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ABSTRACT 

Granitoids are the main constituents of the continental crust, and an understanding 

of their petrogenesis is key to the origin and evolution of continents. Whether crystal 

fractionation is the dominant way to generate evolved magmas has long been debated, 

mostly because such processes would produce large volumes of complementary 

cumulates, which remains elusive. Mafic magmatic enclaves (MMEs) are ubiquitous in 

granitoids and their presence was initially recognized as cumulates. However, because 

many MMEs lack obvious evidence of accumulation, such as the classic cumulate 

textures and modal layering, the cumulate origin of MMEs has been abandoned and the 

model of magma mixing between mafic and felsic magmas has become popular. In this 

study, we conduct a combined study of amphibole composition and in situ O isotopes 

in zircons on three suites of orogenic granitoids with MMEs from the North Qilian 

Orogenic Belt (NQOB). We find that the MMEs and their host granodiorites show 

overlapping zircon δ18O values, affirming that they share the same parental magmas. 

The amphibole compositions indicate that amphiboles from the MMEs are not in 

equilibrium with a melt whose composition was that of the bulk-rock. These new data, 

together with the published bulk-rock data, suggest that the MMEs in our study have 

clear cumulate signatures and are thus of cumulate origin. Our study provide evidence 

for crystal accumulation in granitoids in the NQOB. This new understanding calls for 

re-examination on the petrogenesis of some intermediate magmatic rocks 

(granitoids/andesite) in discussing models of continental crustal growth. 

 

Key words: Mafic magmatic enclaves (MME); Granitoids; Cumulate; Zircon oxygen 

isotope; Amphibole 

 

INTRODUCTION 

The Earth is unique in the solar system in having a buoyant continental crust with 

an andesitic/dioritic composition (Taylor & McLennan, 1985). Deciphering how Jo
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intermediate rocks form is thus a key issue to understand the origin and evolution of 

continents. It has long been considered that crystal fractionation (coupled with some 

crustal assimilation) is the dominant mechanism to produce evolved magmas (Deering 

& Bachmann, 2010). While such process is energetically and mechanically 

straightforward, it is faced with some problems. Particularly, how to efficiently extract 

viscous liquids from the crystal mushes and where a complementary reservoir of 

cumulates exists has remained unclear (Deering & Bachmann, 2010; Gelman et al., 

2014; Lee & Morton, 2015). Although cumulate textures in mafic plutons have been 

documented and widely accepted (Daly, 1933; Irvine, 1982), clear examples of crystal 

accumulations in intermediate to silicic plutonic rocks have remained elusive, mostly 

because of ineffective crystal-liquid separation and within-mush crystallization and 

crystal growth. Thus, it has even been proposed that cumulates are non-existent or rare 

in silicic batholiths (Glazner et al., 2004; Reubi & Blundy, 2009).  

Mafic magmatic enclaves (MMEs) are ubiquitous in granitoids. When studying 

the Sierra Nevada batholith, the MMEs were initially recognized as “autolith” (Pabst, 

1928), which means that they may be “cogenetic” or part of the same system. As 

implied by “autolith” and on the basis of observations that many MMEs generally show 

similar mineral assemblages, geochemical trends, ages, and radiogenic isotopes (Sr-

Nd-Hf) to their host granitoids, some authors suggested that the MMEs represent the 

earlier cumulate that was latter disrupted by the incoming magma (e.g., Dodge & 

Kistler, 1990; Dahlquist, 2002; Niu et al., 2013; Huang et al., 2014; Chen et al., 2015, 

2016, 2018; Wang et al., 2016). Opponents of this model, however, cite that the MMEs 

are generally fine-grained and lack obvious evidence of cumulate texture, such as modal 

layering, instead suggesting that MMEs are evidence for magma mixing between mafic 

magmas represented by these MMEs and felsic magmas represented by the host 

granitoids (see review of Barbarin, 2005). The presence of abundant MMEs bearing 

plutons has also motivated the hypothesis that magma mixing may be the dominated 

way to generate andesite (e.g., Eichelberger, 1975). However, whether mixing of mafic 

magmas with felsic magma is effective enough remains unclear as mafic magmas with 

higher solidus and liquidus temperatures are likely to solidify after being in contact with 

felsic melts, which would decrease the efficiency of mixing (eg., Sparks & Marshall, 

1986; Caricchi et al., 2012). 

Examining whether the MMEs have cumulate signatures is thus critical to 

understand the mechanism of MME formation, which will also provide new 

perspectives on the origin of intermediate magmas. Recently, several geochemical 

models using specific bulk-rock trace element concentrations and ratios has been 

proposed to identify silicic cumulates, which suggest that many large granitoids are 

indeed silicic cumulates (Deering & Bachmann, 2010; Gelman et al., 2014; Laurent et 

al., 2020). Similar conclusion has been made by more recent study by Barnes et al. 

(2019), who used major and trace element compositions of amphiboles to identify 

silicic cumulates and suggested that bulk-rock compositions of many granitic rocks 

represent crystal accumulation. These studies imply that bulk-rock and mineral 

chemistry can provide additional information to facilitate identifying silicic cumulate. 
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In this study, we report the results of a combined study of amphibole composition 

and in situ O isotopes in zircons on three suites of orogenic granitoids with MMEs from 

the North Qilian Orogenic Belt (NQOB) (Fig. 1). These new data, together with the 

recent literature data, indicate that the MMEs in our study are cumulates with clear 

cumulate signatures in support of the cumulate origin we have been advocating (Niu 

et al., 2013; Huang et al., 2014; Chen et al., 2015) in general and provide evidence for 

crystal accumulation in granitoids in the NQOB in particular. This new understanding 

indicates that some popular views on the petrogenesis of orogenic granitoids in 

discussing models of continental crustal growth need re-consideration. 

 

GEOLOGICAL BACKGROUND AND SAMPLES 

The North Qilian Orogenic Belt (NQOB) is an elongate, NW-SE trending orogenic 

belt and extends more than 1000 km. It lies between the Alxa Block to the northeast 

and the Qilian Block to the southwest, (Fig. 1a) and has been suggested as a typical 

oceanic suture zone comprising Neoproterozoic to Early Paleozoic ophiolite sequences, 

volcanic and granitic rocks, high pressure (HP) metamorphic rocks, and accretionary 

complexes (see Song et al., 2013). The southern ophiolite belt (ca. 550-497 Ma) mainly 

consists of ultramafic cumulate, peridotite and pillow basalts with present-day N-type 

and E-type mid-ocean ridge basalt (MORB) characteristics (Hou et al., 2006; Song et 

al., 2019). The northern ophiolite belt (ca. 490-448 Ma) comprises ultramafic rocks, 

cumulates, MORB, supra-subduction zone (SSZ) basalts, and pelagic-hemipelagic 

siliceous-argillaceous rocks. While the basaltic rocks in this belt are geochemically 

similar to present-day N-type MORB, the association with SSZ basalts suggested that 

they are most likely generated in a back-arc spreading center (Xia et al., 2003; Xia & 

Song, 2010). The Cambrian-Ordovician arc complex (ca. 516-446 Ma) is located 

between the two ophiolite belts, which consists of felsic calc-alkaline volcanic rocks, 

boninitic complexes and granitoid plutons (Xia et al., 2012; Wu et al., 2010; Chen et 

al., 2014). It has been suggested that the Central Qilian block collided with the Alxa 

block in the Early Silurian, producing voluminous syn-collisional magmatic rocks of 

ca. 440 - 420 Ma (Tseng et al., 2009; Song et al., 2013; Yu et al., 2015; Chen et al., 

2015, 2016, 2018). The Laohushan (LHS), Qumushan (QMS) and Baojishan (BJS) 

granitoid plutons (ca. 430 Ma) we studied are located in the eastern segment of the 

NQOB (Fig. 1b).  

A common feature of these syn-collisional granitoids is the ubiquitous MMEs with 

varying shape and size (a few centimeters to 10’s of centimeters in diameter; Fig. 1c-

e). Several host-MME sample pairs from the NQOB have been selected for studying in 

situ zircon O isotopes and for studying amphibole composition on representative 

samples. Petrologically, most MMEs we studied are diorite MMEs (DMME), which 

generally have a mineral assemblage of amphibole (~30–50 vol%), plagioclase (~40–

50 vol%), biotite (~2–20 vol%), quartz (~ 10 vol%), alkali feldspar (<10 vol%) and 

accessory phases such as zircon, apatite, magnetite, and titanite. These MMEs generally 

have finer grain-size than their host granodiorites (Fig. 2) (Chen et al., 2015, 2016, 

2018). Another type of MMEs are hornblendite MMEs (HMME) in the LHS pluton 

(Chen et al., 2018), which is dominated by cumulate amphibole with large grain size of Jo
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~0.5 to ~6 mm, interstitial plagioclase, clinopyroxene and accessory phases (Fig. 2). 

These MMEs show neither chilled margins nor textures of crystal resorption or reactive 

overgrowth. Age dating shows that the MMEs share identical zircon U-Pb ages 

(~430Ma) to their host granitoids in the three plutons (Fig. 1b). 

A TESCAN Integrated Mineral Analyzer (TIMA) system on carbon-coated thin 

section is used to obtain quantitative mineral modal abundances and distribution maps 

for the MMEs and their host granodiorites. It can be seen that the MMEs generally have 

the same mineralogy as their host granodiorites except that they have greater 

abundances of mafic phases (e.g., amphibole and biotite) (Fig. 3), which confirms our 

previous estimates (Chen et al., 2015, 2016, 2018). We noted that the clinopyroxene in 

one LHS HMME (LHS12-06MME) shows higher abundance than previous estimation, 

however, it is still dominated by amphibole (~64 vol. %; Fig. 3). Another HMME in 

LHS pluton (LHS12-10MME) shows higher abundance of amphibole (~73% vol.) and 

less clinopyroxene (~5 vol. %; Fig. 3).  

It is important to note that the bulk compositions of the MMEs (i.e., DMMEs and 

HMMEs) plot in the range of gabbroic diorite, monzogabbro and gabbro in the TAS 

diagram, which may misguide many to consider the MMEs as representing mantle-

derived magmas (Fig. 4). However, the MMEs are not gabbroic rocks, but amphibole-

rich diorite or hornblendite. The host granodiorites with MMEs combined, are 

compositionally calc-alkaline (not shown) and metaluminous to weakly peraluminous 

(A/CNK = 0.42 to 1.09) (Fig. 4), which is typical of I-type granitoids (Chappell & 

White, 1992).  

 

METHODS  

 

In situ zircon O isotopes 

Zircons of four host-MMEs pairs from three plutons in the NQOB were selected 

for in situ O isotopic analysis. Measurement of oxygen isotopes in zircon was 

conducted using the Cameca IMS-1280 ion microprobe in the Institute of Geology and 

Geophysics, Chinese Academy of Sciences. The Cs+ primary ion beam was accelerated 

at 10 kV with an intensity of ~ 2-3 nA. The spot size was 10-15 μm. The isotopes 16O 

and 18O were measured simultaneously using the multi-collection mode on two off-axis 

Faraday cups, and the mass resolution used was 2500 during the analyses. The 

instrumental mass fractionation factor (IMF) was corrected using standard zircon 

Penglai with a δ18O value of 5.31 ‰ (Li et al., 2009), and measured 18O/16O ratios were 

normalized by using the Vienna Standard Mean Ocean Water composition (VSMOW, 
18O/16O = 0.0020052). During the analysis, the zircon standard Qinghu was measured 

as an unknown. Twenty-nine measurements of Qinghu zircon yielded a weighted mean 

of δ18O = 5.41 ± 0.67 ‰ (N=29, 2SD; Table S2), which is consistent within error with 

the reported value of 5.4 ± 0.3 ‰ (2SD) (Li et al., 2009). Detailed analytical techniques 

and data processing procedures follow Li et al. (2009). 
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Amphibole composition 

Amphibole compositions of the MMEs and their host granodiorites of the LHS 

plutons were analyzed using LA-ICP-MS in the Laboratory of Ocean Lithosphere and 

Mantle Dynamics at the Institute of Oceanology, Chinese Academy of Sciences. We 

used a 193 nm ultra-short pulse excimer laser ablation system (Analyte Excite produced 

by Photon-machines Company) coupled with an Agilent 7900 ICP-MS instrument. 

Operation conditions of LA-ICP-MS analysis and detailed procedures are given in Xiao 

et al. (2020). Briefly, samples were analyzed using a 40 μm spot size. Fractures and 

inclusions were carefully avoided. Laser energy density of 3.98 J/cm2 at a repetition 

rate of 6 Hz were applied. As amphibole is hydrous, we chose 29Si as the internal 

standards for data calibration, which were previously analyzed using an electron probe 

micro-analyzer (EMPA; Chen et al., 2015, 2016, 2018). Every five sample analyses 

were followed by an analysis of NIST 610 and GSE-1G (NIST 610 was used to correct 

for the time-dependent drift of sensitivity and mass discrimination). The raw data were 

processed using ICPMSDataCal 12.0 (Liu et al., 2008). Data quality was assessed by 

repeated analyses of GSE-1G over the analytical session. The overall precision and 

accuracy are better than 5% for major elements except for P2O5 (14%), and better than 

10% for trace elements. The amphibole data for the QMS and BJS plutons were 

published in Xiao et al. (2020) and are compiled in Table S3. Notably, comparison of 

major element contents obtained using LA-ICP-MS in this study agree well with those 

previously obtained using EMPA (Chen et al., 2018) (Fig. S1) 

 

Zircon composition 

Zircon analysis in thin sections and previous analysis on zircon separates for the 

QMS, BJS plutons were published in Xiao et al. (2020). Previous analysis on zircon 

separates for LHS pluton were list in Table S4. 

 

Mineral mapping 

Mineral/phase maps were obtained on carbon-coated thin sections using a Mira-3 

scanning electron microscope equipped with four energy dispersive X-ray spectroscopy 

(EDS, EDAX Element 30) (TIMA) at Nanjing Hongchuang Geological Exploration 

Technology Service Co., Ltd. We used an acceleration voltage of 25 kV, probe current 

of 9 nA. Working distance was set to 15mm. Pixel spacing was set to 3μm and point 

spacing was set to 9μm. The current and BSE signal intensity were calibrated on a 

platinum Faraday cup using the automated procedure. EDS performance was checked 

using manganese standard. The samples were scanned using TIMA liberation analysis 

module. 

 

RESULTS 

Amphibole compositions of the MMEs and their host granodiorites of the LHS 

plutons are given in Table S2. In the three plutons, the Mg# values, Al2O3 and TiO2 

contents of amphiboles from DMME are similar to those of their host granitoids, except 

for slightly higher Mg# values in LHS DMMEs (Fig. 5). In contrast, amphiboles from Jo
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the LHS HMME show much higher Al2O3 and TiO2 contents than those of their host 

granitoids and the DMMEs (Fig. 5). All amphiboles in granodiorites and their MMEs 

show relatively consistent chondrite-normalized REE patterns that are slightly convex 

upward, with negative Eu anomalies (Fig. 6).  

The in situ zircon O isotope data are given in Table 1 and shown in Fig. 7a. Zircons 

have varying size (50-250 μm) and length/width ratio (~1:1-2:1) with oscillatory zoning 

in cathodoluminescence (CL) images (Fig. S2), which is consistent with a magmatic 

origin indicated by Th/U >0.1 (Chen et al., 2015, 2016, 2018). Two host-MME pairs in 

QMS pluton show identical zircon δ18O values in the host granodiorites (5.61±0.28‰, 

n=30, 1σ) and their DMMEs (5.78±0.55‰, n=30, 1σ). Zircons in BJS pluton show 

similar δ18O values to QMS pluton in both the host granodiorites (5.93±0.26‰, n=15, 

1σ) and their DMME (5.85±0.34‰, n=15, 1σ). Likewise, zircons δ18O values from 

LHS host granodiorites (6.74±0.29‰, n=15, 1σ) are also similar to their HMME 

(7.25±0.53‰, n=12, 1σ) albeit slightly higher than those of BJS and QMS pluton. 

Notably, while zircon δ18O values vary slightly for each pluton, zircons from the host 

granodiorites and their enclosed MMEs of the same pluton generally have 

indistinguishable δ18O values (Fig. 7a).  

 

DISCUSSION 

  

Textural constraints on the origin of MMEs.  

The ‘cumulate’ terminology was initially proposed by Wager et al. (1960) as a 

group name for igneous rocks formed by crystal accumulation through settling under 

gravity, particularly in layered intrusions of basaltic systems. However, it has been later 

questioned as a number of features in some layered intrusions are not consistent with 

the concept of crystal settling (e.g., Campbell, 1978). As such, Irvine (1982) re-defined 

the term ‘cumulate’ so that crystal settling under gravity is a possible but not essential 

process in the origin of rocks to which it is applied. Irvine (1982) stated that “A 

cumulate is defined as an igneous rock characterized by a cumulus framework of 

touching mineral crystals or grains that were evidently formed and concentrated 

primarily through fractional crystallization of their parental magmatic liquids”. While 

touching crystals with overgrowths and interstitial mineral aggregates are consistent 

with a cumulate origin, this definition could also apply to granitoids that crystallize 

without evidence of classic crystal cumulate texture (Vernon & Collins, 2011). 

Recently, Vernon & Collins (2011) re-defined cumulates as “igneous rocks that reflect 

relative concentration of crystals and/or loss of melt and that therefore did not 

crystallize entirely from a magma of their current whole-rock composition”. They 

provided some structural criteria to identify whether the current whole-rock 

composition reflects cumulate processes for granitoids (Vernon & Collins, 2011). 

Similar definition of cumulate us also given by Barnes et al. (2016), who defined 

cumulate as “a rock in which the abundance of one or more minerals is in excess of 

that which would occur during crystallization of a crystal-free parental melt”. In this 

study, we adopt the definition by Vernon & Collins (2011) to avoid confusion and then 

use textural and geological evidence to identify cumulate for NQOB MMEs in our Jo
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study.  

The HMMEs from the LHS pluton have dark color and display typical 

orthocumulate texture, which is dominated by idiomorphic amphibole with varying 

grain size (0.5 - 6 mm) and interstitial plagioclase (Fig. 2a, d, Fig. 8j, k, Fig. S3). The 

host granodiorites from the three plutons are medium grained with lower modal 

proportion of mafic minerals such as euhedral to subhedral amphibole and biotite (vs, 

plagioclase) (Fig. 2&8). The typical cumulate texture of HMMEs from the LHS pluton 

is similar to amphibole-rich enclaves reported in the Gangdese arc (Dong et al., 2020; 

Zhou et al., 2020), which are interpreted as fragments of igneous cumulates.  

While the DMMEs and their host granodiorites from the three plutons lack 

‘conventional’ textural evidence of accumulation, the close association of HMMEs 

with DMMEs and their host granodiorites both in space and in genesis from the LHS 

pluton may provide a hint on their origin (see below). Additionally, the DMMEs from 

the three plutons are fine-grained (0.1 to 2 mm) (Fig. 8), which may imply that they 

have experienced quench and rapid crystallization (Chen et al., 2016; Rodríguez & 

Castro, 2017). However, this texture is not incompatible with a cumulate origin because 

the amphibole, plagioclase and biotite crystals are mostly euhedral to subhedral in the 

DMMEs on closer inspection (Fig. 8). Laboratory experiments by Rodríguez and 

Castro (2017) suggested that the cumulates with quenched texture could be formed by 

fast crystallization and interstitial melt expulsion in a thermal boundary layer with a 

coupled process of quenching-compaction-accumulation. In fact, the nucleation and 

growth rates of crystals in magmas is largely determined by the value of effective 

undercooling (ΔT= Tliquidus−Tcrystallization), which is further controlled by cooling rates 

(Brandeis & Jaupart, 1987). It has been suggested that cooling rates of 1-10 °C/h could 

produce non-dendritic, regular crystals of an average size within the range 10-100 μm 

(Rodríguez & Castro, 2017). In the case of our study, the fine-grain size of DMMEs of 

~0.1 to 2 mm implies that the cooling rates of their parental magma is likely not greater 

than 1 °C/h. As such, it is reasonable to argue that the texture of DMME is not at odd 

with the abovementioned definition of cumulate. Below, we use compositional 

evidence to further assess whether the MMEs and their host granodiorites are cognate 

and whether the MMEs crystallized entirely from a magma parental to their current 

bulk-rock composition. 

 

In situ zircon O isotopes on the origin of MMEs 

Zircon is a ubiquitous accessory mineral in granitoids and is well-understood to 

be physically and chemically resistant to post-crystallization geological processes, and 

can thus preserve original geochemical signatures (e.g., Kinny & Maas, 2003). Recent 

studies suggest that in situ zircon U-Pb dating coupled with Hf and/or O isotopes can 

be a powerful tool to elucidate the nature of magma sources and the role of magma 

mixing processes in the generation of granitoids if the latter does indeed occur (Kemp 

et al., 2007; Yang et al., 2007). For example, Yang et al. (2007) observed that in situ 

zircon Hf isotopic composition of MMEs [εHf(t) = +4.5 to –6.2] is distinct from the host 

monzogranite [Hf(t) = –15.1 to –25.4] from the Early Cretaceous Gudaoling batholith 

(Liaodong Peninsula, NE China), though their zircon U-Pb age was identical. Thus, Jo
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they concluded that mixing of mantle-derived mafic magmas with crustal-derived felsic 

magmas can explain the origin of the MMEs they studied. We should note that this 

Cretaceous batholith is an intra-plate granitoid of deep continental crustal melting 

origin that differs from syncollisional granitoids we study here (Niu et al., 2015). 

By integrating radiogenic Hf isotope data with stable O isotopes data in zircon, 

Kemp et al. (2007) suggested that the covariant Hf-
18O zircon arrays represent the 

progressive interaction between mantle-derived mafic and crustal-derived felsic end-

member components during zircon crystallization. In contrast, the MMEs and their host 

granodiorites in this study show indistinguishable zircon δ18O values (Fig. 7a), though 

slightly differs between plutons, implying that they share the same parental magmas. 

This is consistent with previous inferences based on identical bulk-rock Sr-Nd isotopes 

between MMEs and their host granodiorites (Fig. 7b, c) (Chen et al., 2015, 2016, 2018). 

As such, the MMEs in our study argues against the popular model of magma mixing 

between mantle-derived mafic magmas represented by the MMEs expected to have 

mantle like δ18O values (+5.3±0.3 ‰) and crust-derived felsic magmas expected to have 

elevated δ18O values (Eiler, 2001; Valley et al., 2005). 

 

Amphibole compositional constraints  

It has been suggested that the compositions of amphibole can be used to estimate 

the crystallization conditions and compositions of its equilibrium melt phase (Ridolfi 

et al., 2009; Ridolfi & Renzulli, 2011; Putirka, 2016; Zhang et al., 2017; Humphreys et 

al., 2019). They are also useful for investigating melt differentiation histories and 

assessing the importance of crystal accumulation and/or melt loss in plutons (Barnes et 

al., 2019). To test whether equilibrium was achieved between amphiboles and the bulk-

rock, we use the following approaches.  

First, we performed a test for amphibole-melt Fe-Mg exchange equilibrium, 

following the approach of Alonso-Perez et al. (2009). The Fe-Mg exchange coefficient 

KD(Fe-Mg)Amp-Melt (hereafter, simply KD) is defined as:  

mp

/
mp Melt

A Melt
X X

FeOt FeOtKD A
XX MgOMgO

=  

Where FeOt is total Fe as FeO. As per Alonso-Perez et al. (2009), amphibole-melt 

pairs with KD = 0.38 ± 0.04 are regarded to be in chemical equilibrium. For comparison, 

an approach by Putirka (2016) with KD = 0.28 ± 0.11 is also applied. As shown in Fig. 

9, all amphiboles-bulk-rock pairs fall out of Fe-Mg exchange equilibrium field that was 

calculated by both approaches, suggesting that amphiboles from both the enclaves and 

their host were not in equilibrium with a melt whose composition was that of the bulk-

rock. This implies that neither bulk-rock composition of MMEs nor their host granitoids 

are representative of melt compositions, but cumulates characterized by amphibole (± 

biotite) accumulation. In addition, the bulk-rocks of DMMEs from the three plutons 

display higher Mg# values than melts in equilibrium with amphiboles, which is similar 

to those of HMMEs from LHS pluton and amphibole-rich xenoliths from the 

Gangdanse arc (e.g., Zhou et al., 2020) with a typical cumulate texture. Hence, both 
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HMME and DMME in this study are accumulations of mainly mafic minerals 

dominated by amphibole with varying smaller amounts of biotite.  

Second, we calculate the rare earth elements (REEs) contents of the melts in 

equilibrium with amphiboles for each pluton using the amphibole composition (i.e., Ti, 

Mg, Na, and K contents) and temperature following the model by Shimizu et al. (2017), 

who developed parameterized lattice strain model to calculate REE partition 

coefficients between amphibole and melt. Briefly, the partition coefficients of REEs 

between amphibole and melt can be expressed by the following equation based on 

lattice strain model (Blundy and Wood, 1994): 

( ) ( )
2 30

i 0 0 0

4 1
exp

2 3

Amp liq A
i i

rEN
D D r r r r

RT

−   
= − − − −  

  

π
       (1) 

where D0 and Di is the strain-free and theoretical amphibole-melt partition 

coefficient, respectively; r0 (in angstroms) is the optimum radius of the lattice site; ri is 

the ionic radius of the element of interest; E (in GPa) is the effective Young’s modulus 

for the lattice site; NA is Avogadro’s number; R is the universal gas constant (8.3145 

J/mol·K); and T is temperature in Kelvin. The lattice strain parameters (D0, r0, E) are a 

function of pressure (P), temperature (T), and composition (X). They were quantified 

by Shimizu et al. (2017) as follows:  

4
Amp

0

7.27( 0.88) 10
ln 4.21( 1.20) 1.52( 0.24) 0.35( 0.06)

1.83( 0.34) 2.95( 0.34)

Amp Amp

Ti Mg

Amp Amp

Na K

D X X
RT

X X

 
= −  + +  − 

−  − 

     (2) 

4

0r 1.043( 0.004) 0.039( 0.012)Amp Amp M

FmX −=  −             (3) 

( )337 23E =                         (4) 

where 
Amp

TiX , g

Amp

MX , a

Amp

NX and
Amp

KX  are the number of cations (per 23 oxygen), 

and 
4Amp M

FmX −
 is the total number of cations of Mg, Fe2+ and Mn2+ in the M4 site, and 

numbers in parentheses are 2σ uncertainties. Amphibole cation site occupancies and 

temperature were estimated using the method of Putirka (2016). 

As the model we used is independent of melt compositions, it thus would allow 

estimation of the REE concentration in the melt that is in equilibrium with the 

amphibole-bearing cumulate, which can provide useful information for understanding 

the origin of the cumulates. As illustrated in Fig. 6, amphibole from DMME and 

HMME in each pluton show similar REE patterns to those of their host granodiorites. 

Hence, the estimated melt in equilibrium with the amphibole from DMME and HMME 

and their host granodiorites in each pluton show similar REE patterns. Notably, the 

estimated melt in equilibrium with the amphibole from DMME and HMME display 

much lower middle-REE (MREE) to heavy-REE (HREE) contents than their bulk-

rocks in each pluton, consistent with the inference that both DMME and HMME are 

amphibole-bearing accumulations with higher MREE to HREE contents.  Jo
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In sum, the bulk-rock composition of DMME and HMME in this study show 

much higher Mg# values and MREE to HREE contents than the melt that in equilibrium 

with their amphiboles, implying that they are accumulation of mainly mafic minerals 

dominated by amphibole with varying smaller amount of biotite. This conforms to the 

definition of cumulate of Vernon & Collins (2011) reasonably well. In contrast, the 

estimated melt in equilibrium with the amphibole from the host granodiorites in each 

pluton shows similar REE contents to their bulk-rock composition, which differs from 

above estimations by amphibole major elements (e.g., Mg#). This discrepancy indicates 

that the host granodiorites may have experienced melt loss during post-cumulus 

compaction (see below), which has lower Mg/Fe ratio but similar MREE-HREE 

contents to the cumulates.  

 

Zircon fractionation record in amphibole composition 

It has also been shown that combined analysis of major and trace element of 

amphibole can be used to determine core-to-rim variation in temperature and melt 

composition during crystallization (Barnes et al., 2016; Barnes et al., 2019). In our 

study, we use Ti contents of amphibole as a proxy for decreasing temperature of 

amphibole crystallization because we observed that Ti in amphibole is closely 

correlated with temperature (T) (Fig. S4), similar to the observations by Barnes et al. 

(2019). Notably, we use Ti contents as determined by LA-ICP-MS with trace element 

abundances to reduce systematic bias from different analytical methods (EMPA vs. LA-

ICP-MS). 

 In each pluton, amphiboles from DMMEs and their host granodiorites show 

similar Zr and Hf concentration ranges, which are linearly correlated with Ti (Fig. 10). 

In contrast, amphiboles from HMMEs display much higher Ti but lower Zr and Hf 

contents with limited variation (Fig. 10). More importantly, we find that Zr/Hf ratios of 

amphiboles from DMMEs and their host granodiorites from the QMS pluton decreases 

linearly with decreasing Ti, while Zr/Hf ratios of the amphiboles in LHS HMMEs 

remain almost constant with Ti (Fig. 10). In contrast, Zr/Hf ratios of the amphiboles 

from BJS DMMEs remain nearly constant at higher Ti but soon decrease with 

decreasing Ti (Fig. 10). The onset of decreasing Zr/Hf ratios is a strong indicator of 

zircon fractionation, as zircon is the only common phase capable of causing this 

decrease (Bea et al., 2006; Barnes et al., 2019). The above observations indicate that 

zircon is undersaturated during amphibole crystallization to form HMMEs in the LHS 

pluton, whereas zircon becomes saturated and co-precipitated with amphibole in some 

DMMEs and their host granodiorites in BJS and QMS pluton. 

The above observations are in fact consistent with the trend between bulk-rock Zr 

and SiO2 as shown in Fig. 11. It is known that Zr is incompatible in basalt to andesite 

systems before zircon saturation, but becomes compatible when zircon appears on the 

liquidus. This change in behavior may provide a potential way to differentiate between 

liquids and cumulates as previously suggested by Deering & Bachmann (2010). Here 

three scenarios may account for the three plutons in our study (Fig. 11).  

(1) For the LHS pluton, it is assumed that the parent melt is ‘M1’, which has a 

basaltic andesite composition as estimated from amphibole composition (Chen Jo
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et al., 2018). When amphiboles first crystalized from ‘M1’, the magma is 

zircon-undersaturated and Zr is incompatible, thus Zr contents of the residual 

melt increase until zircon starts to crystallize and a decrease thereafter (Fig. 

11a). Accordingly, the earlier cumulates such as LHS HMMEs (and DMMEs) 

would have lower Zr contents as they are dominated by amphiboles and 

deficient in zircon.  

(2) For the BJS pluton, assuming the parent melt is ‘M2’ (Fig. 11b), which has a 

slightly more felsic composition than ‘M1’. Zircon is undersaturated but soon 

reached saturation after crystallization. Thus, the cumulates could also have 

lower Zr content. 

(3) For the QMS pluton, assuming the parent melt is ‘M3’ (Fig. 11c), which has 

an andesite to dacite composition as estimated from amphibole composition 

(Chen et al., 2016). When amphiboles crystalized from melt ‘M3’, zircon is 

saturated and Zr is compatible, thus Zr contents in the residual melt decrease. 

However, as zircon co-precipitated with amphibole in the cumulate 

assemblages, the cumulate would have higher Zr contents than their parent 

melt. 

It should be noted that although zircon was indeed observed and extracted for 

dating from HMMEs in previous study (Chen et al., 2018), it might not indicate that 

zircon can crystallize during earlier HMME formation, because the composition of 

amphibole and bulk-rock implies that zircon is undersaturated at earlier stage (see 

above). Furthermore, the zircon composition of the LHS HMME and their host 

generally show identical REE contents (Fig. 12), indicating that they crystallized from 

a host magma with similar composition, in contrast to the record by amphibole 

composition (see above). Thus, we suggest that zircon grains found in LHS HMMEs 

may be crystallized from later stage, evolved melts and subsequently captured by early 

formed mafic cumulate piles that are largely plastic before complete solidification. 

Alternatively, they may be crystallized from evolved interstitial melt that trapped by 

early formed mafic cumulate piles. While revealing the exact formation mechanism of 

zircons obtained from mafic igneous rocks is beyond the scope of this study, our above 

inference appears to be consistent with recent experiments and theoretical calculations, 

which suggested that basaltic magma is commonly zircon undersaturated and require 

an anomalously high Zr abundance for the magma to achieve saturation and directly 

crystallize zircon (Boehnke et al., 2013; Siégel et al., 2018). For instance, quantitative 

calculations by Siégel et al. (2018) suggested that at 900 °C a magma with 45 wt% SiO2 

required >5000 ppm Zr for zircon saturation, and ~700–1800 ppm for 55 wt% SiO2, 

which are significantly greater than the typical Zr measured from the bulk-rock (~200-

300 ppm). As discussed above, the trends of decreasing ratios of Zr/Hf in amphiboles 

(Fig. 10) and bulk-rock Zr contents (not shown) in the host granitoids in all the three 

plutons apparently indicate that zircon is a fractionated phase. Thus, if bulk-rock 

compositions of the host granitoids can represent the melt composition from which 

zircon crystallized, the necessary Zr content required to saturate zircon may be 

calculated at a given temperature. For this calculation, we used two zircon saturation 

algorithms of Watson and Harrison (1983) and Boehnke et al. (2013), following Jo
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approaches by Barnes et al. (2019). The temperature is estimated at which Zr/Hf 

decreases in amphibole. As illustrated in Fig. 13, the amount of Zr needed to saturate 

zircon is much higher than present in the rocks hosting the zircon for both algorithms 

from Watson & Harrison (1983) and Boehnke et al. (2013). This difference may 

indicate that Zr-rich melts were lost during accumulation, which further imply that 

bulk-rock composition of the host granitoids represent crystal-mush, consisting of 

cumulate phases and trapped melt.  

 

Crystallization models 

As a preliminary test for the above crystal accumulation scenario, we used 

rhyolite-MELTS (Gualda & Ghiorso, 2015) to model crystal-melt equilibria of the LHS 

host granodiorites and their cumulates following the approach by Lee et al. (2015). 

Calculations were performed for batch crystallization in a closed-system and cooling at 

constant pressure at 20 °C temperature intervals. A starting composition equivalent to 

a basaltic andesite was assumed (55.1 wt.% SiO2, 0.8 wt.% TiO2, 16.5 wt.% Al2O3, 9.1 

wt.% Fe2O3
T, 5.4 wt.% MgO, 6.7 wt.% CaO, 4.2 wt.% Na2O, 1.6 wt.% K2O and 0.26 

wt.% P2O5). Oxygen fugacity was assumed to be buffered at the fayalite-magnetite-

quartz buffer. The crystallization conditions of LHS pluton were assumed to be 300 

MPa with bulk H2O of 7 wt.% and 200 MPa with bulk H2O of 6 wt.%, corresponding 

to the average Al-in-hornblende pressures for LHS HMME and DMME, respectively 

(Chen et al., 2018). We compared the modeled geochemical evolution of a crystallizing 

hydrous basaltic andesite system and the composition of LHS HMME, DMME and 

their host granodiorites in Fig. 14. We find that the HMMEs and DMMEs with SiO2 

between 45 to 50 wt.% are consistent with being cumulates at model melt fractions of 

60-80% (Fig. 14). 

In addition, we also plot the experimental results by Moore and Carmichael (1998) 

in Fig. 14 for comparison. They studied the crystallization products of a basaltic 

andesite from a Mexican volcanic belt basaltic andesite (55.25 wt. % SiO2, 0.74 

wt. %TiO2, Al2O3, 6.68 wt. % MgO, 5.98 wt. % FeOt, 7.28 wt. % CaO, 3.97 wt. % 

Na2O, 1.18 wt. % K2O, 0.27 wt. % P2O5) at 300 MPa and under hydrous conditions 

(Moore & Carmichael, 1998). Based on their experimental results, we re-construct the 

cumulates composition using phase fractions and compositions from minerals and their 

equilibrium melt by the following equations: 

-c in,

1

n
i i i

Bulk um liq liq M n Min

n

C X C X C
=

=  +                         (5)  

in,

1

100%
n

liq M n

k

X X
=

+ =                                    (6) 

Where -c

i

Bulk umC , 
i

liqC and 
i

MinC is the concentration of element i in cumulate, 

interstitial liquid and minerals, respectively; liqX and in,M nX is the phase fraction of 

interstitial liquid and mineral n, respectively. For simplicity, we assumed that the Jo
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composition of interstitial liquid in a cumulate is the same as its equilibrium melt and 

its fraction is constant (~20 wt.%). As an analogy to HMME, we also construct 

amphibole-dominated cumulates with 25 wt.% interstitial liquid. It can be seen that 

there is an overall similarity between the experimental results and LHS MMEs and their 

host granodiorites, as well as above results of rhyolite-MELTS modeling (Fig. 14). 

While these similarities are generally in supportive of our preferred model for the 

cumulate origin of MMEs, we recognize that our MMEs have more modal abundance 

of amphiboles than those of the rhyolite-MELTS modeling and Moore & Carmichael 

(1998). This discrepancy may be in part due to inexplicitly of amphibole model in 

rhyolite-MELTS and/or unmatched starting composition and conditions in the model 

and the high-pressure experiments (i.e., initial melt composition, pressure, temperature, 

or water contents) because previous studies have suggested that the stability of 

amphibole is depending on the H2O and alkali (Na2O and K2O) contents of the bulk 

composition and pressure (Li et al., 2017). A further well-designed experimental study 

on these MMEs and their host granodiorites may be of interest for future research. 

 

Formation of the two types of MMEs 

Based on the above discussion, we envision the following scenarios for the 

generation of two types of MMEs and their host granodiorites in this study (Fig.15), 

which is similar to those suggested by Chen et al. (2016) and Rodríguez and Castro 

(2017). A hydrous magma with basaltic andesite composition intrudes the crust and 

forms a magma chamber, fractionates amphibole-dominated minerals, which 

accumulate to the bottom of the magma chamber, as indictaed by blue arrows to form 

amphibole-riched cumulates similar to LHS HMMEs (Fig. 15). The water-bearing, 

residual dioritic magmas continues to asend and travels from the shallower magma 

chamber into the upper crust, during which thermal-mechanical boundary layers are 

formed at the walls of conduits or new magma chamber leading to differentiation during 

ascent. Because there is an obvious thermal contrast between the asending magma and 

the wall rocks, the magma would quench with rapid crystallization. The major liquidus 

phases of a hydrous dioritic magma would be amphibole, biotite, plagioclase etc. and 

rapid crystallization will facilitate abundant nucleation without between-nuclei space 

for rapid growth, thus resulting in the formation of fine-grained cumulates of DMMEs 

and granodioritic residual magmas (Chen et al., 2015). The granodioritic residual 

magmas continues to fractionate, generating silicic cumulates similar to the host 

granidiorite and residual high silica granitic melt, which could evetually form high 

silica granite or erupt as volcanitc rocks. The earlier crystallized cumulates (HMME 

and DMME) are later disturbed by subsequent magma replenishment (red arrows), 

constituting the MMEs in the dominant host granodiorites.  

 

CONCLUDING REMARKS AND IMPLICATIONS  

In this study, the texture, amphibole composition, in situ zircon O isotopes as well 

as bulk-rock compositions of the MMEs and their host granodiorites are used to test the 

hypothesis whether the MMEs in the NQOB are of cumulate origin. New mineral 

mapping indicates that the texture of DMMEs with fine-grain size from the three Jo
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plutons is not incompatible with a cumulate origin as their major constitute crystals are 

mostly euhedral to subhedral. In each pluton, the overlapping zircon δ18O values 

between the MMEs and their host granodiorites suggest that they share the same 

parental magmas. Taking with published bulk-rock data, we suggest that the MMEs in 

our study have clear cumulate signatures and cumulate origin. We do not wish to 

conclude from our studies that MMEs in granitoids are all of cumulate origin 

worldwide, but we emphasize that MMEs in cyncollisional granitoids are most likely 

of cumulate origin, which is expected to be further confirmed as already demonstrated 

by cases such as Pampean Ranges, Sierra Nevada batholith, Gangdese belt and Kunlun 

Orogen (e.g., Dodge & Kistler, 1990; Dahlquist, 2002; Guan et al., 2012; Huang et al., 

2014). All thse share common textural and geochemical characteristics between MMEs 

and the host granitoids we studied despite their being regarded as evidence for magma 

mixing with the MMEs representing mantle derived basaltic melts (c.f., Barbarin, 

2005). We predict that a comprehensive study through bulk-rock and mineral chemistry 

will further corroborate the cumulate origin of the MMEs in orogenic granitoids. 

Importantly, if the abundant MMEs in orogenic granitoids are fully proved not to be 

evidence of magma mixing (vs. cumulate origin as we understand) as we argue with 

demonstrations, then it will be important to reconsider the interpretations on the 

granitoid/andesite petrogenesis, juvenile crust formation and continental crust 

accretion. In fact, there has been a renewed advocacy in recent studies that crystal 

accumulation is the dominant process of generating intermediate igneous rocks based 

on bulk-rock or mineral geochemistry (Deering & Bachmann, 2010; Lee & Morton, 

2015; Barnes et al., 2019).  

In this context, we should emphasize that it is very likely that MMEs in intraplate 

granitoids associated with deep crystal anataxis or re-corking may indeed be of magma 

mixing origin, which needs dedicated investigations.   
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FIGURE CAPTIONS 

 

Fig. 1. (a-b) Simplified geological map of the NQOB showing the main tectonic units 

and sample locations for this study (after Song et al., 2013; Chen et al., 2018). (c-e) 

Field photos showing sharp contacts between host rocks and MMEs. Zircon U-Pb ages 

in b are from the following references: [1] Chen et al. (2016); [2] Yu et al. (2015); [3] 

Chen et al., 2015; [4] Chen et al. (2018); [5] Fu et al. (2019). 

 

Fig. 2. Photomicrographs showing petrographic characteristics of granitoid samples 

from the LHS (left panels), BJS (middle panels) and QMS pluton (right panels). (a-c) 

show the contact of MMEs of varying sizes with their host granodiorites. (d-i) show the 

mineral assemblage of the MMEs (d, g-i) and their granodiorite hosts (e, f). Amp = 

amphibole; Bt= biotite; Pl = plagioclase; Qz= quartz.  

 

Fig. 3. Mineral abundance (by volumn) of five MME-host pairs from LHS, BJS and 

QMS pluton by TIMA shows that the MMEs generally have the same mineralogy as 

their host granodiorites except that they have more abundance of mafic phases (e.g., 

amphibole and biotite) for each pluton. Mineral abbreviation: Amp = amphibole; Bt= 

biotite; Pl = plagioclase; Qz= quartz; Chl=chlorite; Cpx=clinopyroxene; Or=orthoclase; 

Ms=muscovite. Accessory minerals include apatite, titanite, magnetite, pyrite and 

zircon. 

 

Fig. 4. Classification diagrams of MMEs and their granodiorite hosts from the NQOB. 

(a) A/NK (molar ratio of Al2O3/Na2O+K2O) vs. A/CNK (molar ratio of 

Al2O3/Na2O+K2O+CaO), and (b) Total alkalis vs. SiO2. Major elements of the three 

plutons are from Chen et al. (2015, 2016, 2018), which is compiled in Table S1. 

 

Fig. 5. Variation of Al2O3 (a) and TiO2 (b) as a function of Mg# in amphiboles. 

Amphibole compostions from MME and the host granodiorites of BJS and QMS pluton 

are from Xiao et al. (2020), which is compiled in Table S3. 

 

Fig. 6. Chondrite-normalized REE patterns for amphiboles from the granodiorite hosts 

(a, c and e) and their MMEs (b, d, f, and g) from the NQOB. Chondrite REE values are 

from Sun and McDonough (1989). The solid red line and black lines in each panel 

represent average compostion of melt in equilibrium with amphiboles, and compostion 

of bulk-rocks, respectively. The compositions of equilibrium melts are calculated using 

partition coefficients between amphibole and melt (Shimizu et al., 2017). The red band 
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represent varing the temperature by ±30° in calculating the compositions of equilibrium 

melts. 

 

Fig. 7. In situ zircon δ18O (a), bulk-rock ɛNd(t) (b) and 87Sr/86Sr (i) (c) for MMEs and 

their granodiorite hosts from the NQOB. Bulk-rock ɛNd(t) (b) and 87Sr/86Sr (i) of the 

three plutons are from Chen et al. (2015, 2016, 2018). 

 

Fig. 8. The same region of MMEs imaged by optical microscopy taken under crossed 

polarized light (XPL), except for LHS HMME in j with taken under plane polarized 

light (PPL) (left column) and TIMA images, including phase map (middle column) and 

pie charts of mineral abuandance (by volumn) for the whole thin section of the same 

MME (right column). The first to third rows are DMME from QMS, BJS and LHS 

plutons, respectively. The bottem row are LHS HMME. 

 

Fig. 9. Tests for equilibrium between amphibole and melt based on the Fe-Mg exchange 

coefficient (KD). KD values in the range of 0.38± 0.04 (a) (Alonso-Perez et al., 2009) 

and/or 0.28 ± 0.11 (Putirka 2016) (b) are regarded to be in chemical equilibrium. White 

squares refer to amphibole-rich cumulate reported in Gangdese arc (Zhou et al., 2020). 

Other data source are as Fig. 5. 

 

Fig. 10. Variation of Zr, Hf, and Zr/Hf as a function of Ti in amphiboles.  

 

Fig. 11. Plots illustrating predicted concentration of Zr in the melt and complementary 

cumulates through theoretical liquid lines of descent for LHS pluton (a), BJS pluton (b) 

and QMS pluton (c). The stars with markers “M1”, “M2” and “M3” in different color 

in each subplot refers to assumed parental magma composition for for LHS pluton (a), 

BJS pluton (b) and QMS pluton (c), respectively. Bulk-rock Zr vs. SiO2 are plotted for 

comparision. See text for details. 

 

Fig. 12. Chondrite-normalized REE patterns of zircons in the host granodiorites and 

their MMEs. Chondrite REE values are from Sun and McDonough (1989). 

 

Fig. 13. Zr saturation temperatures calculated assuming bulk-rock compositions are 

equivalent to melt compositions for samples with 2.0 ≤ M ≤ 0.9, using equations 

from Watson & Harrison (1983) and Boehnke et al. (2013) (enclosed fields).  

 

Fig. 14. (a) Bulk-rock MgO vs SiO2 for granodiorite hosts and their MMEs from the 

LHS pluton. Blue and black lines represent isobaric closed system rhyolite-MELTS 

models (Gualda & Ghiorso, 2015) for the melt (with circle) and cumulate (with square) 

lines of descent of a parental basaltic andesite composition at 300 MPa with water 

content of 7 wt% and 300 MPa with water content of 7 wt% , respectively. (b) Bulk-

rock MgO of modeled extracted melt and cumulate plotted as a function of residual 

melt fraction (F%). Color of lines correspond to the same as in a. Arrows indicate 

direction of cooling and decreasing residual melt fraction. Grey diamonts and black Jo
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crosses are compositions of rescructed cumulate and melt from high pressure 

crystallization experiments of hydrous basaltic andesites (Moore & Carmichael, 1998), 

respectively. See text for details. 

 

Fig. 15. Cartoon illustrating a possible scenario for MME formation. a Hydrous basaltic 

andesite magma is emplaced and forms a magma chamber, crystallizing amphibole-

dominated minerals that sink to the bottom of the magma chamber as indictaed by blue 

arrows to form amphibole-riched cumulates similar to the LHS HMMEs. b Dioritic 

magmas continues to fractionate amphibole, plagioclase and biotite etc, generating 

mafic cumulates similar to DMMEs and granodioritic residual magmas. c Granodioritic 

residual magmas continues to fractionate by crystal settling, generating silicic 

cumulates similar to the host granidiorite and residual high silica granitic melt, which 

could evetually form high silica granite or erupt as volcanitc rock (d). Earlier 

crystallized cumulates (HMME and DMME) are later disturbed by subsequent magma 

replenishment (red arrows), constituting the MMEs in the dominant host granodiorite. 

 

Fig. S1. Comparison of major element contents of amphibole obtained by LA-ICP-MS 

in this study with those previously obtained by EMPA (Chen et al., 2018). 

 

Fig. S2. Cathodoluminescene (CL) images of zircons from the host granitoids and their 

MMEs from the NQOB. The red circles indicate the location of O isotope analyses. 

 

Fig. S3. Thin section photos (a) and phase map imaged by TIMA (b) of LHS HMME 

and its granodiorite showing the HMME is dominated by idiomorphic amphibole with 

varying grain size and interstitial plagioclase (outlined by white and blue dashed lines). 

The red line shows the contact of HMME its host granodiorite. 

 

Fig. S4. Variation of Ti as a function of temperature (T °C) in amphiboles. The 

temperature was calculated from Putirka (2016) 

 

TABLE CAPTIONS 

 

Table 1. Zircon O data for the host granodiorites and their MMEs from NQOB. 

 

Table S1. Summary of bulk-rock compostion for the host granodiorites and their 

MMEs from NQOB 

 

Table S2. Zircon O data for standard materials during analysis 

 

Table S3. Amphibole compostition for the host granitoids and their MMEs from 

NQOB. 

 

Table S4. REE concentration of zircon separates for the host granodiorites and their 

MMEs from NQOB Jo
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Figure S1. Comparison of major element contents obtained by LA-ICP-MS in this 
study with those previously obtained by EMPA (Chen et al., 2018).
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Figure S2. Cathodoluminescene (CL) images of zircons from the host 
granitoids and their MMEs from NQOB. The red circles indicate the location 
of O isotope analyses.
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Figure S3. Thin section photos (a) and phase map imaged by TIMA (b) of LHS HMME and its 
granodiorite showing the HMME is dominated by idiomorphic amphibole with varying grain 
size and interstitial plagioclase (outlined by white and blue dashed lines). The red line shows 
the contact of HMME its host granodiorite.
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Figure S4: Variation of Ti as a function of temperature (T °C) in amphiboles. The 
temperature was calculated from Putirka (2016)
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