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Abstract
High-Sr/Y granitoids in continental settings are sometimes erroneously regarded as the products derived 

from partial melting of thickened/delaminated mafic lower curst under relatively higher pressures (>1.5 GPa) 
in a collisional orogenic setting. In fact, multiple magmatic processes in the trans-crustal magma system, such 
as recycling of antecrysts, crustal assimilation, and fractional crystallization, can create or modify the primary 
“adakitic” signature. As a result, the generation of adakitic magmas in continental settings remains controversial 
from a bulk-rock perspective. Here, we address the origin of adakitic plutonic rocks through geochemical and 
textural characterization of rock-forming minerals in the pyroxene-bearing Zhuyuan granodiorite, West Qin-
ling, China. The Zhuyuan granodiorite formed in a post-collisional setting and primarily consists of resorbed 
orthopyroxene, three types of clinopyroxene, amphibole, two types of plagioclases, K-feldspar, biotite, and 
quartz. Type-1 Cpx has high XMg (70.0–81.7). Type-2 Cpx displays normal zoning and decreasing XMg (80.9 
to 71.5) from the core to rim. Type-3 Cpx is reversely zoned, where the rims have higher XMg (75.5–86.9), Ni, 
Cr, suggesting a recharge event. Orthopyroxene has high-Ni and -Cr contents, as well as high XMg (80.9–82.8), 
indicative of antecrysts that grew in mafic magma reservoirs. The injection of magmas from different sources 
is supported by sieve-textured plagioclase and crystal size distributions of non-poikilitic amphibole. Finally, 
non-sieve textured plagioclase, biotite, K-feldspar, and quartz are late-crystallized phases, indicative of an 
orthocrystic origin. The melts in equilibrium with these orthocrysts display significantly higher Sr/Y values 
than the magma batches that crystallized other mafic phases (i.e., amphibole, clinopyroxene, and orthopyrox-
ene). Thus, we propose that the system involved an initial high-Sr/Y melts in equilibrium with the orthocryst 
assemblage was generated by water-fluxed melting of intermediate to felsic sources. The addition of low Sr/Y 
non-orthocrysts (e.g., amphibole and pyroxene) and associated melt diluted the original “adakitic signal” in the 
magma reservoir and drove the bulk composition to more mafic values. Consequently, the Zhuyuan pyroxene-
bearing granodiorite represents a mixture of crystals with diverse origins and distinct magma batches of various 
compositions (from felsic to mafic compositions). Our study emphasizes that the origin of adakitic granitoids 
cannot be clearly deciphered without geochemical analysis of the constituent minerals. We also suggest that 
Sr/Y values in plutons should be cautiously used in paleo-crustal thickness estimates in collisional settings 
because of possible open system scenarios as described here.
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Introduction
The term “adakite” was originally defined as high-Mg an-

desites produced by the partial melting of subducted oceanic 
crust (Kay 1978; Defant and Drummond 1990). Geochemically, 
adakites are characterized by elevated Sr contents (>400 ppm), 
high-Sr/Y and -La/Yb values, but depleted Y (<18 ppm) and 

HREE (e.g., Yb <1.8 ppm) (Defant and Drummond 1990). Sev-
eral mechanisms have been proposed for the origin of adakitic 
magmas based on whole-rock geochemical compositions (Ma et 
al. 2015; Shen et al. 2021 and references therein). For example, 
primary magmas with adakitic affinity may be generated by 
partial melting of various sources under various pressures [e.g., 
delaminated lower crust, thickened lower crust, mantle wedge 
peridotite metasomatized by slab melts, intermediate to felsic 
source rocks with initially high Sr, low Y and Yb (Calmus et al. 
2003; Moyen 2009; Ma et al. 2015; Ji et al. 2018; Ou et al. 2017; 
Yu et al. 2015; Zhan et al. 2020)]. On the other hand, magma 
processes (e.g., fractional crystallization, crystal accumulation, 
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and/or magma mixing) may produce or modify “adakitic” felsic 
melts (e.g., Chen et al. 2016; Guo et al. 2007). For example, 
amphibole fractionation prior to plagioclase saturation would 
lead to the enrichment of Sr and depletion of Y in derivative 
melts (Moyen 2009; Nandedkar et al. 2016). As such, the origin 
of adakites has been controversial, and this issue warrants fur-
ther reevaluation via comprehensive mineral-scale geochemical 
investigation (Castillo 2012; Castillo et al. 1999).

Moreover, previous reported mechanisms for the genera-
tion of adakitic magmas were largely based on experiments 
and modeling using a simple rock source or a melt-dominated 
closed system (e.g., Martin et al. 2005; Stern and Kilian 1996); 
however, recent crystal population studies on trans-crustal 
magma-mush reservoirs have challenged the suppositions nec-
essary to generate adakitic magmas especially in plutonic arc 
crust (e.g., Paterson et al. 2016; Graham et al. 2020; Brackman 
and Schwartz 2022). For example, some workers argue that 
felsic magma reservoirs likely comprise multiple generations 
of crystals [e.g., orthocrysts, antecrysts, peritectic crystals, 
or xenocrysts (Bach et al. 2012; Miller et al. 2007; Clemens 
and Stevens 2012)] of contrasting origins (Jerram et al. 2018; 
Miller et al. 2007), which are entrained by different batches 
of both interstitial melts and volatile phases [i.e., a system of 

melt stored in a framework of crystals, referred to as crystal 
mush (Cashman et al. 2017; Collins et al. 2020; Wieser et al. 
2020)]. In some cases, original adakitic signals (i.e., high-Sr/Y 
and -La/Yb values) could be diluted by the addition of non-
orthocrysts characterized by low Sr/Y values (e.g., Macpherson 
et al. 2006), and as a consequence, geochemical trends defined 
by the whole-rock compositions could deviate from the liquid 
line of descent of the host magma due to the addition of various 
proportions of non-orthocrysts.

One approach to characterize these complex geochemical 
signals is to determine the compositions of individual minerals 
such as plagioclase, pyroxenes, titanite, zircon, and apatite, 
which have become widely used as petrogenetic tools in supple-
menting or even replacing conventional bulk-rock analyses. 
For instance, Hollings et al. (2020) used early-crystallized 
apatite to show that the “adakite signal” of the equilibrium melt 
had not been influenced by subsequent amphibole-dominated 
fractional crystallization. In this regard, geochemical signatures 
of constituent minerals that witnessed different stages of the 
geochemical evolution history and/or various sources may 
provide new perspectives for further constraining mechanisms 
of adakites generation.

Here, we explore the Late Triassic post-collisional grano-

Figure 1. (a) Simplified geological map of China, showing the major tectonic units (after Zheng et al. 2010). (b) Geological map of the West 
Qinling Orogenic Belt, showing the distribution of Early Mesozoic granitoids (after Hu et al. 2019; Li et al. 2015; Luo et al. 2012; Xing et al. 
2020; Zeng et al. 2018). Data sources for the zircon U-Pb ages are given in Online Materials1 Table OM1. Place names: WQ = West Qinling; SG = 
Songpan-Garzê Terrane; QD = Qaidam; QL = Qilian Terrane; NQ = North Qinling; YB = Yangtze Block; NCB = North China Block; SCS = South 
China Sea; QT = Qiangtang Terrane; LT = Lhasa Terrane; CB = Cathaysia Block. (Color online.)
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diorite pluton in the Zhuyuan area, West Qinling, which has 
complex mineral assemblages and shows remarkably whole-rock 
high-Sr/Y properties, a diagnostic imprint of adakitic rocks. This 
makes it a valuable target for exploring the contributions of dif-
ferent generations of minerals to the nature of adakitic granitoids. 
In this study, we have classified several types of amphiboles, 
plagioclase, and pyroxenes in the Zhuyuan pluton. Multiple lines 
of evidence support open-system processes, including pluton 
construction from multiple generations of antecrysts and magma 
batches in a felsic magma reservoir at shallow crustal depths. 
Furthermore, we argue that water-fluxed melting of intermediate 
to felsic sources controls the development of high-Sr/Y interstitial 
melts of the studied pluton, and it has no tectonic indication for 
thickened/delaminated mafic lower curst in spite of emplacement 
during post-collisional settings.

Sample descriptions
The Zhuyuan pluton investigated in this study intruded Devonian strata (the 

Wangjiaba, Weijiamu, and Yuchiba Formation) in the eastern part of the West Qin-
ling Orogenic Belt (Figs. 1b and 2). All 17 samples are classified as granodiorites 
(Online Materials1 Table OM1) (Streckeisen 1976). They display a medium- to 
fine-grained texture (Figs. 3a–3b). Rock-forming minerals include quartz (Qtz: 
~20 vol%), plagioclase (Pl: 40–45 vol%), K-feldspar (Kfs: 15–20 vol%), biotite 
(Bt: ~5 vol%), amphibole (Amp: 5–10 vol%), clinopyroxene (Cpx: ~5 vol%), and 
orthopyroxene (Opx: <2 vol%). Accessory minerals are apatite, zircon, titanite, 
and magnetite.

Two types of plagioclase crystals are identified. One is clear without resorbed 
cores or oscillatory zoning; it occurs as phenocrysts or microlites in the groundmass 
and generally exhibits polysynthetic twinning (Fig. 3b). The other type commonly 
displays oscillatory zoning with patchy- or sieve-textured cores surrounded by 
clear rims (Figs. 3c–3d). The sieve texture (Fig. 3c) indicates disequilibrium or 
resorption and thus implies a xenocrystic (Xu et al. 1999) or antecrystic origin 
(Jerram and Martin 2008) for the cores. K-feldspar is anhedral and generally 
measures <1 mm (Fig. 3b).

Pyroxenes display poikilitic textures (Figs. 3e–3i), are anhedral to subhedral, 
and have sizes of 0.05–1 mm in length. All Cpx and Opx with ragged margins 
are enclosed by amphibole, reflecting the formation of amphibole at the expense 
of pyroxene (Figs. 3e–3i). Based on backscattered electron (BSE) images and 
geochemical characteristics, we identify three types of Cpx: unzoned (Type-1 
Cpx), normally zoned (Type-2 Cpx), and reversely zoned (Type-3 Cpx) crystals. 
In BSE images, both Type-2 and Type-3 Cpx (Fig. 3g) show zoning with core–rim 
textures, while Opx does not display zoning (Fig. 3i).

Amphibole is one of the principal mineral phases in the Zhuyuan granodiorites 
that occasionally form aggregates. Amphiboles are euhedral to subhedral, with 
sizes of 0.01–2.5 mm in diameter, have distinct brown to pale green pleochroism, 
and do not display zoning in BSE images (Fig. 3g). Some amphiboles display 
poikilitic textures with biotite (Fig. 3c). According to the texture and particle sizes, 
we divide them into two types (Type-1 amphibole and Type-2 amphibole). Type-1 
amphibole grows along pyroxene grain boundaries and forms a poikilitic texture 
with pyroxene. Their size is >0.3 mm. Type-2 amphibole does not show poikilitic 
textures with pyroxene and has smaller grain sizes (0.01–0.4 mm). Most amphiboles 
occur as corroded grains and do not display equilibrium grain boundary textures 
where they are in contact with plagioclase and generally exhibit lobate textures 
(Figs. 3g–3i). This observation suggests that amphibole and plagioclase do not 
exist in the same equilibrium mineral assemblage. Subhedral to anhedral biotites 
are khaki to brown, with a length of <1 mm. Biotite usually occurs as interstitial 
phases associated with K-feldspar and quartz.

Results
Mineral element compositions

Representative in situ major- and trace-element data of Opx, 
Cpx, Amp, Bt, Pl, and Kfs from the Zhuyuan granodiorites are 
listed in Online Materials1 Tables OM3–OM4 and shown in 
Figures 4 to 6. To ensure the reliability of the data, we only use 
trace element concentrations higher than 0.1 ppm (generally >5 

times the detection limit) for interpretations and calculations. 
Chemical formulas for biotite and plagioclase were calculated 
with the AX software (Holland and Blundy 1994). For pyrox-
ene, we use the Geokit software (Lu 2005), and for amphibole, 
we use the method proposed by Li et al. (2020a).

To determine trace-element distributions in mineral phases, 
several mineral grains were selected for LA-ICP-MS element 
mapping. A total of 51 elements were mapped for these miner-
als, and Figures 7–9 display the elements of interest (i.e., Al, 
Sr, Y, REE, Cr, and Ni) and important parameters (Sr/Y and 
XMg values). Figures 7 and 9 present compositional profiles 
across core-rim interfaces, and Online Materials1 Tables OM4 
contain the corresponding data.

Clinopyroxene. Clinopyroxene shows a large range of SiO2 
(50.0–54.1 wt%) and MgO (12.4–17.1 wt%) contents, high 
XMg (Mg/[Mg+Fe2+] × 100) of 70.0–86.9, and variable ΣREEs 
(37.8–245 ppm), Cr (145–5821 ppm), and Ni (56.2–346 ppm) 
abundances (Table 1; Online Materials1 Table OM4). All are 
classified as diopside or augite (Fig. 4a). Several grains exhibit 
compositional zonation (Fig. 5). From BSE images and geo-
chemical data, we identify three types of Cpx (Fig. 5): unzoned, 
normally zoned, and reversely zoned.

Unzoned Cpxs (Type-1 Cpx) are subhedral to anhedral 
and are diopside and augite (Fig. 4a). We further divide them 
(Type-1A and Type-1B) based on their FeOT contents, XMg 
values, and chondrite-normalized REE patterns, and both 
subtypes may occur in a single thin section. Type-1A Cpx is 
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online.)
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characterized by high XMg (72.6–81.7; Fig. 5a), variable FeOT 
(6.63–9.69 wt%), and low ΣREEs (54.3–75.0 ppm; Online Ma-
terials1 Tables OM3–OM4). They have chondrite-normalized 
REE distribution patterns with negative slopes and moderately 
negative Eu anomalies (Eu/Eu* = 0.54–0.68) (Fig. 6a). The 
primitive mantle-normalized trace element patterns (Fig. 6b) 
show depletions in Sr, P, Nb, Ta, Zr, Hf, and Ti, and enrich-
ments in Pr, Nd, and Sm.

Type-1B Cpx has higher FeOT (9.67–11.0 wt%), Cr (551–
1033 ppm), Ni (185–187 ppm), and ΣREEs (135–189 ppm) but 
slightly lower XMg (70.0–76.5; Fig. 5b; Table 1) than Type-1A 
Cpx. In addition, the Type-1B Cpx exhibits moderately nega-
tive Eu anomalies (Eu/Eu* = 0.41–0.43, Fig. 6a). The primitive 
mantle-normalized trace element patterns (Fig. 6b) of both 
sub-types are similar.

Normally zoned Cpx is subhedral, with slightly darker cores 
and brighter rims (Figs. 5c–5d). The cores exhibit high XMg 
(76.1–80.9; Fig. 5d; Table 1) and Cr contents (1210–1377 ppm) 
but low ΣREEs (53.7–60.9 ppm). Their chondrite-normalized 
REEs (Fig. 6c) display weakly negative Eu anomalies (Eu/
Eu* = 0.73–0.78). The Type-2 Cpx cores show significant 
depletions in HFSEs (e.g., Nb, Ta, Zr, Hf, and Ti), K, and P 
and enrichments in Pb and Nd (Fig. 6d). In comparison with 

the Type-2 Cpx cores, their rims have slightly higher FeOT 
(8.75–9.92 wt%) and ΣREEs (139–245 ppm), but lower MgO 
(12.4–14.6 wt%) contents and XMg (71.5–76.2). In addition, the 
Type-2 Cpx rims have much stronger negative Eu anomalies 
(Eu/Eu* = 0.32–0.46, Fig. 6c) and larger ranges of Nb, Ta, and 
K concentrations (Fig. 6d).

Reversely zoned Cpx (Type-3 Cpx) is subhedral with 
brighter cores and darker rims in BSE images (Figs. 5e–5f). 
The bright cores contain 14.3–16.0 wt% of MgO with XMg of 
74.3–83.2, are classified as diopside and augite with Wo = 
41.8–46.5 mol% (Fig. 4a), have slight negative Eu anomalies 
(Eu/Eu* = 0.82–0.97; Fig. 6e). As revealed by primitive mantle-
normalized trace element patterns, rims of the Type-3 Cpx show 
depletions in HFSEs (e.g., Nb, Ta, Zr, Hf, and Ti), Ba, K, and 
P but enrichments in Nd, Th, and Pb (Fig. 6f). By contrast, the 
dark rims contain slightly more MgO (14.6–17.1 wt%) with 
XMg of 75.5–86.9 (Fig. 5f; Table 1), are augite with a lower Wo 
content (42.1–44.1mol%). The BSE darker rims show similar 
primitive mantle-normalized trace element patterns as the bright 
cores (Fig. 6e), but significantly higher Cr (3480–5821 ppm) 
and Ni (244–346 ppm) contents.

One Type-3 Cpx from sample ZY17–4 was selected for 
LA-ICP-MS element mapping. The Cr and Ni concentrations 
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Figure 3. Representative field and microstructural photographs of the Zhuyuan pluton. (a) Photograph of the Zhuyuan granodiorites. (b) 
Plagioclases with polysynthetic twinning. (c) A plagioclase phenocryst with a sieve texture. (d) A plagioclase phenocryst with oscillatory zoning. 
(e) A clinopyroxene crystal enclosed by amphibole. (f) A clinopyroxene crystal enclosed by amphibole and biotite. (g) A clinopyroxene crystal with 
clear core–rim texture. (h) An orthopyroxene crystal enclosed by amphibole. (i) An unzoned orthopyroxene (black outline) mantled by amphibole. 
Mineral abbreviations: Cpx = clinopyroxene; Opx = orthopyroxene; Amp = amphibole; Bt = biotite; Pl = plagioclase; Kf = K-feldspar; Qtz = 
quartz. (Color online.)
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Figure 4. Classification 
diagrams for  rock-forming 
minerals from the granodiorites 
of the Zhuyuan pluton. (a) 
Wo-En-Fs ternary diagram for 
pyroxenes (after Morimoto et al. 
1988). (b) Mg/(Mg + Fe2+) vs. 
Si diagram for amphiboles (after 
Leake et al. 1997). (c) Ternary 
Mg–(Fe2+ + Mn)–(AlVI + Fe3+ 
+ Ti) (apfu) diagram for biotite 
(after Foster 1960). (d) Ternary 
10 × TiO2–(FeOT + MnO)–MgO 
(wt%) diagram for biotite (after 
Nachit et al. 2005). (e) Or-Ab-
An ternary diagram for feldspars 
(after Smith 1974). Abbreviations: 
Cpx = clinopyroxene; Opx = 
orthopyroxene; Ab = albite; Or = 
orthoclase; An = anorthite; Pl = 
plagioclase; Amp = amphibole; 
Bt = biotite; Kfs = K-feldspar. 
(Color online.)

are higher in the rim than in the core (Fig. 7), likely reflecting a 
mafic magma recharge event. Element data of the correspond-
ing cross section (Profile A) are provided in Online Materials1 
Table OM4. The Cr contents are lower in the core (530–1500 
ppm), but higher in the rim (2315–10375 ppm), which also 
applies to Th and Sr, resulting in higher Sr/Y values in the 
rim (core: 4.45–9.49, rim: 5.85–18.5; Online Materials1 Table 
OM4).

Orthopyroxene. Orthopyroxene is classified as enstatite (Fig. 
4a) with a compositional range of Wo2.02−2.58En78.9−80.9Fs17.1−19.0. 
They have high Cr (1854–2261 ppm) and Ni (591–837 ppm) 
concentrations, high XMg of 80.9–82.8, and low abundances of 
Al2O3 (1.76–2.86 wt%), TiO2 (0.09–0.18 wt%), and CaO (1.01–
1.30 wt%; Xie et al. 2023), and very low ΣREEs (0.73–2.82 ppm; 
Online Materials1 Table OM4).

On a LA-ICP-MS element map of one representative Opx 
of sample ZY17–15 (Fig. 8), the crystal shows a ubiquitous 

enrichment of Cr and Ni. Notably, the Sr/Y values increase 
significantly along the cleavage, cracks, and edges of this crys-
tal, probably reflecting the influence of late-stage magmatic/
hydrothermal activity.

Amphibole. Using the amphibole nomenclature and clas-
sification schemes of Leake et al. (1997) and Li et al. (2020a), 
all the analyzed amphiboles are calcic (CaB ≥1.5 apfu, (Na+K)A 
<0.5 apfu) and are classified as magnesiohornblende (Fig. 4b). 
There are no obvious compositional differences between larger 
(Type-1 amphibole) and smaller (Type-2 amphibole) amphi-
boles (Online Materials1 Table OM3–OM4). They feature vari-
able SiO2 (46.5–51.0 wt%), Cr (77–1038 ppm), and Ni (103–205 
ppm) contents, moderately high XMg (63.1–74.6), and limited 
ranges in Al2O3 (4.22–6.14 wt%), TiO2 (0.48–1.21 wt%), and 
total alkalis (Na2O + K2O: 1.11–1.79 wt%). The amphiboles 
show high ΣREEs (303–712 ppm), pronounced negative Eu 
anomalies (Eu/Eu* = 0.14–0.29), and obvious depletion of 
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unzoned clinopyroxenes (ZY17-11-2 and ZY17-13-2). (c) and (d) A normally zoned clinopyroxene and the core–rim profile of its XMg (ZY17-4-3). 
(e and f) A reversely zoned clinopyroxene and the core–rim profile of its XMg (ZY17-4-2). (g) A plagioclase crystal with a sieve texture (ZY17-4-1). 
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Amp = amphibole; Bt = biotite. (Color online.)
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Figure 6. (a, c, e, and g) Chondrite-normalized REE patterns and (b, d, f, and h) primitive mantle-normalized trace element patterns for 

clinopyroxene and amphibole from the Zhuyuan pluton. The normalization values are from Sun and McDonough (1989). (Color online.)
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HREE relative to LREE (Fig. 6g). They are depleted in Ba, Sr, 
and Zr, but enriched in Nd and Sm (Fig. 6h).

LA-ICP-MS element mapping of one magnesiohornblende 
(Type-2 amphibole) abutting Opx (Fig. 8) confirms the com-
positional features (e.g., relatively high XMg and low Sr/Y) of 
the single spot in situ analysis.

Biotite. Biotite exhibits relatively consistent AlIV values 
(1.13 to 1.32 apfu) and contains high FeOT (19.1–20.6 wt%) and 
Al2O3 (12.7–14.6 wt%) and moderate MgO (11.1–14.3 wt%); 
XMg are 54.4–61.5 (Table 1). According to the classification of 
Foster (1960), the biotites are within the compositional range 
of magnesian biotite (Fig. 4c). Nachit et al. (2005) discriminate 
magmatic or primary biotite from secondary or re-equilibrated 
primary biotite in a 10 × TiO2–FeO*(= FeO + MnO)–MgO 

ternary diagram (Fig. 4d). On this diagram, all analyzed biotites 
plot in the primary biotite field. The trace element compositions 
of the biotites vary slightly (Online Materials1 Table OM4): 
they have low abundances of Sr (1.74–6.74 ppm), relatively 
low concentrations of Y (0.15–0.33 ppm), with high values of 
Sr/Y (17.5–43.8), relatively low ΣREEs (ranging from 0.30 
to 4.12 ppm), relatively high contents of Rb (317–601 ppm), 
Ba (471–6055 ppm), Nb (27.5–53.7 ppm), and Ni (191–283 
ppm), but low abundances of Ta (1.00–4.79 ppm) and Hf 
(0.12–0.28 ppm).

One biotite from sample ZY17–4 was selected for LA-ICP-
MS element mapping (Fig. 9) and acquisition of one cross 
section (Profile B; Online Materials1 Table OM4). The core of 
this biotite features lower Sr, Cu, and Pb concentrations than 

Figure 7. Back scattered electron image and LA-ICP-MS maps of representative elements and important parameters for a reversely zoned 
clinopyroxene from sample ZY17–4. All LA-ICP-MS maps show probability density abundances to accentuate distribution characteristics. LA-
ICP-MS data of Profile A extracted parallel to line A–B are listed in Online Materials1 Table OM4. (Color online.)
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the rim. The entire biotite shows high-Sr/Y values (7.32–174), 
relatively high-XMg values (52.1–60.1), and high abundances 
of Ni (307–459 ppm), Ba (2840–6438 ppm), and Rb (191–
382 ppm). All these characteristics are similar to those of the 
biotites described above based on single spot in situ analysis.

Plagioclase is mainly classified as oligoclase–andesine and 
subordinately as labradorite (Fig. 4e), with anorthite contents 
(An) of 14.9–51.6 mol% (Table 1; Online Materials1 Tables 
OM3–OM4). We identify two distinct plagioclase populations: 
sieve-textured plagioclase cores (Type-1 Pl) with rim over-
growths (Fig. 5g), and unreacted plagioclases devoid of sieve 
textures (Type-2 Pl, Fig. 5h). The sieve-textured plagioclase 
cores (Type-1 Pl) exhibit higher An (32.9–51.6 mol%) and Rb 
contents (10.4–318 ppm) than their overgrowth rims (Type-2 
Pl; 15.6–29.4 mol% and 0.92 ppm, respectively; Table 1). Type-
2 plagioclases are homogeneous in composition and contain 

low An (14.9–26.9 mol%) and Rb (0.31–4.28 ppm; Table 1). 
Since the composition of the sieve-textured plagioclase rims 
is similar to that of the Type-2 plagioclase, they possibly grew 
at the same time. In other words, we may consider the rims on 
Type-1 grains as part of the same geochemical group (Type-2 
plagioclase). Both types of plagioclases have variable ΣREEs 
abundances (12.8–45.3 ppm), high Sr (865–1519) ppm but 
extremely low-Y contents (0.10–0.22 ppm), and high Sr/Y 
(4254–14513) (Table 1).

LA-ICP-MS element mapping of several plagioclase inclu-
sions within the amphibole featured in Figure 8 shows that 
plagioclases have high-Sr contents (~66.9–1860 ppm) and high 
Sr/Y (~25.3 to 62600) and Sr/Rb (~17.0 to 66200) values, simi-
lar to Type-2 plagioclases and sieve-textured plagioclase rims 
described above. This indicates that the appearance of these 
plagioclases included by amphibole might be the result of the 

Figure 8. Back scattered electron image and LA-ICP-MS maps of representative elements and important parameters for an orthopyroxene + 
amphibole assemblage from sample ZY17–15. All LA-ICP-MS maps show probability density abundances to accentuate distribution characteristics. 
(Color online.)
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sectioning-effect (plagioclases protruding into amphibole from 
the top or bottom of the thin section), and these plagioclases do 
not crystallize earlier than hornblende. The similar sectioning-
effect also occurs between amphibole and pyroxene (Fig. 7).

It should be noted that HREE are sometimes close to or 
below the detection limits in plagioclase, and the extremely 
high-Sr/Y values of some plagioclase crystals are not accurate.

K-feldspars. K-feldspars are sanidine, and their orthoclase 
(Or) contents range from 72.4 to 95.8 mol% (Online Materials1 
Table OM3). They display very high positive Eu anomalies 
(Eu/Eu* >4.01, Tables 1; Online Materials1 Table OM4), high 
concentrations of Rb (197–338 ppm), Ba (1077–5925 ppm), 
and Sr (535–1029 ppm), low contents of Y (≤0.1 ppm, the Y 
contents of several crystals are below the detection limit), with 
correspondingly extremely high-Sr/Y values (>5345; Table 1).

Crystal size distribution (CSD)
We analyzed a 354 mm2 area across two thin sections and 

observed 2246 amphiboles with non-poikilitic textures covering 
an area of 41.4 mm2 (see Online Materials1 Table OM5 for CSD 
analysis data of these amphiboles). The crystal sizes range from 
0.01 to 0.4 mm (Figs. 10a–10b). On a plot of the logarithm of the 
crystal population density [ln(n)] vs. size (L) (Figs. 10c–10d), 
the CSDs of both samples exhibit a significant change in slope 
from a shallow gradient in the larger crystals to a steeper gradient 
in the smaller crystals. As shown in Figure 10, the amphibole 
CSD may be separated into at least two groups, and the regres-
sion curve equations of different groups of amphibole CSDs 
are given in the figure. Linear CSD curves generally indicate 
that the crystal population densities are primarily controlled by 
crystal nucleation and growth, whereas kinked CSDs are usually 

Table 1. The important parameters of rock-forming minerals of the Zhuyuan granodiorites
Mineral	 XMg	 An/Or	 Sr (ppm)	 Y (ppm)	 Rb (ppm)	 Sr/Y	 ΣREE (ppm)	 Texture	 Type
Type-1A Cpx	 72.6–81.7	 –	 34.4–45.5	 20.1–24.4	 2.69	 1.41–2.26	 54.3–75.0	 poikilitic texture, non-zoned	 antecrysts
Type-1B Cpx	 70.0–76.5	 –	 32.8–38.2	 43.3–53.3	 0.90–2.03	 0.61–0.80	 135–189		  antecrysts
Type-2 Cpx core	 76.1–80.9	 –	 50.9–52.2	 13.8–14.5	 0.20–0.36	 3.51–3.79	 53.7–60.9	 poikilitic texture, normally zoned	 antecrysts
Type-2 Cpx rim	 71.5–76.2	 –	 29.3–42.7	 29.7–47.7	 0.91–2.62	 0.61–1.22	 139–245		  antecrysts
Type-3 Cpx core	 74.3–83.2	 –	 43.1–127	 7.57–8.96	 0.31–11.7	 5.30–14.8	 51.0–68.6	 poikilitic texture, reversely zoned	 antecrysts
Type-3 Cpx rim	 75.5–86.9	 –	 82.5–91.9	 6.27–7.57	 0.24–0.55	 11.7–13.2	 37.8–46.6		  antecrysts
Orthopyroxene	 80.9–82.8	 –	 0.29–0.84	 1.29–3.77	 0.10–0.22	 0.45–0.65	 0.72–2.82	 poikilitic texture	 antecrysts
Amphibole	 63.1–74.6	 –	 17.0–29.8	 58.2–141	 1.54–1.94	 0.15–0.33	 303–693	 disequilibrium boundary texture	 antecrysts
Type-1 Pl	 –	 An: 32.9–51.6	 965–1519	 0.14–0.21	 10.4–318	 6002–9768	 12.8–45.3	 sieve texture	 antecrysts
Type-2 Pl	 –	 An: 14.9–29.4	 865–1494	 0.10–0.22	 0.31–4.28	 4254–14513	 15.3–36.2	 non-sieve texture	 orthocrysts
Biotite	 54.4–61.5	 –	 1.74–6.74	 0.15–0.33	 317–601	 17.5–43.8	 0.30–4.12	 interstitial mineral	 orthocrysts
K-feldspar	 –	 Or: 72.4–95.8	 535–1029	  <0.1	 197–338	  >5345	 1.47–16.1	 interstitial mineral	 orthocrysts

Figure 9. Back scattered electron image and LA-ICP-MS maps of representative elements and important parameters for a biotite from sample 
ZY17–4. All LA-ICP-MS maps show probability density abundances to accentuate distribution characteristics. LA-ICP-MS data of Profile B 
extracted parallel to line C–D are listed in Online Materials1 Table OM4. (Color online.)
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explained by the mixing of different crystal generations (Burney 
et al. 2020; Higgins 1996; Morgan et al. 2007; Wang et al. 2019; 
Yang et al. 2010).

Discussion
A key problem in interpreting adakitic rocks in continental 

settings is that felsic magmatic rocks commonly represent an 
assembly of interstitial melts and several crystal populations with 
different origins (Namur et al. 2020 and references therein). In the 
case of the Zhuyuan granodiorites, we also hypothesize that their 
high-Sr/Y signal could be derived from multiple batches of mag-
mas within an open magmatic system. We combine whole-rock 
geochemical characteristics with in situ mineral compositions to 
highlight the potential role of magma mixing in the formation of 
the Zhuyuan granodiorites. The relevant discussion is provided 
in the Online Materials1. Furthermore, in subsequent discussions, 
we focus on the origin and evolutionary process of the high-Sr/Y 
signature of the Zhuyuan granodiorites.

Crystal-melt equilibria
Assuming that the minerals were in equilibrium with the 

corresponding host melts during crystallization, the geochemi-
cal compositions of the parental magmas may be estimated with 
compositionally appropriate mineral-melt partition coefficients 
(KD; Online Materials1 Table OM6). Based on petrographic 
observations (Fig. 3), we have determined the complex mineral 

associations of the Zhuyuan granodiorites, which are mainly 
composed of 11 kinds of minerals, including three types of Cpxs, 
Opx, two types of amphiboles, two types of plagioclases, Bt, 
Kfs, and Qtz. Because there is no difference in compositional 
characteristics and crystallization conditions between the Type 
1 amphibole and Type-2 amphibole (Online Materials1 Tables 
OM3–OM4), we consider them to have formed in the same trans-
crustal magmatic system. In addition, Bt, Kfs, and Qtz are the 
interstitial minerals, and are the most easily identifiable late-stage 
crystalline mineral phases, which could have possibly formed 
in the same magmatic environment. Thus, we provisionally de-
fine eight magma environments (A, B, C, D, E, F, G, and H) in 
which different types of minerals crystallized (Table 2). Based 
on the mineralogical characteristics, we initially classified the 
magmatic environments into four subtypes: A-D, E, F-G, and H. 
In the following, these magma environments could be identical, 
similar, or distinct. We will further discuss the significance of 
these below in the “Crystal cargoes in the magmatic plumbing 
system” section.

Environments A, B, C, and D: The parental magmas in 
which the various types of pyroxenes crystallized. We use the 
Fe–Mg exchange coefficient [KD(Fe–Mg)Cpx–liq] value of 0.27 
± 0.03 to calculate the Mg# of melts in equilibrium with Cpxs 
(Pichavant and Macdonald 2007; Putirka 2008; Sisson and Grove 
1993). Considering the high XMg of pyroxenes in this study, we 
use partition coefficients between pyroxene and basaltic melts to 
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Figure 10. (a and b) Amphiboles outlined in photomicrographs of samples ZY17–1 and ZY17–11, respectively. (c and d) The CSD diagrams 
of ln(n) vs. size of amphibole for samples ZY17–1and ZY17–11, respectively, where “n” represents the number of grains. Slope and intercept 
definitions are as follows: Slope = –1/Gt; Intercept = I/G, where nucleation rates (I) and crystal residence reservoir (t) were calculated by assuming 
a constant crystal growth rate (G; Marsh 1988). (Color online.)
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calculate trace-element compositions of the melt in equilibrium 
with the pyroxene (Bédard 2001; Elkins et al. 2008). Calculated 
trace-element concentrations of melts in equilibrium with py-
roxenes are listed in Table 2 and Online Materials1 Table OM6.

The calculated equilibrium melts (Environment A) of the 
Type-1 Cpx have a wide range of Mg# (39.5–55.5) and values 
of Type-1A (39.5–47.7) and Type-1B Cpx (42.7–55.5) overlap. 
Melts in equilibrium with Type-1A Cpx exhibit moderately 
negative Eu anomalies (Eu/Eu* = 0.54–0.68; Fig. 11a), rela-
tively high-Ce/Pb values (83.6 on average), and low Sr/Y values 
(4.52–7.27) (Fig. 12). Type-1B Cpx equilibrium melts have 
more pronounced negative Eu anomalies (Eu/Eu* = 0.41–0.43), 
comparable Ce/Pb values (78.8–156), and lower Sr/Y values 
(1.97–2.57). Type-1A and Type-1B Cpx equilibrium melts show 
similar chondrite-normalized rare earth element distribution 
patterns.

The melts (Environment B) in equilibrium with Type-2 Cpx 
have Mg# of 41.3 to 54.2. The melts in equilibrium with Type-2 
Cpx cores display slight to moderate Eu anomalies (Eu/Eu* = 
0.72–0.77; Fig. 11b) and low Sr/Y (11.3–12.2) but high-Ce/Pb 
values (15.5 on average). Compared with the cores, the melts 
in equilibrium with Type-2 Cpx rims exhibit more significant 
negative Eu anomalies (Eu/Eu* = 0.32–0.46), higher ΣREE 
contents and Ce/Pb values (41.2–133), but lower values of Sr/Y 
(1.97–3.93).

The melts (Environment C) in equilibrium with Type-3 Cpx 
span a large range of Mg#. The melts in equilibrium with Type-
3 Cpx core have Mg# of 44.7–58.1, high Ce/Pb (23.9–55.7) 
and Sr/Y (17.0–47.6) values, and slight to negligible negative 
Eu anomalies (Eu/Eu* = 0.82–0.96; Fig. 11c). Compared with 
the cores, the melts in equilibrium with Type-3 Cpx rim have 
on average higher Mg# (48.4–65.0), high Sr/Y (37.6–42.4, Fig. 
12a) and Ce/Pb values (12.1 on average, Fig. 12b), and negative 
Eu anomalies (Eu/Eu* = 0.85–1.02). The melts (Environment 
D) in equilibrium with Opx have high Mg# of 56.8–59.9 (Kd = 
0.31; Price et al. 2012), high mean Ce/Pb values of 11.4 (Fig. 
12b), but moderate Sr/Y values (11.7–21.8).

Environment E: The parental magmas in which two 
types of amphiboles crystallized. Amphibole–liquid partition 
coefficients for trace elements were calculated using the mineral 
composition model proposed by Humphreys et al. (2019) and 
Shimizu et al. (2017). The melts in equilibrium with amphi-
bole (Table 2; Online Materials1 Table OM6) feature low Mg# 
(21.7–34.6), negative Eu anomalies (Eu/Eu* = 0.13–0.29; Fig. 
11d), and relatively low Sr/Y (4.13–21.6), and medium Ce/Pb 
values (8.92 on average).

Environments F and G: The parental magmas in which 
both sieve-textured and clear plagioclase crystallized. The 
partition coefficients of Sr between plagioclase and silicate melts 
depend on the chemical composition of plagioclase (Bindeman 
et al. 1998). Plagioclase-silicate melt partition coefficients for 
Sr, Rb, and REE were calculated using the mineral composition 
model of Sun et al. (2017). Partition coefficients for Y and Ba 
are from Nash and Crecraft (1985). The melts (Environment F) 
in equilibrium with Type-1 plagioclase have relatively high Sr/Y 
(218–315) and Sr/Ba values (0.4–1.27), low Sr/Rb (0.2–6.81) 
and Ce/Pb (3.18–5.59), and positive Eu anomalies (Eu/Eu* = 
5.44–8.16; Table 2). By contrast, the melts in equilibrium with 
Type-2 plagioclase (Environment G) display lower Ce/Pb (1.55–
2.27), higher Sr/Rb (26.4–252) and Sr/Ba values (0.99–1.67), the 
same high-Sr/Y values (96.5–375), and more obvious positive 
Eu anomalies (Eu/Eu* = 4.85–25.4).

Environment H: The parental magmas in which Bt, Kfs, 
and Qtz crystallized. Biotite and K-feldspar mainly appear as 
interstitial minerals, which are the products of late-stage melt. 
Therefore, we select the partition coefficients of trace elements 
for melts in equilibrium with biotite and K-feldspar (Nash and 
Crecraft 1985; Sun et al. 2017; Schnetzler and Philpotts 1970; 
Ewart and Griffin 1994). The Y contents in the analyzed K-
feldspar samples are all lower than 0.1 ppm. Here, we assume 
0.1 ppm Y to calculate the Y content of equilibrium melt. The 
actual content will be much lower than the calculated value, 
but this does not affect the subsequent discussion. The melts in 
equilibrium with biotite have high Sr/Y (49.5–124) but low Ce/
Pb values (0.01–0.07; Table 2). The melts in equilibrium with K-
feldspar are characterized by high-Sr/Y values (> >29), low Ce/
Pb values (0.05–0.84), and variable Eu contents (0.35–1.47 ppm; 
Table 2).

Crystallization conditions
The temperature and pressure of the magma reservoir are es-

sential for our understanding of the origin of different minerals 
(Blundy and Cashman 2008). Experimental petrology studies 
have shown that the Cpx and amphibole are sensitive to tempera-
ture and pressure during crystallization. Thus, thermobarometers 
based on compositions of Cpx or amphibole are commonly 
used to estimate the physical conditions of magma reservoirs 
(e.g., Higgins et al. 2022; Neave et al. 2019; Neave and Putirka 
2017; Putirka 2016; Putirka 2008). We chose the thermometer 
(Eq. 32d in Putirka 2008) and the barometer (Eq. 32a in Putirka 
2008) based on Cpx compositions only to estimate the crystal-
lization temperatures and pressures. The thermobarometer we 

Table 2. The important parameters of the melts in equilibrium with rock-forming minerals from the Zhuyuan granodiorites
Equilibrium melt	 Mg#	 Cr (ppm)	 Ni (ppm)	 Eu/Eu*	 Sr/Y	 Sr/Rb	 Sr/Ba	 Ce/Pb	 Environment
Type-1A Cpx	 39.5–47.7	 46.5–71.2	 28.1–46.0	 0.54–0.68	 4.52–7.27	 –	 –	 42.5–125	 A
Type-1B Cpx	 42.7–55.5	 145–272	 92.4–93.5	 0.41–0.43	 1.97–2.57	 –	 –	 78.8–156	
Type-2 Cpx core	 47.2–54.2	 318–362	 31.9–33.3	 0.72–0.77	 11.3–12.2	 –	 –	 11.6–19.4	 B
Type-2 Cpx rim	 41.3–47.3	 101–460	 34.6–67.7	 0.32–0.46	 1.97–3.93	 –	 –	 41.2–133	
Type-3 Cpx core	 44.7–58.1	 38.2–244	 45.8–85.1	 0.82–0.96	 17.0–47.6	 –	 –	 23.9–55.7	 C
Type-3 Cpx rim	 48.4–65.0	 916–1532	 122–173	 0.85–1.02	 37.6–42.4	 –	 –	 5.07–25.5	
Orthopyroxene	 56.8–59.9	 976–1190	 169–239	 –	 11.7–21.8	 –	 –	 ~11.4	 D
Amphibole	 21.7–34.6	 –	 –	 0.13–0.29	 4.13–21.6	 –	 –	 4.4–18.9	 E
Type-1 Pl	 –	 –	 –	 15.9–23.3	 218–315	 0.20–6.81	 0.40–1.27	 3.18–5.59	 F
Type-2 Pl	 –	 –	 –	 14.6–67.4	 96.5–376	 26.4–252	 0.99–1.67	 1.55–2.27	 G
Biotite	 –	 –	 –	 –	 49.5–124	 –	 –	 0.01–0.07	 H
K-feldspar	 –	 –	 –	 –	  > >29	 –	 –	 0.05–0.84
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used produces one standard error of estimate (1se) of ± 58 °C 
and ± 0.31 GPa, respectively (Putirka 2008). Due to the poikilitic 
textures and the irregular corrosion boundary between pyrox-
ene and amphibole, the thermochemical reactions at/near the 
pyroxene-amphibole boundary are significant. It may lead to a 
large error in conditions with the pyroxene compositions close to 
the reaction boundary, so we only selected the spot analyses away 
from the boundary for the corresponding calculation (Table 3).

The estimate temperature based on Type-1, Type-2, and Type-
3 Cpx range from 1150 to 1191 °C, 1130 to 1192 °C, and 1173 
to 1211 °C, respectively. Estimated pressures vary from 0.48 to 
0.75 GPa, 0.4 to 0.84 GPa, and 0.38 to 0.61 GPa, respectively. 
These values correspond to crystallization depths of 18.1–28.4 km, 
15.3–31.7 km, and 14.2–23.0 km, respectively, indicating that 
Type-1 and Type-2 Cpx crystallized in magma reservoirs at 
approximately similar depths, while the Type-3 Cpx formed at 
shallower crustal levels.

In addition, we use the single-phase amphibole thermoba-
rometer in Higgins et al. (2022) to determine the crystallization 
conditions of both types of amphiboles, which is calibrated using 
random forest machine learning. The random forest machine learn-

ing algorithm can recover subtle nonlinear relationships between 
phase compositions, pressure, and temperature (Higgins et al. 
2022). Therefore, this approach is superior for retrieving the physi-
cal conditions of amphibole formation in open magmatic systems. 
The temperatures calculated from amphibole compositions of the 
Zhuyuan granodiorites range from 744 ± 38 °C to 814 ± 54 °C. The 
pressure of amphibole crystallization varies from 0.2 ± 0.02 GPa 
to 0.35 ± 0.18 GPa, and the corresponding crystallization depth 
ranges from 7.64 to 13.4 km. The specific calculation results are 
listed in Table 2 and Online Materials1 Table OM3.

The Ti-in-zircon thermometer has become an accurate and 
precise monitor of both igneous and metamorphic thermal 
history (Bloch et al. 2022; Fu et al. 2008; Schiller and Finger 
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Figure 11. Chondrite-normalized REE distribution patterns for the melts in equilibrium with (a) unzoned clinopyroxenes (Type-1 Cpx); (b) 
normally zoned clinopyroxenes (Type-2 Cpx); (c) reversely zoned clinopyroxenes (Type-3 Cpx); and (d) amphiboles (Amp). The normalization 
values are from Sun and McDonough (1989). (Color online.)

Table 3.	 Crystallization conditions of amphibole and clinopyroxene 
from the Zhuyuan granodiorites

Mineral	 Temperature	 Pressure	 Depth
	 (°C)	 (GPa)	 (km)
Type-1 Cpx	 1150–1191	 0.48–0.75	 18.1–28.4
Type-2 Cpx	 1130–1192	 0.40–0.84	 15.3–31.7
Type-3 Cpx	 1173–1211	 0.38–0.61	 14.2–23.0
Amphibole	 744–814	 0.20–0.35	 7.64–13.4
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2019; Watson et al. 2006). Apparent temperatures for zircon 
crystallization for the Zhuyuan granodiorites were calculated 
using the Ti-in-zircon thermometer (Watson et al. 2006). We 
estimated the apparent peak temperature for the zircons from 
the Zhuyuan granodiorites (Xie et al. 2023), ranging from 721 
to 787 °C (30 zircons; Online Materials1 Table OM2). In addi-
tion, some of the higher apparent temperatures range from 893 
to 989 °C (3 zircons).

The zircons from the Zhuyuan granodiorite show obvious 
negative Eu anomalies (0.01–0.64, Online Materials1 Table OM2; 
Xie et al. 2023), indicating that they crystallized later than plagio-
clase or contemporaneously with plagioclase. Considering that 
Type-2 plagioclase belongs to the late-stage mineral assemblage, 
it is reasonable to assume that the crystallization temperatures of 
Type-2 plagioclase are close to, or overlap with, those of zircons. 
The water contents of the magma (Online Materials1 Table OM3), 
from which the Type-2 plagioclase crystallized, are calculated 
using the plagioclase-liquid hygrometer of Waters and Lange 
(2015), for which the impact of the pressure is negligible, but the 
effect of the temperature is significant (Lange et al. 2009; Waters 
and Lange 2015). We have used the whole-rock compositions of 
our samples as proxies for the primitive melt compositions. How-
ever, the hygrometer we employed is insensitive to variations in 
liquid compositions and is thus well suited for our samples that 
have undergone an open-system crustal evolution. Assuming 
the maximum apparent temperatures for zircon crystallization, 
we calculate magmatic water contents ranging from 6.12–6.46 
wt% based on rims of plagioclase with sieve texture and values 
ranging from 6.11–6.50 wt% for the Type-2 plagioclase. The 
use of the minimum zircon crystallization temperatures yielded 
values of 7.99–8.34 wt% for rims of plagioclase with sieve tex-
tures and 7.99–8.38 wt% for Type-2 plagioclase. Consequently, 
we conclude that the high-Sr/Y magma reservoir was hydrous 
(H2O contents >4 wt%; Patiño Douce 1999; Collins et al. 2020) 
when late-stage plagioclase (Type-2 plagioclase) crystallized.

Crystal cargoes in the magmatic plumbing system
Based on the crystallization conditions of different minerals 

in the Zhuyan pluton and the compositions of equilibrium melts, 
we attempted to construct an open magmatic plumbing system 
model, which is illustrated in Figure 13. The melts in equilibrium 
with both Type-1 Cpx and Type-2 Cpx (Environments A and 
B) are likely indicative of extensive fractional crystallization 
resulting in a large range of Ni and Cr contents. In support of 
this interpretation, we note that amphiboles were formed at the 
expense of Cpx, likely in a peritectic reaction relationship (Figs. 
3 and 5), and we speculate that both Type-1 Cpx and Type-2 Cpx 
are “antecrysts” that crystallized from separate mafic to interme-
diate magma batches. Our geobarometry data indicate that both 
Type-1 Cpx and Type-2 Cpx formed at depths of 15.3–31.7 km 
(Table 3; Online Materials1 Table OM3), whereas crystal-melt 
equilibria (Environments C) indicate that the Type-3 Cpx cores 
are also likely antecrysts characterized by a more primitive rim 
overgrowth that was in disequilibrium with the host magmas. 
High-Cr and -Ni concentrations and XMg in the Type-3 Cpx rims 
indicate the overgrowth is the result of mafic magma replenish-
ment (Figs. 5f and 7). The estimated depths where Type-3 Cpx 
crystallized vary from 14.2 to 23.0 km (Table 3). The relic Opx 
with a resorbed boundary is also defined by high-Ni and -Cr 
contents and is indicative of an antecryst origin (Environments 
D). The overgrowth of relic Opx by amphibole implies that Opx 
entered a hydrous magma reservoir.

The estimated depths at which amphiboles crystallized vary 
from 7.6 to 13.4 km (Table 3). There is no statistical overlap 
in terms of crystallization depths between amphiboles and py-
roxenes, indicating that they may have crystallized at different 
magma reservoirs in the crust, and pyroxenes were overgrown 
by amphiboles in a magma reservoir at shallow crustal levels. 
The lobate boundary between amphibole and plagioclase (Fig. 
3e), and the corroded grains of amphibole (Fig. 3g) indicate that 
there is a reactive relationship between amphibole and plagio-
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Figure 12. Sr/Y values of different minerals vs. those of the melts in equilibrium with them (a), and the melts with Sr/Y values higher than 30 
are considered to have high-Sr/Y signature; Ce/Pb values of different minerals vs. those of the melts in equilibrium with them (b). The Ce/Pb value 
of mantle derived melt is generally >9, while that of shell derived melt is usually <4 (Hofmann et al. 1986; Sims and DePaolo 1997). (Color online.)
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clase. In addition, some amphiboles display poikilitic textures 
with biotites (Fig. 3c), indicating that they crystallized from 
different melts. Considering the low Sr/Y values and relatively 
high-Ce/Pb values of the melts in equilibrium with both large and 
small amphiboles, it is likely that these amphiboles crystallized 
from other magma reservoirs that are compositionally different 
from the environments that crystallized the Type-2 plagioclase, 

Kfs, and biotite. Therefore, we tend to consider amphiboles as 
antecrysts.

The sieve-textured plagioclase core (Type-1 plagioclase) is 
likely an antecryst due to its resorbed and most calcic nature, 
and its equilibrium melt (Environments F) has lower Sr/Rb and 
Sr/Ba values and higher Ce/Pb values in comparison with melt 
in equilibrium with the Type-1 plagioclase rim.
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Figure 13. Schematic diagram showing the hypothetical magma conduit system used by magmas that formed the Zhuyuan adakitic granodiorites 
and the various possible mineral crystallization environments. (Color online.)
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We speculate that Environments G and H that crystallized 
Type-2 plagioclase, Bt, Kfs, and Qtz are similar due to similar 
Eu/Eu*, Sr/Y, and Ce/Pb values (Figs. 11–12; Tables 1–2). 
Furthermore, their petrography exhibits the characteristics of 
paragenetic mineral assemblages (Fig. 3). Thus, these four 
(Type-2 plagioclase, Bt, Kfs, and Qtz) can be reasonably inter-
preted as orthocrysts which crystallized during the late stage of 
magma evolution, which is also consistent with the petrographic 
observations (Fig. 3; Table 1).

Melts in equilibrium with pyroxenes collectively display 
low Sr/Y values, and it is unlikely that these melts developed 
adakitic signatures through crystal fractionation. Although 
hornblende fractionation may drive magmas toward high-Sr/Y 
values (Castillo et al. 1999), in this case, we would expect that 
the melts in equilibrium with the amphiboles would also gradu-
ally evolve toward higher Sr/Y values. Contrary to prediction, 
all melts in equilibrium with large (Type-1) and small (Type-2) 
amphiboles collectively have low Sr/Y values (4.13 to 21.6). 
From a whole-rock perspective, a negative correlation between 
(Dy/Yb)N and (La/Yb)N is expected for amphibole-dominant 
fractional crystallization (Davidson et al. 2007; He et al. 2011). 
However, the two ratios show a slight positive correlation for 
the Zhuyuan granodiorites (gray dashed line with an arrowhead 
in Online Materials1 Fig. OM2a).

In summary, we identify several different magma batches 
(environments). Three types of Cpxs and Opx are antecrysts from 
mafic melts with low Sr/Y but high-Ce/Pb values. The different 
groups of amphibole testify to the presence of more than two 
different melts with low Sr/Y and medium Ce/Pb values. It is 
difficult to determine whether these amphiboles have genetic 
connections with the pyroxenes through fractional crystalliza-
tion. Meanwhile, the antecrystic Type-1 plagioclase cores likely 
crystallized in the melt with a more calcic composition than 
Type-2 plagioclase. Finally, the late-stage orthocrysts, including 
the Type-2 plagioclase, Bt, Kfs, and Qtz were probably derived 
from an intermediate to felsic source with high-Sr/Y properties.

High-Sr/Y melts produced by anatexis of intermediate-
felsic rocks under the water-fluxed condition

Experimental studies show that the fluid-absent breakdown of 
micas from the intermediate-felsic protoliths may produce melts 
with low Sr/Rb and Sr/Ba and notable negative Eu anomalies 
(Harris et al. 1993; Weinberg and Hasalová 2015; Zhou et al. 
2020). This is consistent with the presence of K-feldspar as a 
coexisting peritectic phase in melts generated by muscovite and/
or biotite dehydration melting (Harris et al. 1993). In comparison, 
water-fluxed melting of intermediate–felsic rocks (e.g., diorite, 
granodiorite, etc.) at mid-crustal levels (0.6–1.2 GPa) will gen-
erate felsic magmas with high Sr/Y (Reichardt and Weinberg 
2012; Zhan et al. 2020). Water-fluxed melting (Amp + Pl + Qtz 
+ vapor = melt), where preferential feldspar consumption over 
micas may leave an amphibole-rich residue in the source, leads 
to felsic melts expected to have positive Eu anomalies, low Rb 
contents, and high-Sr/Rb and -Sr/Ba values (Harris et al. 1993; 
Reichardt and Weinberg 2012). Simultaneously, these felsic melts 
may display high Al2O3 (>16 wt%), low Fe2O3

T (<4.5 wt%), and 
elevated Sr concentrations while exhibiting HREE depletions 
(Beard and Lofgren 1991; Frost et al. 2016; Zhang et al. 2021).

We hypothesize that the resorbed, sieve-textured plagioclase 
(Type-1 plagioclase) core with a relatively high-Rb content 
(10.4–318 ppm) indicates an antecrystic origin (Table 1). By 
contrast, the high-Sr/Y melts in equilibrium with the Type-2 pla-
gioclase display low Rb contents, high-Sr/Rb and -Sr/Ba values, 
and positive Eu anomalies, suggesting that the high-Sr/Y melts 
in equilibrium with them likely formed due to partial melting of 
intermediate to felsic rocks under water-fluxed conditions. This 
inference is consistent with the finding that Type-2 plagioclase 
crystallized under water-rich conditions (see section “Crystal-
lization Conditions”). Therefore, the high-water contents of the 
melts in equilibrium with the Type-2 plagioclase most likely 
resulted from the anatexis of intermediate-felsic rocks under 
water-fluxed conditions.

Although the whole-rock composition is a mixture of mul-
tiple batches of magmas, the late-stage mineral assemblage still 
dominates the whole-rock compositions because the volume 
percentage of the rim of Type-1 plagioclase, Type-2 plagioclase  
+ Bt + Kfs + Qtz is >75%. Therefore, the whole-rock composi-
tions reflect the first-order characteristics of late-stage melting 
despite the presence of antecrysts, which function to dilute 
the high-Sr/Y bulk rock composition. In addition, whole-rock 
compositions display high Al2O3 (15.64–17.32 wt%) and low 
Fe2O3

T (3.71–5.28 wt%) and show pronounced HREE depletions 
[(La/Yb)N = 15–21]. Meanwhile, we note that the addition of 
antecrystic mafic minerals resulted in higher concentrations 
of Fe2O3

T and decreased Al2O3 in whole-rock compositions. 
Accordingly, the late-stage felsic melt typically has higher 
Al2O3, but lower Fe2O3

T contents. However, melts produced by 
water-flux melting of intermediate to felsic rocks under 0.6–1.2 
GPa are generally characterized by high Al2O3 (>16 wt%) and 
low Fe2O3

T (<4.5 wt%) (Beard and Lofgren 1991; Frost et al. 
2016), which coincide with late-stage melt compositions of the 
Zhuyuan granodiorites.

Moreover, the low Rb and high-Sr contents of the melts in 
equilibrium with the Type-2 plagioclase also argue against an 
extensive fractionation process, thus ruling out the possibility that 
the high-water content is caused by the high degrees of fractional 
crystallization (Wang et al. 2017). Accordingly, we conclude that 
the late-stage orthocryst assemblage represents the near-primary 
high-Sr/Y composition derived from the water-fluxed melting of 
intermediate to felsic source rocks. Meanwhile, the high-Sr/Y 
signal of felsic melts was diluted by magma recharge, leading 
to more mafic compositions in bulk.

Modeling for source rock compositions
To further elucidate the dilution of the high-Sr/Y properties 

of late-stage felsic melt by antecrysts with low-Sr/Y values and 
to identify the possible sources of these late-stage melts, we 
carried out simple quantitative simulations. We assume sample 
ZY17–8 (Opx free) to represent a melt composition that is least 
affected by the low-Sr/Y antecrysts, given that it is one of the 
samples with the highest SiO2 contents (67.16 wt%) and rela-
tively low Mg# value (50; Online Materials1 Table OM2) (Xie 
et al. 2023). The proportion of various rock-forming minerals in 
the sample is estimated using mass balance calculations (Li et al. 
2020b). The calculated results (Online Materials1 Table OM7) 
are in good agreement with the petrographic observations. We 
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estimate the interstitial magma compositions (i.e., the “undiluted 
melt”) by removing the mass of antecrysts. After deducting the 
intermediate-mafic antecrysts, the remaining bulk composition 
shows high-SiO2 content (70.33 wt%), low Mg# value (31.4), 
and significantly increased Sr content (555 ppm) and Sr/Y 
value (132). By comparing the whole-rock Sr/Y value (36.3) 
of sample ZY17–8, we confirm that the adakitic signals of the 
high-Sr/Y melts are significantly weakened by the incorporation 
of intermediate-mafic antecrysts. Thus, antecryst entrainment is 
crucial for understanding the geochemical diversity of granitic 
magmas with an adakitic signature, and whole-rock compositions 
of granitoids probably deviate remarkably from the original melt 
compositions (Werts et al. 2020).

To quantitatively simulate the nature of the source rock, we 
assumed that the high-Sr/Y “undiluted melt” calculated based on 
sample ZY17–8 with the highest Zr/Hf value is the near-primary 
melt derived from partial melting of intermediate-felsic source 
rock. When the residual solid phase and melt fraction (i.e., the 
degree of partial melting) can be reasonably constrained, the 
trace element compositions of the source rock can be calculated 
from known melt compositions using the batch melting model 
of Shaw (1970):

Ci
0 = Ci

L * [Di
Bulk + F * (1 – Di

Bulk)]

where Ci
0 and Ci

L represent the concentration of element i in 
the source rock and melt, respectively; F is the melt fraction of 
source rock; and Di

Bulk is the bulk partition coefficient of element i, 
which is the sum of the partition coefficient (D) for each mineral 
multiplied by the weight percentage of corresponding mineral 
in the residual solid phase (Di

Bulk = Di
S * WS).

We compared the major elements of the undiluted melt with 
that of experimental melts derived from the partial melting of a 
range of crustal protoliths compiled by Gao et al. (2016), Wein-
berg and Hasalová (2015), and Zhan et al. (2020). To find the 
best matching experimental melt compositions, the sum of the 

square of the deviations of each major element oxides between 
experimental melts and undiluted melt was calculated. Based on 
the earlier discussion on water-fluxed melting, only the melting 
experiments of intermediate-felsic source rocks under water-
presence conditions are considered here. We report the four best 
matching experimental melts (the sum of squared deviations is 
<10) and the corresponding partial melting pressures, melt frac-
tions, and proportion of residual solid phases (Experiments 1–4 
in Online Materials1 Table OM7).

We also explore the trace element composition of the source 
rocks (e.g., REE, Sr, and Y) of undiluted melt (inferred from 
sample ZY17–8) using compositionally appropriate mineral 
partition coefficients (Online Materials1 Table OM7) and the 
batch melting equation. The calculated trace element composi-
tions under different melting conditions corresponding to the four 
experiments are listed in Online Materials1 Table OM7 and are 
plotted in Figure 14. The modeling results show that different 
source rocks may have different implications for constraining 
the derivation of high-Sr/Y granites.

We find that the calculated trace elements of intermediate-
felsic sources corresponding to different melting conditions are 
characterized by significant positive Eu anomalies (1.66–3.96), 
indicating that the plagioclase accumulation in the source rocks 
is particularly important for melting to produce high-Sr/Y melt. 
This is consistent with the interpretations proposed by Shi et al. 
(2022) and Wang et al. (2022). In addition, we have obtained 
the following results.

(1) In the experimental runs under high-pressure conditions 
(Exp 1, 800 °C, 1.5 GPa, 5 wt% H2O; Koester et al. 2002), the 
partial melting degree of source rocks is relatively low (21%). 
The calculated source rock shows a low Sr/Y value (21.9), which 
is mainly due to the fact that the source rock contains a consid-
erable proportion of garnet (Grt) and amphibole. Therefore, for 
Exp 1 to produce the high-Sr/Y melt, it is necessary to have a 
significant amount of residual Y-rich minerals dominated by 
Grt in the source.

(2) In the experimental runs under moderate pressure condi-
tions (Exp 2, 850 °C, 1 GPa, 2 wt% H2O; García-Arias et al. 
2012), the partial melting degree of source rocks is relatively high 
(61%), with minor Grt in the residues (<1 wt%). Our modeling 
result for source rock exhibits a relatively high-Sr/Y value (98.9), 
which is most likely due to the high abundance of feldspar but 
the low abundance of Grt in the source. Moreover, the high-
Sr/Y signal of the partial melt is mainly attributed to significant 
melting of feldspar in the source rocks, releasing large amounts 
of Sr into the melt.

(3) In the moderate-low pressure melting experiment of 
Grt-bearing metasedimentary gneiss (Exp 3, 800 °C, 0.7 GPa, 
5.1 wt% H2O; Ward et al. 2008), the degree of partial melt-
ing in the source rocks is relatively high (67%). Feldspar is 
absent in the residues, but some Y-rich minerals (Grt + Amp) 
are retained. In addition, the calculated source rock shows the 
least obvious positive Eu anomaly (Eu/Eu* = 1.66) and has 
a much lower Sr content (183 ppm) and Sr/Y value (12.6). 
These results indicate that the high-Sr/Y signal of the partial 
melt requires concurrent feldspar melting and retention of an 
Y-rich mineral in the residue.

(4) In the low-pressure melting experiment of biotite tonalite 

Figure 14. Chondrite normalized REE patterns of calculated 
intermediate felsic sources (color lines) of the high-Sr/Y undiluted melt 
of the Zhuyuan granodiorites under different conditions. The color lines 
correspond to different experiments listed in Online Materials1 Table 
OM7. The source rocks corresponding to Exp 1 to 4 are garnet-bearing 
semi-pelitic metasedimentary gneiss, orthogneiss, garnet-bearing 
metasedimentary gneiss, and biotite tonalite. (Color online.)
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(Exp 4, 690 °C, 0.599 GPa, H2O-saturated; Watkins et al. 2007), 
the moderate degree of partial melting (32%) produces a melt 
with major elements comparable to undiluted melt of sample 
ZY17–8. The calculated trace elements of this biotite tonalite 
(source rock) are characterized by strongly fractionated REE 
patterns (Fig. 14), strong positive Eu anomalies, and high (La/
Yb)N (265) and Sr/Y (191) values. Furthermore, Y-rich minerals 
are absent in the residues of Exp 4, and some feldspar is present. 
Therefore, the high-Sr/Y signal of the partial melt corresponding 
to Exp 4 is completely inherited from the source rock, mainly 
through the melting of large amounts of feldspar under water-
saturated conditions.

In summary, for intermediate-felsic sources, water-present 
to water-saturated partial melting at high to low pressures (cor-
responding to 0.599 to 1.5 GPa) may produce the high-Sr/Y and 
-(La/Yb)N signatures of the Zhuyuan granodiorites. We also note 
that high-Sr/Y and -(La/Yb)N values are produced even when 
the source rock contains no or very little Y-rich minerals (Grt + 
Amp). However, when Y-rich minerals are enriched in source 
rocks, high-Sr/Y melts may also be produced by melting a large 
amount of feldspar while retaining considerable amounts of Y-
rich minerals in the sources. Thus, we suggest that the Zhuyuan 
high-Sr/Y melts were produced under various pressure condi-
tions, and not limited to high pressures (>1.5 GPa). Previous 
studies have also confirmed that felsic melt with adakitic signa-
tures can be generated at much lower pressures (0.6–1.2 GPa, 
e.g., Zhan et al. 2020). Accordingly, high-Sr/Y adakitic granites 
cannot be directly used to infer the thickness of the continental 
crust when the source is a felsic to intermediate protolith melted 
under water-fluxed conditions.

Implications
Our study highlights that the adakitic signatures in plutonic 

rocks are not only significantly influenced by the stability (e.g., 
under high-pressure conditions) and modal abundance of source 
residual minerals (Moyen 2009), but also by the variations in 
source lithology and water content (Johnson et al. 2017; Ma 
et al. 2015; Pourteau et al. 2020). For example, magmas with 
adakitic affinity can be generated by water-fluxed melting of 
intermediate to felsic rocks under various pressures (Moyen 
2009). In addition, antecryst recycling processes in granitic 
magma systems are common (Barnes et al. 2019; Oppenheim et 
al. 2021). Injection by diverse magma batches with various types 
of non-orthocrysts could significantly obscure the evolutionary 
path of the primary magmas. Our study clearly reveals that the 
high-Sr/Y signal of primary adakitic melts can be diluted by the 
addition of non-orthocrysts or other batches of melts with low 
Sr/Y values. From this perspective, estimates of paleo-crustal 
thickness based on whole-rock granitic compositions (Profeta 
et al. 2015; Hu et al. 2017) should be considered with caution 
due to the possibility of open-system behavior that may have 
affected original melt compositions.
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