ for several hours before cooled in a 

desiccator and reweighted. The Analytical details are given in Song et al. (2010). 

 

3.4 Sr-Nd-Hf isotopes analysis 

The Sr-Nd-Hf isotopes analysis was done using a Micromass Isoprobe 

multi-collector inductively coupled plasma mass spectrometer (MC-ICP-MS) at 

Guangzhou Institute of Geochemistry, Chinese Academy of Sciences (GIG-CAS). For 

whole-rock Sr-Nd isotopes analysis, rock powders were dissolved with HF-HNO3 

mixtures, using analytical procedures described by Ma et al. (2013a, b). Additionally, 

100 mg rock powder and 200 mg Li2B4O7 were mixed homogeneously for Hf 

purification, following the methods described by Li et al. (2006). All measured 

87
Sr/

86
Sr, 

143
Nd/

144
Nd and 

176
Hf/

177
Hf ratios were normalized to 

86
Sr/

88
Sr = 0.1194, 

146
Nd/

144
Nd = 0.7219 and 

179
Hf/

177
Hf = 0.7325, respectively. During the course of this 

study, analyses of NBS987 standard gave 
87

Sr/
86

Sr = 0.710247 ± 0.000008 (n = 12, 

2ζ). The 
143

Nd/
144

Nd ratios of the standard Jndi-1 and the 
176

Hf/
177

Hf ratios of the 

standard JMC14374 were 0.512093 ± 0.000004 (n = 17, 2ζ) and 0.282180 ± 0.000004 

(n = 17, 2ζ), respectively. The Sr-Nd-Hf isotopes of USGS reference material 
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BHVO-2 gave 0.703474 ± 0.000008 (2ζ), 0.512954 ± 0.000005 (2ζ) and 0.283073 ± 

0.000004 (2ζ) respectively, within the analytical error of the recommended values 

(GeoREM, http://georem.mpch-mainz.gwdg.de/). 

 

4 Petrography and mineral compositions 

The sample details in the Hongqilafu pluton are given in Appendix 1. 

Microprobe analyses of clinopyroxene, amphibole, plagioclase, and biotite for dioritic 

dike and granodiorite samples are given in Appendix 2, in which Fe
2+

 and Fe
3+

 values 

of amphibole were re-calculated after Lin and Peng (1994). 

 

4.1 Dioritic dikes 

The dioritic dikes comprise several rock types, including gabbroic diorite, diorite 

to granodiorite with porphyritic textures. The phenocrysts are clinopyroxene, 

amphibole, biotite and plagioclase with the groundmass having the same mineralogy, 

but finer-grain size (Fig. 3; Fig. S1). 

There are some disequilibrium textures in gabbroic diorite (XKL12-21): (1) all 

clinopyroxene crystals show large compositional variations in MgO (11.50 - 16.57 

wt%), TFeO (total Fe) (6.24 - 13.02 wt%) and Cr2O3 (0 - 0.99 wt%) (Fig. 3a, b; Fig. 

6a, b), plotting in the augite and salite fields in the CaSiO3-MgSiO3-FeSiO3 diagram 

(Fig. 5c); (2) some clinopyroxene phenocrysts have melt corrosion/absorption features 

with replacement by small grains of biotite and plagioclase (Fig. S1h); (3) the 

plagioclase phenocrysts in single thin sections have highly variable compositions (e.g., 

high An65-82 and low An41-48; Fig. 3c, d); (4) the small plagioclase grains in the 

groundmass also show large compositional variation (An38-67; Fig. 5a). 

Amphibole crystals in all dioritic dike samples mainly plot in the pargasite field 
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(Fig. 5d) with variable Mg
#
 (0.48 - 0.79) (Mg

# 
= Mg/[Mg+Fe

2+
]) (Appendix 2). In 

diorite sample XKL12-25, some amphibole crystals exhibit obvious disequilibrium 

features with multiple and reverse zoning with plagioclase and K-feldspar inclusions 

(Fig. 3e, f), suggesting that the magma system parental to the dioritic dikes was in an 

open environment. The amphibole crystals gradually growing around the nucleus of 

plagioclase or K-feldspar indicates the replenishment of new and more primitive basic 

magma during magma evolution. Besides, the compositions of plagioclase 

phenocrysts in other dioritic dike samples also exhibit large variations in the core, 

mantle and rim of phenocrysts (Fig. 5a). 

 

4.2 Granodiorite 

The granodiorite samples have medium-coarse grained granular textures and 

contain plagioclase (~35 - 40%), biotite (~15 - 20%), quartz (~30 - 35%), K-feldspar 

(~5 - 10%) (Fig. 4) and accessory minerals such as allanite, zircon and Fe-Ti oxides, 

except for sample XKL12-29 that has porphyritic texture with plagioclase and quartz 

phenocrysts and fine-grained quartz and plagioclase in the groundmass (Fig. 4c; Fig. 

S2). Overall, the plagioclase crystals are euhedral to subhedral and have varying 

compositions (An11-57) in different analytical spots (rim, mantle or core of plagioclase) 

for the granodiorite samples (Fig. 5b). Some plagioclase crystals show complex and 

discontinuous compositional variation, where the low-Ca plagioclase core (An36) is 

surrounded by relative high-Ca mantle (An38-41) and the outermost rim of the 

plagioclase is Na-rich with An25-27 (Fig. 4d). 

 

5 Geochronology and whole-rock geochemistry 

5.1 Zircon U-Pb geochronology 
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LA-ICP-MS zircon U-Pb data are given in Appendix 3 and presented in Fig. 8. 

Zircons in sample XKL12-21 (dioritic dikes) are mostly subhedral and elongated 

crystals with clear oscillatory zoning (Fig. 8a) with varying Th (281 - 1111 ppm) and 

U (482 - 1859 ppm) and high Th/U ratios (0.51 - 0.84), suggesting a magmatic origin. 

Fourteen analyses yield a weighted mean 
206

Pb/
238

U age of 100.2 ± 1.0 Ma (MSWD = 

0.5) (Fig. 8a). 

Zircons in sample XKL12-31 (granodiorite) show relatively low and variable 

Th/U ratios (0.09 - 0.39) because of variably higher U (422 - 2640 ppm) than Th (148 

- 584 ppm). Fourteen analyses of zircons give a weighted mean 
206

Pb/
238

U age of 

104.0 ± 1.6 Ma (MSWD = 4.9) (Fig. 8b). The similar age between the dioritic dike 

and the granodiorite samples imply their genetic link to a common thermal event. 

 

5.2 Whole-rock major and trace elements 

Whole-rock major and trace element data of 9 samples (5 dioritic dike and 4 

granodiorite samples) are given in Appendix 4. 

The dioritic dikes are characterized by varying SiO2 (55.8 - 66.8 wt%), MgO 

(1.56 - 6.71 wt%; Mg
#
 = 0.43 - 0.65), and relatively high alkalis (K2O + Na2O = 4.8 - 

6.5 wt%), plotting in the gabbroic diorite (XKL12-21), diorite (XKL12-25) and 

granodiorite (XKL12-26, 27) fields in the TAS diagram (Fig. 9a), respectively. In 

addition, they show calc-alkaline to high-K calc-alkaline (Fig. 9b) and metaluminous 

(A/CNK = 0.76 - 1.05) features (Fig. 9c) as well as relative high K2O/Na2O (0.55 - 

0.84) values (Fig. 9d). In SiO2 variation diagrams (Fig. 10), most oxides exhibit well 

defined trends. 

Trace elements of the dioritic dikes show enrichment of LILEs (Rb, K, Ba, Pb) 

and relative depletion of HFSEs (Nb, Ta, Ti, P) (Fig. 11a) with uniform Nb/Ta ratios 
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(14.9 - 15.0). Chondrite-normalized REE patterns of these samples show varying 

enrichment of LREEs ([La/Yb]N = 10.1 - 23.7) and variably fractionated HREEs 

([Dy/Yb]N = 1.25 - 1.66) (Fig. 11b). The samples also display variable Sr anomalies 

(Sr/Sr* = 0.67 - 1.02) and negative Eu anomalies (Eu/Eu* = 0.74 - 0.85). 

    The granodiorite samples have relatively high SiO2 (65.1 - 70.3 wt%) and K2O + 

Na2O (6.4 - 7.3 wt%), plotting in the granodiorite field in the TAS diagram (Fig. 9a) 

and displaying high-K calc-alkaline characteristics in the K2O - SiO2 diagram (Fig. 

9b). They have relatively higher A/CNK (1.01 - 1.11) values (Fig. 9c) with 

metaluminous to peraluminous characteristics and K2O/Na2O (1.14 - 1.56) values than 

those of the dioritic dikes (Fig. 9d). Most major elements also show linear trends with 

SiO2 (Fig. 10). 

In the primitive mantle normalized trace element diagram, the granodiorite 

samples also show enrichment of LILEs (Rb, Ba, K, Pb) and depletion of HFSEs (Nb, 

Ta, Ti, P) (Fig. 11c). Most of these samples show elevated LREEs/HREEs ratios 

([La/Yb]N = 12.4 - 26.8) with significant negative Sr and Eu anomalies (Sr/Sr* = 0.48 

- 0.70, Eu/Eu* = 0.57 - 0.69) (Fig. 11c, d). We note that sample XKL12-19 has 

obvious Zr-Hf depletion (Zr: 25 ppm; Hf: 0.8 ppm) than other samples (Zr: 109 - 287 

ppm; Hf: 2.9 - 6.6 ppm) (Fig. 11c; Fig. 12a). Zircon crystallization could explain the 

Zr-Hf depletion as evidenced by the decreasing Zr/Sm with increasing SiO2 

(excluding this sample; Fig. 12c). However, sample XKL12-32 has the same silica 

content (68.3 wt%) but higher Zr-Hf concentrations (Zr: 169 ppm; Hf: 4.1 ppm) than 

sample XKL12-19 (Appendix 4). Meanwhile, sample XKL12-19 shows relatively 

lower HREEs ([Dy/Yb]N = 1.72) than other samples ([Dy/Yb]N = 1.34 - 1.64). 

Nevertheless, we consider that the Zr-Hf depletion may be due to incomplete 

digestion of zircons in this sample (Fig. 12b, d). 
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5.3 Sr-Nd-Hf isotopes 

The whole-rock Sr-Nd-Hf isotope data of 6 samples (3 dioritic dike and 3 

granodiorite samples) are given in Appendix 5. 

The dioritic dikes show relatively uniform initial 
87

Sr/
86

Sr (0.7066 to 0.7071, 

calculated at 100 Ma), low εNd(t) (-5.3 to -7.4) and εHf(t) (-3.6 to -6.2). The 

granodiorite samples show higher initial 
87

Sr/
86

Sr (0.7087 - 0.7125) (calculated at 104 

Ma), and more enriched εNd(t) (-9.5 to -11.6) and εHf(t) (-10.3 to -14.1) than those of 

dioritic dikes (Fig. 15a). The apparent isotopic differences between the dioritic dike 

and granodiorite samples indicate their different source origin. 

 

6 Discussion 

6.1 Petrogenesis of dioritic dikes 

Sample XKL12-21 has the lowest SiO2 (55.8 wt%), and the highest MgO (6.71 

wt%), Ni (52 ppm), Cr (318 ppm) and Mg
#
 (0.65) among the dioritic dike samples of 

this study, similar to those high-Mg andesite/diorite (HMD), which is consistent with 

a mantle source with significant fractional crystallization. 

Several petrogenic models exist for HMD, including (1) partial melts from 

delaminated mafic crust with reaction with mantle peridotite (Chen et al., 2013; 

Huang et al., 2008; Xu et al., 2002; Xu et al., 2008); (2) direct partial melting of the 

mantle wedge metasomatized by slab-derived melts/fluids or subducted 

sediment-derived melts in subduction zones (Castillo, 2008, 2012; Tatsumi, 1989; Yin 

et al., 2010; Yogodzinski et al., 1995; Zhang et al., 2014); (3) magma mixing or AFC 

(assimilation and fractional crystallization) processes (Chen et al., 2013; Ma et al., 

2012; Moyen et al., 2001; Zhang et al., 2014). 
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Partial melts from delaminated mafic lower crust with reaction with mantle 

peridotite usually generate high-Mg diorite with adakitic characteristics (e.g., high 

Sr > 400 ppm, low Y < 20 ppm, Yb < 2 ppm;) in an intra-continental setting (Castillo, 

2012; Defant and Drummond, 1990), while sample XKL12-21 has moderate Sr (520 

ppm), high Y (23 ppm) and Yb (2.2 ppm) with no adakitic signatures. Thus, they were 

unlikely to originate from delaminated lower crust source. 

Sample XKL12-21 and other dioritic dike samples show enriched isotope 

compositions (
87

Sr/
86

Sri: 0.7066 to 0.7071; εNd(t): -5.3 to -7.4; and εHf(t): -3.6 to -6.2) 

as well as the positive and negative correlations between SiO2 and 
87

Sr/
86

Sri and εNd(t) 

respectively (Fig. 14a, b). If these dioritic dikes were derived from partial melting of a 

depleted asthenospheric mantle source, then significant continental crustal 

contamination would be needed as shown by a simple two-component mixing model 

requiring incorporation of ~40% to 45% crustal components (Fig. 15a). However, 

such a voluminous contamination would modify major element compositions of these 

rocks. Indeed, the content of SiO2 of these dioritic dike samples exhibit a relative 

large compositional variation from 55.8 wt% to 66.8 wt%, which is inconsistent with 

such a voluminous mixing/assimilation. Besides, the dioritic dikes have more 

enriched incompatible element abundances than those of the bulk continental crust 

(BCC) (Fig. 11a, b; Rudnick and Gao, 2003), suggesting that the mantle source must 

have experienced a metasomatic process. Therefore, an enriched mantle source would 

be required. 

According to the enriched incompatible element abundances and isotopes of the 

dioritic dikes, it is possible that they could be derived from metasomatized 

sub-continental lithospheric mantle, but such melts would be produced at 

post-collisional stages and generate potassic or ultralpotassic rocks with extremely 
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high alkali contents than these dike rocks (Guo et al., 2006; Huang et al., 2010; Jiang 

et al., 2006; Liu et al., 2014, 2015). Additionally, another main magmatism peak 

during the Miocene has also been identified for the Karakoram batholith represented 

by the Karibasheng and Kuzigan plutons (Fig. 1a, in the northern Hongqilafu pluton) 

with alkali-rich characteristics, which may indeed have derived from partial melting 

of the veined metasomatized lithospheric mantle in a post-collisional environment 

(Jiang et al., 2012). Therefore, the dioritic dikes in the Hongqilafu pluton are 

considered unlikely to have generated by partial melting of metasomatized 

sub-continental lithospheric mantle. A subduction setting (see below) is more likely. 

We suggest that this enriched mantle end-member could be mantle wedge 

metasomatized by slab-derived melts/fluids or subducted sediment-derived melts. The 

87
Sr/

86
Sri show obvious linear relation with 1/Sr (Fig. 15b), indicating the possibility 

of magma mixing or AFC processes (DePaolo, 1981). But simple mixing line between 

metasomatized mantle wedge (EM) and lower continental crust (LCC) is far away 

from the actual linear trend of the dioritic dikes (Fig. 15b). 

With the mineralogy and geochemistry all considered, we infer that that the 

primitive magma parental to the dioritic dikes is more likely to have experienced 

variable degree of AFC processes as supported by several lines of evidence: 

(i) The rock types and compositions of these dioritic dikes range from gabbroic diorite, 

diorite porphyry to granodiorite porphyry, exhibiting a continuous compositional 

trends from intermediate to felsic rocks, suggesting the effect of fractional 

crystallization as evidenced by modal mineralogy and elemental systematics (Fig. 3; 

Fig. 10). The decreasing Sr with increasing SiO2 and the decreasing Eu/Eu* with 

decreasing Sr, are consistent with plagioclase crystallization (Fig. 13a, b). 

(ii) Mineralogically, the dioritic dikes show compositional and textural disequilibrium, 
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marked by large compositional variation of plagioclase (Fig. 7) and coexisting 

high-Ca and low-Ca plagioclase in single thin sections (Fig. 3c, d; Fig. S1a-e). The 

clinopyroxene crystals also exhibit large compositional variation (Fig. 3a, b; Fig. 6). 

The amphiboles have multiple and reverse zoning (Fig. 3e, f), suggesting that the 

mafic magma parental to the dioritic dikes have experienced open system processes 

with assimilation of continental crustal material and replenishment of new, more 

primitive mafic magma during magma evolution. 

(iii) The granodiorite samples are probably different products of the same thermal 

event induced by dioritc dikes-forming magmas (see below). When primitive magma 

parental to the dioritic dikes underplated the lower continental crust, assimilation with 

the crustal material becomes inevitable, which is apparent as shown in SiO2 vs. 

87
Sr/

86
Sri and εNd(t) diagrams respectively (Fig. 14a, b). 

As discussed above, the dioritic dikes in the Hongqilafu pluton were most likely 

generated by partial melting of mantle wedge metasomatized by subducted/subducting 

slab or sediment-derived components, followed by AFC processes with clinopyroxene, 

amphibole and plagioclase fractional crystallization as well as assimilation of lower 

continental crust, which are in accord with our AFC modeling (Fig. 15b). 

 

6.2 Petrogenesis of granodiorite 

The granodiorite samples have more enriched isotope compositions (
87

Sr/
86

Sri: 

0.7087 to 0.7125; εNd(t): -9.5 to -11.6; and εHf(t): -10.3 to -14.1) than dioritic dikes, 

ruling out their origin from fractional crystallization from the magma parental to the 

dioritic dikes. They were more likely to have derived from a crustal source than a 

mantle source. 

The main source for magma parental to the granodiorite is predicted to be lower 
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continental crust. Generally, partial melting of upper crustal material (pelitic rocks) 

would generate peraluminous (A/CNK > 1.1) S-type granites containing Al-rich 

minerals such as garnet or cordierite (Sylvester, 1998), yet these Al-rich minerals are 

absent and the granodiorite samples have relatively low A/CNK values (1.01 - 1.11). 

The relatively low Sr (272 - 454 ppm) and Sr/Y (13.1 - 23.4) and the relatively flat 

REE patterns of the granodiorite preclude the petrogenesis of adakite or adakitic rocks, 

i.e., they were unlikely to derive from thickened lower crust or delaminated lower 

crust with garnet as residual phase (Chung et al., 2003; Wang et al., 2005, 2007). 

Therefore, the source region of the granodiorite is relatively shallow (< 40 km) 

without having garnet as a residual or liquidus phase. The tectonic-thermal setting for 

the generation of dioritic dikes and granodiorite could be in an active continental 

margin subduction setting. 

As discussed above, the dioritic dikes originated from partial melting of a 

metasomatized mantle wedge source, and the ascent of mafic magma parental to the 

dioritic dikes would underplate the lower continental crust and induce its partial 

melting, forming felsic magma parental to the granodiorite. 

In Fig. 14, the granodiorite samples show increasing 
87

Sr/
86

Sri and decreasing 

εNd(t) with increasing SiO2, and the slope of 
87

Sr/
86

Sr vs. SiO2 or εNd(t) vs. SiO2 of the 

granodiorite samples are steeper than those of dioritic dikes. It could be mistakenly 

interpreted that the felsic magma parental to the granodiorite experienced varying 

extent of upper continental crustal assimilation during ascent. We consider this 

scenario to be unlikely because such apparent crustal contamination is difficult for 

granitic melts without sufficient heat energy, and the extent of crustal contamination is 

limited. Thus, the linear trends between SiO2 and Sr-Nd isotopes (Fig. 14a, b) are 

more likely caused by the mixing process between mantle-derived mafic melt and 
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lower continental crust-derived felsic melt. 

Contributions from magma parental to the dioritic dikes (i.e., mantle-derived 

melt) are evidenced by (i) the disequilibrium features reflected by the discontinuous 

compositional variation in the plagioclase crystals of the granodiorite (Fig. 4; Fig. 5b; 

Fig. S2); (ii) the granodiorite samples show relative higher Mg
#
 (0.41 - 0.50) than 

experimental pure crustal melt (Rapp and Watson, 1995); (iii) the granodiorite 

samples have relatively variable Cr (11 - 50 ppm) and Ni (2 - 21 ppm) concentrations; 

(iv) the linear
 87

Sr/
86

Sri vs. 1/Sr relationship of the granodiorite samples (Fig. 15c), 

which implies the mixing between mantle-derived melt and crustal melt. 

In addition, fractional crystallization plays a dominant role in the magma 

evolution. Plagioclase fractionation is also evidenced by the decreasing Sr with 

increasing SiO2 and the decreasing Eu/Eu* with decreasing Sr (Fig. 13a, b). Fractional 

crystallization of zircon is also obvious and important in felsic magma evolution 

evidenced by rapid decreasing of Zr/Sm with increasing SiO2 and with decreasing 

HREEs respectively, because zircons have strong preference for HREEs (Fig. 12). 

In summary, the underplated mantle-derived magma parental to the dioritic dikes 

induced the lower continental crust to melt (providing heat and material), generating 

the granodiorite in the Hongqilafu pluton. 

It should be noted that the dioritic dikes intruding the felsic pluton are 

significantly (~4 Myrs) younger. Thus, the thermal event would last for several 

million years. And the mantle-derived magma periodically underplated the lower 

continental crust to generate the observed granodiorite, while a more recent pulse of 

mantle-derived melt (with AFC histories) generated the dioritic dikes and intruded the 

granodiorite. 
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6.3 Implication for crust-mantle interaction in northwestern Tibetan Plateau 

According to previous studies, the Kohistan-Ladakh intra-oceanic island arc 

(KLA) was formed from the northward subduction of Neo-Tethyan oceanic crust 

lasting from the late Mesozoic until to the final India-Eurasia collision at ~50 Ma 

(Bouilhol et al., 2013; Burg, 2011). A second subduction zone existed to the north of 

the KLA that the Shyok back-arc oceanic crust subducted beneath the KT and induced 

immense continental-arc magmatism represented by the voluminous Early Cretaceous 

Karakoram batholith (Bouilhol et al., 2013; Ravikant et al., 2009). During this period, 

large quantities of tonalite and granodiorite magmas of ~120 Ma to ~100 Ma were 

generated, probably derived from the Karakoram basement with input of 

mantle-derived melt (Ravikant, 2006; Ravikant et al., 2009). The ~104 Ma 

granodiorite in the Hongqilafu pluton in this study also support the existence of this 

stage of granitic magmatism related to the subduction of the Shyok back-arc oceanic 

crust beneath the KT. As mentioned above, another main intrusive stage for the 

Karakoram batholith occurred during the Miocene which mainly consists of 

leucogranites and some K-rich granites (Ravikant et al., 2009; Jiang et al., 2012). The 

rarity of Late Cretaceous and Early Cenozoic granitoids within the Karakoram 

batholith may be linked with the closure of Shyok back-arc basin. 

However, the clear evidence of ophiolite in the Shyok Suture Zone (SSZ) is 

lacking and parts of the SSZ were reactivated by tectonic event during the Early 

Miocene (Brookfield and Reynolds, 1990; Weinberg and Dunlap, 2000), so the timing 

of Shyok basin closure is still ambiguous and debatable. Estimates of the SSZ closure 

timing range from ~110 Ma (Jiang et al., 2014), ~83 - 93 Ma (Clift et al., 2002; 

Ravikant et al., 2009), and even later at ~40 Ma (Bouilhol et al., 2013) based on the 

geochronology and geochemistry of related plutonic rocks. Ravikant et al. (2009) also 
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proposed that the KLA became an active continental margin of the Karakoram terrane 

since the closure of the Shyok back-arc basin around Middle Cretaceous. When the 

Shyok back-arc basin closed, the magmatism related to the subduction of the Shyok 

back-arc oceanic crust had been temporarily terminated. 

In this study, having precluded the sub-continental lithospheric mantle source for 

the dioritic dikes and the petrogenesis of adakite/adakitic rocks for the granodiorite in 

the Hongqilafu pluton, we infer that the generation of the Hongqilafu pluton 

represents a large thermal event of mantle melting with induced crust melting and 

granitic magmatism lasting for several million years at an active continental margin 

subduction setting. This also indicates the timing of Shyok basin closure occurred 

after ~100 Ma at least. The collision between the KLA and the KT must be 

significantly later than previously thought, which further constraints are needed based 

on other geological evidences. 

 

7 Conclusions 

(1) The granodiorite and associated dioritic dikes in the Hongqilafu pluton are dated at 

~104 Ma and ~100 Ma, respectively. 

(2) The dioritic dikes range from gabbroic diorite, diorite porphyry to granodiorite 

porphyry, exhibiting a compositional spectrum from intermediate to the more 

felsic compositions, while their mineral chemistries reflect some disequilibrium 

features. They are characterized by enriched incompatible elements and Sr-Nd-Hf 

isotopes. They were generated by partial melting of mantle wedge metasomatized 

by the subducted/subducting slab or sediment-derived components, followed by 

AFC processes with clinopyroxene, amphibole and plagioclase fractional 

crystallization as well as assimilation of lower continental crust. 
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(3) The mantle-wedge derived magma parental to the dioritic dikes underplated and 

induced the lower continental crust to melt, forming the felsic crustal magma 

parental to the granodiorite with mantle melt signatures. 

(4) The generation of the Hongqilafu pluton represents a large thermal event of mantle 

melting with induced crust melting lasting for several million years at an active 

continental margin subduction setting. This indicates the timing of Shyok basin 

closure occurred after ~100 Ma at least. The collision between the KLA and the 

KT must be significantly later than previously thought. 
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Figure Captions 

Fig. 1 (a) Simplified geological map showing the distribution of granitoids with 

varying ages on the northwestern Tibetan Plateau (modified from Bouilhol et al., 2013, 

Ravikant et al., 2009 and Zhang et al., 2016). (b) Geological map of the Hongqilafu 

pluton. Abbreviations are explained as follows, NKT - North Kunlun Terrane; OKS - 

Oytag-Kudi-Qimanyute Suture; SKT - Sorth Kunlun Terrane; MKS - 

Mazha-Kangxiwa-Anyemaqen Suture; TST - Tashkurghan-Tianshuihai Terrane (TST); 

HQS - Hongshanhu-Qiaoertianshan-Jinshajiang Suture; QTT - Qiangtang Terrane; 
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BNS - Bangonghu-Nujiang Suture; TMF - Tirich Mir Fault; SSZ - Shyok Suture Zone; 

ITSZ - Indus-Tsangpo Suture Zone. Ages of Karibashen pluton and Kuzigan pluton 

are from Jiang et al., (2012). 

 

Fig. 2 (a), (b) Field photos showing the dioritic dikes intruding the granodiorite with 

sharp boundary. 

 

Fig. 3 Photomicrographs of the dioritic dikes with disequilibrium features. (a), (b) 

clinopyroxene phenocrysts showing large MgO content variation (sample XKL12-21); 

(c), (d) High-Ca and low-Ca plagioclase phenocrysts coexisting in single thin sections 

(sample XKL12-21); (e), (f) Multiple and reverse zoned amphibole phenocrysts 

containing plagioclase and K-feldspar, respectively (sample XKL12-25). 

Cpx-clinopyroxene; Amp-amphibole; Pl-Plagioclase; Bt-Biotite; Chl-Chlorite. Small 

circles are spots for mineral compositional analysis with the numbers nearby 

representing MgO contents (wt%) of clinopyroxene, An contents of plagioclase, Or 

contents of K-feldspar and Mg
#
 (= 100*Mg/[Mg+Fe

2+
]) of amphibole, respectively. 

 

Fig. 4 Photomicrographs of the granodiorite. (a) Felsic mineral assemblage as 

indicated (sample XKL12-19); (b) K-feldspar with Carlsbad twin (sample XKL12-24); 

(c) Porphyritic texture with plagioclase, biotite and quartz phenocrysts, and the matrix 

consisting of fine-grained plagioclase and quartz (sample XKL12-29); (d) Plagioclase 

zoning with relatively low An contents (sample XKL12-32). Small circles are spots 

for electron microprobe analysis (EPMA) with An/Or contents as indicated. 

 

Fig. 5 Chemical characteristics of minerals for the dioritic dikes and granodiorite. (a), 
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(b) Ab-Or-An diagram for feldspar. Ab-albite; Or-potassium feldspar; An-anorthite; 

Ol-oligoclase; And-andesine; La-labradorite; By-bytownite; (c) 

CaSiO3-MgSiO3-FeSiO3 diagram showing the compositions of pyroxene (Morimoto 

et al., 1988); (d) Amphibole classification diagram for the dioritic dike samples 

(Leake et al., 1997). 

 

Fig. 6 Major element compositions of clinopyroxene of the dioritic dike samples. (a) 

Cr2O3 vs. MgO; (b) TFeO (total Fe) vs. MgO. 

 

Fig. 7 Major element compositions of feldspars from the dioritic dike and granodiorite 

samples. (a) CaO vs. SiO2; (b) Al2O3 vs. SiO2; (c) Na2O vs. SiO2; (d) An contents in 

feldspar vs. SiO2 in whole-rock, showing large compositional variation of feldspars 

for both the dioritic dike and granodiorite samples. 

 

Fig. 8 LA-ICP-MS zircon U-Pb concordia diagrams for the dioritic dike (a) and 

granodiorite samples (b). 

 

Fig. 9 (a) The total alkali vs. silica (TAS) diagram (Middlemost, 1994); (b) The K2O 

vs. SiO2 diagram (Peccerillo and Taylor, 1976); (c) The A/NK vs. A/CNK diagram; (d) 

The Na2O vs. K2O diagram (Peccerillo and Taylor, 1976). Red circles are our data in 

this study for the granodiorite, and the grey circles are the literature data for the 

granodiorite (Jiang et al., 2014). Blue squares are our data in this study for the dioritic 

dike samples. 

 

Fig. 10 SiO2 variation diagrams for major element oxides of both the dioritic dike and 
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granodiorite samples. 

 

Fig. 11 (a), (c) Primitive mantle normalized (Sun and McDonough, 1989) 

trace-element patterns for the dioritic dike and granodiorite samples, respectively. (b), 

(d) Chondrite-normalized (Sun and McDonough, 1989) rare earth element (REE) 

patterns for both the dioritic dike and granodiorite samples, respectively. 

Compositions of bulk continental crust (BCC), lower continental crust (LCC), and 

upper continental crust (UCC) (Rudnick and Gao, 2003) are plotted for comparison. 

The explanation of Zr-Hf depletion in sample XKL12-19 is given in Fig. 12. 

 

Fig. 12 (a) Zr vs. Hf diagram, showing good correlation, but sample XKL12-19 has 

the lowest Zr-Hf contents. (b) Zr vs. Lu diagram, showing sample XKL12-19 has the 

lowest HREE contents as represented by using Lu. (c) SiO2 vs. Zr/Sm diagram, 

showing the effect of zircon crystallization for the granodiorite, reflected by rapid 

decrease of Zr/Sm with increasing SiO2, but sample XKL12-19 deviates from the 

expected trend. (d) Y vs. Zr/Sm diagram, showing the decreasing heavy rare earth 

elements (represented by using Y) with decreasing Zr/Sm because of zircon 

crystallization. The best explanation for the obvious Zr-Hf depletion in sample 

XKL12-19 may be incomplete digestion of zircons rather than zircon crystallization. 

 

Fig. 13 (a) Sr vs. SiO2 and (b) Eu/Eu* vs. Sr diagrams, showing the effect of 

plagioclase fractionation for the dioritic dike and granodiorite samples, respectively. 

 

Fig. 14 (a) and (b)
 87

Sr/
86

Sri and εNd(t) vs. SiO2 diagrams for the dioritic dike and 

granodiorite samples, respectively. The data of dioritic dike samples show crustal 
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contamination although the trend is slight, but the data of granodiorite samples show a 

steeper trend which are more likely caused by magma mixing between mantle-derived 

melt and crustal melt. 

 

Fig. 15 (a) Plots of εNd(t) vs. 
87

Sr/
86

Sri for the dioritic dike and granodiorite samples, a 

simple mixing model between depleted mantle (DM) (
87

Sr/
86

Sri = 0.7030, εNd(t) = 9, 

Sr = 190 ppm, Nd = 19 ppm) (Zindler et al., 1984) and lower continental crust (LCC) 

(
87

Sr/
86

Sri = 0.7010, εNd(t) = -28, Sr = 300 ~ 348 ppm, Nd = 11 ~ 38 ppm) (Liu et al., 

2014; Rudnick and Gao, 2003) showing that the dioritic dikes are unlikely to originate 

from such mixing because of voluminous crustal material incorporation (~40% - 45%) 

required. (b) 
87

Sr/
86

Sri vs. 1/Sr showing an obvious linear trend for the dioritic dike 

samples, reflecting the AFC processes between enriched mantle (EM) (
87

Sr/
86

Sri = 

0.7050, Sr = 1027 ppm) and lower continental crust (LCC) (
87

Sr/
86

Sri = 0.7010, Sr = 

348 ppm) (Liu et al., 2014; Rudnick and Gao, 2003). A simple mixing line and two 

lines of presumed crustal contaminants are also plotted for comparison. D is the bulk 

partition coefficient for Sr, and r is the ratio between crustal assimilation rate and 

fractional crystallization rate. (c) 
87

Sr/
86

Sri vs. 1/Sr also showing an obvious linear 

trend for the granodiorite samples, and implying the mixing between mantle-derived 

melt and crustal melt. 

 

Figure Supplementary 

Fig. S1 (a-g) Analysis spots for other feldspar compositions of the dioritic dikes, (a) - 

(e): XKL12-25, (f): XKL12-26, (g): XKL12-27; and (h) melt corrosion/absorption 

with replacement by small grains of biotite and plagioclase in the clinopyroxene 

phenocryst (XKL12-21). 
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Fig. S2 Analysis spots for other feldspar compositions of the granodiorite, (a): 

XKL12-19, (b): XKL12-24, (c) - (e): XKL12-29. 

 

Appendixes 

Appendix 1 Sample locations and petrography of the Late Early Cretaceous 

granodiorite and dioritic dikes in the Hongqilafu pluton. 

 

Appendix 2 Mineral major element compositions of the granodiorite and dioritic 

dikes in the Hongqilafu pluton. 

 

Appendix 3 LA-ICP-MS zircon U-Pb data of the granodiorite and dioritic dikes in the 

Hongqilafu pluton. 

 

Appendix 4 Whole-rock major and trace element data of the granodiorite and dioritic 

dikes in the Hongqilafu pluton. 

 

Appendix 5 Whole-rock Sr-Nd-Hf isotopic compositions of the granodiorite and 

dioritic dikes in the Hongqilafu pluton. 
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Figure 15 
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Highlights 

1. The granodiorite and dioritic dikes in the Hongqilafu pluton are dated at ~104 Ma 

and ~100 Ma, respectively. 

2. The dioritic dikes were generated by partial melting of metasomatized mantle 

wedge, followed by AFC processes. 

3. The mantle-derived magma parental to the dioritic dikes underplated and induced 

the lower continental crust to melt, forming the granodiorite with mantle melt 

signatures. 

4. The generation of the Hongqilafu pluton represents a large crust-mantle interaction 

event lasting for several million years at an active continental margin. 


