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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
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 Qinling, 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 Xwmg (70.0-81.7). Type-2 Cpx displays normal zoning and
decreasing Xwmg (80.9 to 71.5) from the core to rim. Type-3 Cpx is reversely zoned,
where the rims have higher Xwmg (75.5-86.9), Ni, Cr, suggesting a recharge event.
Orthopyroxene has high N1 and Cr contents, as well as high Xu, (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
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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 St/Y

values than the magma batches that crystallized other mafic phases (i.e., amphibole,

clinopyroxene, and orthopyroxene). Thus, we propose that the system involved an

initial high-Sr/Y melts in equilibrium with the orthocryst assemblage were 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 the geochemical analysis of the

constituent minerals. We also suggest that Sr/Y values in plutons should be cautiously

used in paleo-crustal thicknesses estimates in collisional settings because of possible

open system scenarios like we document here.

Keywords: Adakitic rock, antecryst, dilution, pyroxene-bearing granodiorite, water-

fluxed melting

INTRODUCTION

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



64

65

66

67

68

69

70

71

72

73

74

75

76

7

78

79

80

81

82

83

84

This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.

The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2022-8873. http://www.minsocam.org/

The term “adakite” was originally defined as high-Mg andesites produced by partial
melting of subducted oceanic crust (Kay, 1978; Defant and Drummond, 1990).
Geochemically, adakites are characterized by elevated Sr contents (> 400 ppm), high
St/Y and La/Yb values, but depleted Y (< 18 ppm) and HREE (e.g., Yb < 1.8 ppm)
(Defant and Drummond, 1990). A number of 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, 2003; Moyen et al. 2009; Ma et al., 2015; Ji et al., 2018; Ou et
al.,2017; Yuetal., 2015; Zhan et al., 2020). On the other hand, magma processes (e.g.,
fractional crystallization, crystal accumulation 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; Nandedkhar et al., 2016). As
such, the origin of adakites has been controversial and this issue warrants further
reevaluation via comprehensive mineral-scale geochemical investigation (Castillo,
2012; Castillo et al., 1999).

Moreover, previous mechanisms for the generation of adakitic magmas are largely

based on experiments and modeling using a simple rock source or a melt-dominated
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85  closed system (e.g., Martin et al., 2005; Stern and Kilian, 1996); however, recent crystal

86  population studies regarding trans-crustal magma-mush reservoirs have challenged the

87  suppositions necessary to generate adakitic magmas especially in plutonic arc crust

88  (e.g., Paterson et al., 2016; Graham et al., 2020; Brackman & Schwartz, 2022). For

89  example, some workers argue that felsic magma reservoirs likely comprise multiple

90  generations of crystals (e.g., orthocrysts, antecrysts, peritectic crystals, or xenocrysts;

91  Bachetal., 2012; Miller et al., 2007; Clemens and Stevens, 2012) of contrasting origins

92  (Jerram et al., 2018; Miller et al., 2007), which are entrained by different batches of

93  both interstitial melts and volatile phases (i.e., a system of melt stored in a framework

94  of crystals, referred to as crystal mush; Cashman et al., 2017; Collins et al., 2020;

95  Wieser et al., 2020). In some cases, original adakitic signals (i.e., high Sr/Y and La/Yb

96  wvalues) could be diluted by the addition of non-orthocrysts characterized by low Sr/Y

97  wvalues (e.g., Macpherson et al., 2006), and as a consequence, geochemical trends

98  defined by the whole-rock compositions could deviate from the liquid line of descent

99  of the host magma due to the addition of various proportions of non-orthocrysts.

100 One approach to characterize these complex geochemical signals is to study the

101 composition of individual minerals such as plagioclase, pyroxenes, titanite, zircon, and

102 apatite which have become widely used as petrogenetic tools in supplementing or even

103 replacing conventional bulk-rock analyses. For instance, Hollings et al. (2020) used

104  early-crystallized apatite to show that the ‘adakite signal’ of the equilibrium melt had

105  not been influenced by subsequent amphibole-dominated fractional crystallization. In
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106  this regard, geochemical signatures of constituent minerals that witnessed different

107  stages of the geochemical evolution history and/or various sources may provide new

108  perspectives for further constraining mechanisms of adakites generation.

109 Here, we explore the Late Triassic post-collisional granodiorite pluton in the

110 Zhuyuan area, West Qinling which has complex mineral assemblages and show

111 remarkably whole-rock high St/Y properties, a diagnostic imprint of adakitic rocks.

112 This makes it a valuable target for exploring the contribution of different generations

113 of minerals to the nature of adakitic granitoids. In this study, we have classified several

114  types of amphiboles, plagioclase and pyroxenes in the Zhuyuan pluton. Multiple lines

115  of'evidence support open-system processes including pluton construction from multiple

116 generations of antecrysts and magma batches in a felsic magma reservoir at shallow

117 crustal depths. Furthermore, we argue that water-fluxed melting of intermediate to

118  felsic sources controls the development of high St/Y interstitial melts of the studied

119  pluton and it has no tectonic indication for thickened/delaminated mafic lower curst

120 even though emplacement during post-collisional settings.

121
122 SAMPLE DESCRIPTIONS
123 The Zhuyuan pluton investigated in this study intruded Devonian strata (the

124 Wangjiaba, Weijiamu, and Yuchiba Formation) in the eastern part of the West Qinling

125  Orogenic Belt (Fig. 1b and 2). All 17 samples are classified as granodiorites (Fig. DR1;

126 Streckeisen, 1976). They display a medium- to fine-grained texture (Fig. 3a—3b). Rock-
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127  forming minerals include quartz (Qtz: ~20 vol%), plagioclase (P1: 40—45 vol%), K-

128  feldspar (Kfs: 15-20 vol%), biotite (Bt: ~5 vol%), amphibole (Amp: 5-10 vol%),

129  clinopyroxene (Cpx: ~5 vol%), and orthopyroxene (Opx: <2 vol%). Accessory minerals

130 are apatite, zircon, titanite, and magnetite.

131 Two types of Pl crystals are identified. One is clear without resorbed cores or

132 oscillatory zoning; it occurs as phenocrysts or microlites in the groundmass, and

133 generally exhibits polysynthetic twinning (Fig. 3b). The other type commonly displays

134 oscillatory zoning with patchy- or sieve-textured cores surrounded by clear rims (Fig.

135  3c-3d). The sieve texture (Fig. 3c) indicates disequilibrium or resorption and thus

136 implies a xenocrystic (Xu et al., 1999) or antecrystic origin (Jerram and Martin, 2008)

137  for the cores. Kfs is anhedral and generally measure less than 1 mm (Fig. 3b).

138 Pyroxenes display poikilitic textures (Fig. 3e—31), are anhedral to subhedral, and have

139  sizes of 0.05-1 mm in length. All Cpx and Opx with ragged margins are enclosed by

140  Amp, reflecting the formation of Amp at the expense of pyroxene (Fig. 3e—31). Based

141  on back-scattered electron (BSE) images and geochemical characteristics, we identify

142 three types of Cpx: unzoned (Type-1 Cpx), normally zoned (Type-2 Cpx), and reversely

143 zoned (Type-3 Cpx) crystals. In BSE images, both Type-2 and Type-3 Cpx (Fig. 3g)

144 show zoning with core-rim textures, while Opx does not display zoning (Fig. 31).

145 Amp is one of the principal mineral phases in the Zhuyuan granodiorites that

146  occasionally forms aggregates. Amps are euhedral to subhedral, with sizes of 0.01-2.5

147  mm in diameter, have distinct brown to pale green pleochroism, and do not display
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148  zoning in BSE images (Fig. 3g). Some Amps display poikilitic textures with Bt (Fig.

149  3c). According to the texture and particle sizes, we divided them into two types (Type-

150 1 Amp and Type-2 Amp). Type-1 Amp grows along pyroxene grain boundaries and

151  forms a poikilitic texture with pyroxene. Their size is greater than 0.3 mm. Type-2 Amp

152 does not show poikilitic textures with pyroxene and has smaller grain sizes (0.01-0.4

153  mm). Most Amps occur as corroded grains and do not display equilibrium grain

154 boundary textures where they are in contact with Pl and they generally exhibit lobate

155  textures (Fig. 3g-31). This observation suggests that Amp and Pl do not exist in the

156  same equilibrium mineral assemblage. Subhedral to anhedral Bts are khaki to brown,

157  with a length of less than 1 mm. Bts usually occurs as interstitial phases associated with

158  Kifs and Qtz.

159

160 RESULTS

161  Mineral element compositions

162 Representative in-situ major- and trace-element data of Opx, Cpx, Amp, Bt, P, and

163 Kfs from the Zhuyuan granodiorites are listed in Tables DR3—-DR4 and shown in Fig.

164 4 to 6. In order to ensure the reliability of the data, we only use trace element

165  concentrations higher than 0.1 ppm (generally 5 greater than times the detection limit)

166  for interpretations and calculations. Chemical formulae for Bt and P1 were calculated

167  with the AX software (Holland and Blundy, 1994). For pyroxene, we use the Geokit

168  software (Lu, 2005), and for Amp we use the method proposed by Li et al. (2020a).
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169 To determine trace-element distributions in mineral phases, several mineral grains
170  were selected for LA-ICP-MS element mapping. A total of 51 elements were mapped
171  for these minerals, and Fig. 7-9 display the elements of interest (i.e., Al, Sr, Y, REE,
172 Cr, and Ni) and important parameters (St/Y and Xwm, values). Fig. 7 and Fig. 9 present
173 compositional profiles across core-rim interfaces, and Tables DR4 contain the
174 corresponding data.

175 Clinopyroxene shows a large range of Si0; (50.0-54.1 wt.%) and MgO (12.4-17.1
176  wt.%) contents, high Xy (Mg/[Mg + Fe?*] x 100) of 70.0-86.9, and variable ZREEs
177 (37.8-245 ppm), Cr (145-5821 ppm), and Ni (56.2-346 ppm) abundances (Tables 1
178 and DR4). All are classified as diopside or augite (Fig. 4a). Several grains exhibit
179  compositional zonation (Fig. 5). By observing BSE images and geochemical data, we
180  1identified three types of Cpx (Fig. 5): unzoned, normally zoned, and reversely zoned.
181 Unzoned Cpxs (Type-1 Cpx) are subhedral to anhedral and compositionally are
182  diopside and augite (Fig. 4a). We further divide them (Type-1A and Type-1B) based
183  on their FeOT contents, Xwmg values, and chondrite-normalized REE patterns, and both
184  subtypes may occur in a single thin section. Type-1A Cpx is characterized by high X
185  (72.6-81.7; Fig. 5a), variable FeO (6.63-9.69 wt.%), and low ZREEs (54.3—75.0 ppm;
186  Tables DR3—-DR4). They have chondrite normalized REE distribution patterns with
187  negative slopes and moderately negative Eu anomalies (Eu/Eu* = 0.54-0.68) (Fig. 6a).
188  The primitive mantle-normalized trace element patterns (Fig. 6b) show depletions in

189  Sr, P, Nb, Ta, Zr, Hf, and Ti, and enrichments in Pr, Nd, and Sm.
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190 Type-1B Cpx has higher FeO' (9.67-11.0 wt.%), Cr (551-1033 ppm), Ni (185-187
191  ppm), and ZREEs (135-189 ppm) but slightly lower Xwmg (70.0-76.5; Fig. 5b, Table 1)
192 than Type-1A Cpx. In addition, the Type-1B Cpx exhibit moderately negative Eu
193  anomalies (Eu/Eu* = 0.41-0.43, Fig. 6a). The primitive mantle-normalized trace
194  element patterns (Fig. 6b) of both sub-types are similar.

195 Normally zoned Cpx is subhedral, with slightly darker cores and brighter rims (Fig.
196  5c¢-5d). The cores exhibit high Xwme (76.1-80.9; Fig. 5d, Table 1) and Cr contents
197 (1210-1377 ppm) but low XREEs (53.7-60.9 ppm). Their chondrite-normalized REEs
198  (Fig. 6¢) display weakly negative Eu anomalies (Eu/Eu* = 0.73-0.78). The Type-2 Cpx
199  cores show significant depletions in HFSEs (e.g., Nb, Ta, Zr, Hf, and Ti), K, and P and
200  enrichments in Pb and Nd (Fig. 6d). In comparison with the Type-2 Cpx cores, their
201  rims have slightly higher FeOT (8.75-9.92 wt.%) and ZREEs (139-245 ppm), but lower
202 MgO (12.4-14.6 wt.%) contents and Xwmg (71.5-76.2). In addition, the Type-2 Cpx rims
203 have much stronger negative Eu anomalies (Eu/Eu* = 0.32-0.46, Fig. 6¢) and larger
204 ranges of the Nb, Ta, and K concentrations (Fig. 6d).

205 Reversely zoned Cpx (Type-3 Cpx) is subhedral with brighter cores and darker rims
206  in BSE images (Fig. 5e—5f). The bright cores contain 14.3—16.0 wt.% of MgO with X,
207  of 74.3-83.2, are classified as diopside and augite with Wo = 41.8-46.5 mol% (Fig.
208  4a), have slight negative Eu anomalies (Eu/Eu* = 0.82-0.97; Fig. 6¢). As revealed by
209  primitive mantle-normalized trace element patterns, rims of the Type-3 Cpx show

210 depletions in HFSEs (e.g., Nb, Ta, Zr, Hf, and Ti), Ba, K, and P but enrichments in Nd,
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211  Th, and Pb (Fig. 6f). By contrast, the dark rims contain slightly more MgO (14.6-17.1
212 wt.%) with Xug of 75.5-86.9 (Fig. 5f, Table 1), are augite with a lower Wo content
213 (42.1-44.1mol%). The BSE darker rims show similar primitive mantle-normalized
214 trace element patterns as the bright cores (Fig. 6¢), but significantly higher Cr (3480—
215 5821 ppm) and Ni (244-346 ppm) contents.

216 One Type-3 Cpx from sample ZY17-4 was selected for LA-ICP-MS element
217 mapping. The Cr and Ni concentrations are higher in the rim than in the core (Fig.7),
218  likely reflecting a mafic magma recharge event. Element data of the corresponding
219  cross-section (Profile A) are provided in Table DR4. The Cr contents are lower in the
220 core (530-1500 ppm), but higher in the rim (2315-10375 ppm), which also applies to
221  Th and Sr, resulting in higher Sr/Y values in the rim (core: 4.45-9.49, rim: 5.85-18.5;
222 Table DR4).

223 Orthopyroxene are classified as enstatite (Fig. 4a) with a compositional range of
224 Wo2.02-2.58En78.9-80.9Fs17.1-19.0. They have high Cr (1854-2261 ppm) and Ni (591-837
225  ppm) concentrations, high Xmg of 80.9—-82.8, and low abundances of A1,O3 (1.76-2.86
226 wt.%), TiO2 (0.09-0.18 wt.%), and CaO (1.01-1.30 wt.%; Xie et al., 2023), and very
227  low ZREEs (0.73-2.82 ppm; Table DR4).

228 On a LA-ICP-MS element map of one representative Opx of sample ZY17-15 (Fig.
229  8), the crystal shows a ubiquitous enrichment of Cr and Ni. Notably, the Sr/Y values
230  increase significantly along the cleavage, cracks, and edges of this crystal, probably

231 reflecting the influence of late-stage magmatic/hydrothermal activity.

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.
The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2022-8873. http://www.minsocam.org/

232 Amphibole. Using the amphibole nomenclature and classification schemes of Leake
233  etal. (1997) and Li et al. (2020a), all the analyzed Amps are calcic (Cag >1.5 atoms per
234 formula unit, (Na + K)a < 0.5 atoms per formula unit) and are classified as
235  magnesiohornblende (Fig. 4b). There are no obvious compositional differences
236  between larger (Type-1 Amp) and smaller (Type-2 Amp) Amps (Table DR3—-DR4).
237  They feature variable SiO> (46.5-51.0 wt.%), Cr (77-1038 ppm), and Ni (103-205
238  ppm) contents, moderately high Xwmg (63.1-74.6), and limited ranges in ALLO3 (4.22—
239 6.14 wt.%), TiO2 (0.48-1.21 wt.%), and total alkalis (Na;O + K20O: 1.11-1.79 wt.%).
240  The Amps show high > REEs (303-712 ppm), pronounced negative Eu anomalies
241 (Eu/Eu*=0.14-0.29) and obvious depletion of HREE relative to LREE (Fig. 6g). They
242 are depleted in Ba, Sr, and Zr, but enriched in Nd and Sm (Fig. 6h).

243 LA-ICP-MS element mapping of one magnesiohornblende (Type-2 Amp) abutting
244 Opx (Fig. 8) confirms the compositional features (e.g., relatively high Xwm and low
245  Sr/Y) of the single spot in-situ analysis.

246 Biotite exhibit relatively consistent Al'Y values (1.13 a.p.fu. to 1.32 a.p.fu.) and
247  contain high FeOT (19.1-20.6 wt.%) and Al,O3 (12.7-14.6 wt.%) and moderate MgO
248 (11.1-14.3 wt.%); Xwmg are 54.4-61.5 (Table 1). According to the classification of
249  Foster (1960), the Bts are within the compositional range of magnesian biotite (Fig. 4c¢).
250  Nachit et al. (2005) discriminate magmatic or primary biotite from secondary or re-
251 equilibrated primary biotite in a 10 x TiO2—FeO*(= FeO + MnO)-MgO ternary diagram

252 (Fig. 4d). On this diagram, all analyzed Bts plot in the primary biotite field. The trace
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253 element compositions of the Bts vary slightly (Table DR4): they have low abundances

254 of Sr (1.74-6.74 ppm), relatively low concentrations of Y (0.15-0.33 ppm), with high

255 values of Sr/Y (17.5-43.8), relatively low Y REEs (ranging from 0.30 to 4.12 ppm),

256  relatively high contents of Rb (317-601 ppm), Ba (471-6055 ppm), Nb (27.5-53.7

257  ppm), and Ni (191-283 ppm), but low abundances of Ta (1.00—4.79 ppm) and Hf (0.12—

258  0.28 ppm).

259 One Bt from sample ZY 17-4 was selected for LA-ICP-MS element mapping (Fig. 9)

260  and acquisition of one cross-section (Profile B; Table DR4). The core of this Bt features

261 lower Sr, Cu, and Pb concentrations than the rim. The entire Bt shows high St/Y values

262 (7.32-174), relatively high Xwmg values (52.1-60.1), and high abundances of Ni (307—

263 459 ppm), Ba (2840-6438 ppm), and Rb (191-382 ppm). All these characteristics are

264  similar to those of the Bts described above based on single spot in-situ analysis.

265 Plagioclase are mainly classified as oligoclase—andesine and subordinately as

266  labradorite (Fig. 4e), with anorthite contents (An) of 14.9-51.6 mol-% (Tables 1 and

267  DR3-DR4). We identify two distinct P1 populations: sieve-textured Pl cores (Type-1

268  Pl) with rim overgrowths (Fig. 5g), and unreacted Pls devoid of sieve textures (Type-2

269  Pl, Fig. 5h). The sieve-textured Pl cores (Type-1 Pl) exhibit higher An (32.9-51.6

270 mol-%) and Rb contents (10.4—318 ppm) than their overgrowth rims (Type-2 PI; 15.6—

271 29.4 mol-% and 0.92 ppm, respectively; Table 1). Type-2 Pls are homogeneous in

272 composition, and contain low An (14.9-26.9 mol-%) and Rb (0.31-4.28 ppm; Table 1).

273  The composition of the sieve-textured PI rims is similar to that of the Type-2 Pl, we
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274 therefore propose both of them grew at the same time. In other words, we consider the

275  rims on Type-1 grains as part of the same geochemical group (Type-2 Pl). Both types

276  of Pls have variable > REEs abundances (12.8—45.3 ppm), high Sr (865—-1519) ppm but

277  extremely low Y contents (0.10-0.22 ppm), and high Sr/Y (4254-14513) (Table 1).

278 LA-ICP-MS element mapping of several Pl inclusions within the Amp featured in

279  Fig. 8 shows that Pls have high Sr contents (~ 66.9—1860 ppm) and high Sr/Y (~ 25.3

280  to 62600) and St/Rb (~ 17.0 to 66200) values, similar to Type-2 Pls and sieve-textured

281 Pl rims described above. This indicates that the appearance of these Pls included by

282  Amp might be the result of the sectioning-effect (Pls protruding into Amp from the top

283  or bottom of the thin section), and these Pls do not crystallize earlier than hornblende.

284  The similar sectioning-effect also occur between Amp and pyroxene (Fig. 7).

285 It should be noted that HREE are sometimes close to or below the detection limits in

286  Pl, and the extremely high St/Y values of some Pl crystals are not accurate.

287 K-feldspars are sanidine, and their orthoclase (Or) contents range from 72.4 to 95.8

288  mol-% (Table DR3). They display very high positive Eu anomalies (Eu/Eu* > 4.01,

289  Tables 1 and DR4), high concentrations of Rb (197-338 ppm), Ba (1077-5925 ppm),

290  and Sr(535-1029 ppm), low contents of Y (< 0.1 ppm, the Y contents of several crystals

291  are below the detection limit), with correspondingly extremely high St/Y values (>

292 5345; Table 1).

293

294  Crystal size distribution (CSD)
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295 We analyzed a 354 mm? area across two thin sections and observed 2246 Amp with
296  non-poikilitic textures covering an area of 41.4 mm? (see Table DR5 for CSD analysis
297  data of these Amps). The crystal sizes range from 0.01 mm to 0.4 mm (Fig. 10a—10b).
298  On a plot of the logarithm of the crystal population density (In(n)) versus size (L) (Fig.
299  10c-10d), the CSDs of both samples exhibit a significant change in slope, from a
300  shallow gradient in the larger crystals to a steeper gradient in the smaller crystals. As
301 shown in Fig. 10 the Amp CSD may be separated into at least two groups, and the
302 regression curve equations of different groups of Amp CSDs are given in the figure.
303  Linear CSD curves generally indicate that the crystal population densities are primarily
304  controlled by crystal nucleation and growth, whereas kinked CSDs are usually
305  explained by the mixing of different crystal generations (Burney et al., 2020; Higgins,

306 1996; Morgan et al., 2007; Wang et al., 2019; Yang et al., 2010).

307
308 DISCUSSION
309 A key problem in interpreting adakitic rocks in continental settings is that felsic

310 magmatic rocks commonly represent an assembly of interstitial melts and several

311  crystal populations with different origins (Namur et al., 2020 and references therein).

312 Inthe case of the Zhuyuan granodiorites, we also hypothesize that their high-Sr/Y signal

313 could be derived from multiple batches of magmas within an open magmatic system.

314 We combine whole-rock geochemical characteristics with in-situ mineral compositions

315  to highlight the potential role of magma mixing in the formation of the Zhuyuan
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316 granodiorites. The relevant discussion is provided in the "Supplementary Materials".

317  Furthermore, in subsequent discussions, we focus on the origin and evolutionary

318  process of the high-St/Y signature of the Zhuyuan granodiorites.

319

320  Crystal-melt equilibria

321 Assuming that the minerals were in equilibrium with the corresponding host melts

322 during crystallization, the geochemical compositions of the parental magmas may be

323  estimated with compositionally appropriate mineral-melt partition coefficients (Kbp;

324  Table DR6). Based on petrographic observations (Fig. 3), we have determined the

325  complex mineral associations of the Zhuyuan granodiorites, which is mainly composed

326  of 11 kinds of minerals, including three types of Cpxs, Opx, two types of Amps, two

327  types of Pls, Bt, Kfs and Qtz. Because there is no difference in compositional

328  characteristics and crystallization conditions between the Type 1 Amp and Type-2 Amp

329  (Tables DR3-DR4), we consider them to have formed in the same trans-crustal

330  magmatic system. In addition, Bt, Kfs, and Qtz are the interstitial minerals, and are the

331  most easily identifiable late-stage crystalline mineral phases, which could have possibly

332 formed in the same magmatic environment. Thus, we provisionally define eight magma

333  environments (A, B, C, D, E, F, G, and H) in which different types of minerals

334  crystallized (Table 2). Based on the mineralogical characteristics, we initially classified

335  the magmatic environments into four subtypes: A-D, E, F-G, and H. In the following,

336  these magma environments could be identical, similar, or distinct. We will further
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337  discuss the significance of these below in Section ‘Crystal cargoes in the magmatic
338  plumbing system’

339 1. Environments A, B, C, and D: the parental magmas, in which the various types of
340  pyroxenes crystallized

341 We use the Fe-Mg exchange coefficient (Kp(Fe-Mg)“P*4) value of 0.27 + 0.03 to
342 calculate the Mg# of melts in equilibrium with Cpxs (Pichavant and Macdonald, 2007;
343  Putirka, 2008; Sisson and Grove, 1993). Considering the high Xwv, of pyroxenes in this
344 study, we use partition coefficients between pyroxene and basaltic melts to calculate
345  trace-element compositions of the melt in equilibrium with the pyroxene (Bédard, 2001;
346  Elkins et al., 2008). Calculated trace-element concentrations of melts in equilibrium
347  with pyroxenes are listed in Tables 2 and DR6.

348 The calculated equilibrium melts (Environment A) of the Type-1 Cpx have a wide
349  range of Mg# (39.5-55.5) and values of Type-1A (39.5-47.7) and Type-1B Cpx (42.7—
350  55.5) overlap. Melts in equilibrium with Type-1A Cpx exhibit moderately negative Eu
351  anomalies (Euw/Eu* = 0.54-0.68; Fig. 11a), relatively high Ce/Pb values (83.6 on
352 average), and low Sr/Y values (4.52-7.27) (Fig. 12). Type-1B Cpx equilibrium melts
353  have more pronounced negative Eu anomalies (Eu/Eu* = 0.41-0.43), comparable
354 Ce/Pb values (78.8—156), and lower Sr/Y values (1.97-2.57). Type-1A and Type-1B
355  Cpx equilibrium melts show similar chondrite-normalized rare earth element

356  distribution patterns.
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357 The melts (Environment B) in equilibrium with Type-2 Cpx have Mg# of 41.3 to
358  54.2. The melts in equilibrium with Type-2 Cpx cores display slight to moderate Eu
359  anomalies (Eu/Eu* = 0.72-0.77; Fig. 11b) and low Sr/Y (11.3—12.2) but high Ce/Pb
360  values (15.5 on average). Compared with the cores, the melts in equilibrium with Type-
361 2 Cpx rims exhibit more significant negative Eu anomalies (Eu/Eu* = 0.32-0.46),
362  higher D) REE contents and Ce/Pb values (41.2—-133), but lower values of St/Y (1.97—
363 3.93).

364 The melts (Environment C) in equilibrium with Type-3 Cpx span a large range of
365  Mg#. The melts in equilibrium with Type-3 Cpx core have Mg# of 44.7-58.1, high
366  Ce/Pb (23.9-55.7) and Sr/Y (17.0-47.6) values, and slight to negligible negative Eu
367  anomalies (Eu/Eu* = 0.82-0.96; Fig. 11c). Compared with the cores, the melts in
368  equilibrium with Type-3 Cpx rim have on average higher Mg# (48.4—65.0), high St/Y
369  (37.6-42.4, Fig. 12a) and Ce/Pb values (12.1 on average, Fig. 12b), and negative Eu
370  anomalies (Eu/Eu* = 0.85-1.02). The melts (Environment D) in equilibrium with Opx
371 have high Mg# of 56.8-59.9 (Kd = 0.31; Price et al., 2012), high mean Ce/Pb values of
372 11.4 (Fig. 12b), but moderate Sr/Y values (11.7-21.8).

373 2. Environment E: the parental magmas in which two types of Amps crystallized

374 Amp-liquid partition coefficients for trace elements were calculated using mineral
375  composition model proposed by Humphreys et al. (2019) and Shimizu et al. (2017).

376  The melts in equilibrium with Amp (Tables 2 and DR6) feature low Mg# (21.7-34.6),
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377  negative Eu anomalies (Euw/Eu* = 0.13-0.29; Fig. 11d), and relatively low St/Y (4.13—

378  21.6), and medium Ce/Pb values (8.92 on average).

379 3. Environments F and G: the parental magmas in which both sieve-textured and clear

380  Plcrystallized

381 The partition coefficients of Sr between plagioclase and silicate melts depends on the

382  chemical composition of plagioclase (Bindeman et al., 1998). Plagioclase—silicate melt

383  partition coefficients for Sr, Rb and REE were calculated using mineral composition

384  model proposed by Sun et al. (2017). Partition coefficients for Y and Ba are from Nash

385  (1985). The melts (Environment F) in equilibrium with Type-1 PI have relatively high

386  Sr/Y (218-315) and Sr/Ba values (0.4-1.27), low Sr/Rb (0.2-6.81) and Ce/Pb (3.18—

387  5.59), and positive Eu anomalies (Eu/Eu* = 5.44-8.16; Table 2). By contrast, the melts

388  in equilibrium with Type-2 Pl (Environment G) display lower Ce/Pb (1.55-2.27),

389  higher Sr/Rb (26.4-252) and Sr/Ba values (0.99-1.67), the same high Sr/Y values

390  (96.5-375), and more obvious positive Eu anomalies (Eu/Eu* = 4.85-25.4).

391 4. Environment H: the parental magmas in which Bt, Kfs, and Qtz crystallized

392 Bt and Kfs mainly appear as interstitial minerals, which are the products of late-stage

393  melt. Therefore, we select the partition coefficients of trace elements for melts in

394 equilibrium with Bt and Kfs refer to studies on silicic magmas (Nash, 1985; Sun et al.,

395  2017; Schnetzler and Philpotts 1970; Ewart and Griffin 1994). The Y content in the

396  analyzed Kfs samples is all lower than 0.1 ppm. Here, we assume 0.1 ppm Y to calculate

397  the Y content of equilibrium melt. The actual content will be much lower than the
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398  calculated value, but this does not affect the subsequent discussion. The melts in
399  equilibrium with Bt have high Sr/Y (49.5-124) but low Ce/Pb values (0.01-0.07; Table
400  2). The melts in equilibrium with Kfs are characterized by high St/Y values (>> 29),
401  low Ce/Pb values (0.05-0.84) and variable Eu contents (0.35-1.47 ppm; Table 2).

402

403  Crystallization Conditions

404 The temperature and pressure of the magma reservoir is essential for our
405  understanding of the origin of different minerals (Blundy & Cashman, 2008).
406  Experimental petrology studies have shown that the Cpx and Amp are sensitive to
407  temperature and pressure during crystallization. Thus, thermobarometers based on
408  compositions of Cpx or Amp are commonly used to estimate the physical conditions of
409  magmareservoirs (e.g., Higgins et al., 2022, Neave et al., 2019, Neave & Putirka, 2017,
410  Putirka, 2016, Putirka, 2008). We chose the thermometer (Eq. 32d in Putirka et al.,
411 2008) and the barometer (Eq. 32a in Putirka et al., 2008) based on Cpx compositions
412 only to estimate the crystallization temperatures and pressures. The thermobarometer
413  we used produces one standard error of estimate (1se) of £58 °C and +0.31 GPa,
414 respectively (Putirka et al., 2008). Due to the poikilitic textures and the irregular
415  corrosion boundary between pyroxene and Amp, the thermochemical reactions at/near
416  the pyroxene-Amp boundary is significant. It may lead to a large error in conditions
417  with the pyroxene compositions close to the reaction boundary, so we only selected the

418  spot analyses away from the boundary for the corresponding calculation (Table 3).
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419 The estimate temperature based on Type-1, Type-2 and Type-3 Cpx range from

420 1150°Cto 1191°C, 1130°C to 1192°C and 1173°C to 1211°C, respectively. Estimated

421  pressures vary from 0.48 to 0.75 GPa, 0.4 to 0.84 GPa and 0.38 to 0.61 GPa,

422 respectively. These values correspond to crystallization depths of 18.1-28.4 km, 15.3—

423 31.7 km and 14.2-23.0 km, respectively, indicating that Type-1 and Type-2 Cpx

424 crystallized in magma reservoirs at approximately similar depths, while the Type-3 Cpx

425  formed at shallower crustal levels.

426 In addition, we use the single-phase Amp thermobarometer in Higgins et al. (2022)

427  for determining the crystallization conditions of both types of Amps in this study, which

428  is calibrated using random forest machine learning. The random forest machine learning

429  algorithm can recover subtle non-linear relationships between phase compositions,

430  pressure, and temperature (Higgins et al., 2022). Therefore, this approach is superior

431  for retrieving the physical conditions of Amp formation in open magmatic systems. The

432 temperatures calculated from Amp compositions of the Zhuyuan granodiorites range

433 from 744 £ 38 °C to 814 £ 54 °C. The pressure of Amp crystallization varies from 0.2

434 £0.02 GPa to 0.35 £+ 0.18 GPa, corresponding crystallization depth ranges from 7.64

435  to 13.4 km. The specific calculation results are listed in Tables 2 and DR3.

436 The Ti-in-zircon thermometer has become an accurate and precise monitor of both

437  1igneous and metamorphic thermal history (Bloch et al., 2022, Fu et al., 2008, Schiller

438 & Finger, 2019, Watson et al., 2006). Apparent temperatures for zircon crystallization

439  for the Zhuyuan granodiorites were calculated using the Ti-in-zircon thermometer
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440  (Watson et al., 2006). We estimated the apparent peak temperature for the zircons from

441  the Zhuyuan granodiorites (Xie et al., 2023), ranging from 721°C to 787°C (30 zircons;

442 Table DR2). In addition, some of higher apparent temperatures range from 893°C to

443 989°C (3 zircons).

444 The zircons from the Zhuyuan granodiorite show obvious negative Eu anomalies

445  (0.01-0.64, Table DR2; Xie et al., 2023), indicating that they crystallized later than

446  plagioclase or contemporaneously with plagioclase. Considering that Type-2 Pl belongs

447  to the late-stage mineral assemblage, it is reasonable to assume that the crystallization

448  temperatures of Type-2 Pl are close to, or overlapping with, those of zircons. The water

449  contents of the magma (Table DR3), from which the Type-2 Pl crystallized, are

450  calculated using the plagioclase—liquid hygrometer of Waters and Lange (2015), for

451  which the impact of the pressure is negligible but the effect of the temperature is

452  significant (Lange et al., 2009; Waters and Lange, 2015). We have used the whole-rock

453  compositions of our samples as proxies for the primitive melt compositions. However,

454  the hygrometer we employed is insensitive to variations in liquid compositions, and is

455  thus well suited for our samples that have undergone an open-system crustal evolution.

456  Assuming the maximum apparent temperatures for zircon crystallization, we calculate

457  magmatic water contents ranging from 6.12—-6.46 wt.% based on rims of Pl with sieve

458  texture and values ranging from 6.11-6.50 wt.% for the Type-2 Pl. Assuming the

459  minimum zircon crystallization temperatures yield values of 7.99-8.34 wt.% for rims

460  of Pl with sieve textures, and 7.99-8.38 wt.% for Type-2 PI. Consequently, we conclude
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461  that the high St/Y magma reservoir was hydrous (H20 contents > 4 wt.%; Patifio Douce,

462 1999; Collins et al., 2020) when late-stage Pl (Type-2 P1) crystallized.

463

464  Crystal cargoes in the magmatic plumbing system

465 Based on the crystallization conditions of different minerals in the Zhuyan pluton

466  and the compositions of equilibrium melts, we attempted to construct an open magmatic

467  plumbing system model, which is illustrated in Fig. 13. The melts in equilibrium with

468  both Type-1 Cpx and Type-2 Cpx (Environments A and B) are likely indicative of

469  extensive fractional crystallization resulting in a large range of Ni and Cr contents. In

470  support this interpretation, we note that Amps were formed at the expense of Cpx likely

471  1n a peritectic reaction relationship (Fig. 3 and 5), and we speculate that both Type-1

472  Cpx and Type-2 Cpx are “antecrysts” that crystallized from separate mafic to

473  intermediate magma batches. Our geobarometry data indicate that both Type-1 Cpx and

474 Type-2 Cpx formed at depths of 15.3-31.7 km (Tables 3 and DR3); whereas crystal—

475  melt equilibria (Environments C) indicate that the Type-3 Cpx cores are also likely

476  antecrysts characterized by a more primitive rim overgrowth that was in disequilibrium

477  with the host magmas. High Cr and Ni concentrations and X, in the Type-3 Cpx rims

478  indicate the overgrowth is the result of mafic magma replenishment (Fig. 5f and Fig.

479 7). The estimated depths where Type-3 Cpx crystallized vary from 14.2 km to 23.0 km

480  (Table 3). The relic Opx with a resorbed boundary is also defined by high Ni and Cr
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481  contents, and also indicative of an antecryst origin (Environments D). The overgrowth

482  of relic Opx by Apm implies Opx entered a hydrous magma reservoir.

483 The estimated crystallization depths, at which Amps crystallized, vary from 7.6 km

484  to 13.4 km (Table 3). There is no statistical overlap in terms of crystallization depths

485  between Amps and pyroxenes, indicating that they may have crystallized at different

486  magma reservoirs in the crust, and pyroxenes were overgrown by Amps in a magma

487  reservoir at shallow crustal levels. The lobate boundary between Amp and PI (Fig. 3e),

488  and the corroded grains of Amp (Fig. 3g) indicate that there is a reactive relationship

489  between Amp and PI. In addition, some Amps display poikilitic textures with Bts (Fig.

490  3c), indicating that they crystallized from different melts. Considering the low Sr/Y

491  values and relatively high Ce/Pb values of the melts in equilibrium with both large and

492  small Amps, it is likely that these Amps crystallized from other magma reservoirs that

493  are compositionally different from the environments that crystallized the Type-2 Pl,

494  Kfs, and Bt. Therefore, we tend to consider Amps as antecrysts.

495 The sieve-textured PI core (Type-1 PI) is likely an antecryst due to its resorbed and

496  most calcic nature, and its equilibrium melt (Environments F) has lower Sr/Rb and

497  Sr/Ba values and higher Ce/Pb values in comparison with melt in equilibrium with the

498  Type-1 Pl rim.

499 We speculate that Environments G, and H that crystallized Type-2 Pl, Bt, Kfs and

500  Qtz are similar due to similar Eu/Eu*, St/Y and Ce/Pb values (Figs. 11-12; Tables 1—

501  2). Furthermore, their petrography exhibits the characteristics of paragenetic mineral
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502  assemblages (Fig. 3). Thus, these four (Type-2 Pl, Bt, Kfs and Qtz) are reasonably

503 interpreted as orthocrysts which crystallized during the late stage of magma evolution,

504  which is also consistent with the petrographic observations (Fig. 3, Table 1).

505 Melts in equilibrium with pyroxenes collectively display low Sr/Y values, and it is

506  unlikely that these melts developed adakitic signatures through crystal fractionation.

507  Although hornblende fractionation may drive magmas toward high Sr/Y values

508  (Castillo et al., 1999), in this case, we would expect that the melts in equilibrium with

509  the Amps would also gradually evolve towards higher Sr/Y values. Contrary to

510  prediction, all melts in equilibrium with large (Type-1) and small (Type-2) Amps

511  collectively have low Sr/Y values (4.13 to 21.6). From a whole-rock perspective, a

512  negative correlation between (Dy/Yb)n and (La/Yb)n 1s expected for Amp-dominant

513  fractional crystallization (Davidson et al., 2007; He et al., 2011). However, the two

514  ratios show a slight positive correlation for the Zhuyuan granodiorites (grey dashed line

515  with arrowhead in Fig. DR2a).

516 In summary, we identify several different magma batches (environments). Three

517  types of Cpxs and Opx are antecrysts from mafic melts with low St/Y but high Ce/Pb

518  wvalues. The different groups of Amp testify to the presence of more than two different

519  melts with low St/Y and medium Ce/Pb values. It is difficult to determine whether these

520  Amps have genetic connections with the pyroxenes through fractional crystallization.

521  Meanwhile, the antecrystic Type-1 PI cores likely crystallized in melt with a more calcic

522 composition than Type-2 Pl. Finally, the late-stage orthocrysts including the Type-2 Pl,
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523  Bt, Kfs, and Qtz were probably derived from an intermediate to felsic source with high
524  Sr/Y properties.

525

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

528 Experimental studies show that the fluid-absent breakdown of micas from the
529  intermediate—felsic protoliths may produce melts with low Sr/Rb and Sr/Ba, and
530  notable negative Eu anomalies (Harris et al., 1993; Weinberg and Hasalova, 2015; Zhou
531  etal., 2020). This is consistent with the presence of Kfs as a coexisting peritectic phase
532  inmelts generated by muscovite and/or biotite dehydration melting (Harris et al., 1993).
533  In comparison, water-fluxed melting of intermediate—felsic rocks (e.g., diorite,
534  granodiorite, etc.) at mid-crustal levels (0.6—1.2 GPa) will generate felsic magmas with
535  high Sr/Y (Reichardt and Weinberg, 2012; Zhan et al., 2020). Water-fluxed melting
536  (Amp + Pl + Qtz + vapour = melt), where preferential feldspar consumption over micas
537  may leave an Amp-rich residue in the source, leads to felsic melts expected to have
538  positive Eu anomalies, low Rb contents, and high St/Rb and Sr/Ba values (Harris et al.,
539  1993; Reichardt and Weinberg, 2012). Simultaneously, these felsic melts may display
540  high ALOs3 (> 16 wt.%), low FexO3" (< 4.5 wt.%) and elevated Sr concentrations, while
541  exhibiting HREE depletions (Beard and Lofgren 1991; Frost et al. 2016; Zhang et al.,

542 2021).
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543 We hypothesize that the resorbed, sieve-textured P1 (Type-1 PI) core with a relatively
544 high Rb content (10.4-318 ppm) indicates an antecrystic origin (Table 1). By contrast,
545  the high Sr/Y melts in equilibrium with the Type-2 Pl display low Rb contents, high
546  Sr/Rb and Sr/Ba values, and positive Eu anomalies, suggesting that the high Sr/Y melts
547  in equilibrium with them likely formed due to partial melting of intermediate to felsic
548  rocks under water-fluxed conditions. This inference is consistent with the finding that
549  Type-2 Pl crystallized under water-rich conditions (see Section ‘Crystallization
550  Conditions’). Therefore, the high-water contents of the melts in equilibrium with the
551  Type-2 Pl most likely resulted from the anatexis of intermediate—felsic rocks under
552  water-fluxed conditions.

553 Although the whole-rock composition is a mixture of multiple batches of magmas,
554  the late-stage mineral assemblage still dominates the whole-rock compositions because
555  the volume percentage of the rim of Type-1 Pl, Type-2 Pl + Bt + Kfs + Qtz is greater
556  than 75%. Therefore, the whole-rock compositions reflect the first-order characteristics
557  of late-stage melting despite the presence of antecrysts which functions to dilute the
558  high-St/Y bulk rock composition. In addition, whole-rock compositions display high
559  AlLO; (15.64-17.32 wt.%) and low Fe;O3T (3.71-5.28 wt.%), and show pronounced
560  HREE depletions ((La/Yb)n = 15-21). Meanwhile, we note that the addition of
561  antecrystic mafic minerals resulted in higher concentrations of Fe>OsT and decreased
562  AlOs in whole-rock compositions. Accordingly, the late-stage felsic melt typically has

563  higher Al,Os, but lower Fe;OsT contents. However, melts produced by water-flux

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.
The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2022-8873. http://www.minsocam.org/

564  melting of intermediate to felsic rocks under 0.6—1.2 GPa are generally characterized
565 by high ALLOs (> 16 wt.%) and low Fe,O3T (< 4.5 wt.%) (Beard & Lofgren, 1991, Frost
566 et al.,, 2016), which coincide with late-stage melt compositions of the Zhuyuan
567  granodiorites.

568 Moreover, the low Rb and high Sr contents of the melts in equilibrium with the Type-
569 2 Plalso argues against an extensive fractionation process, thus ruling out the possibility
570  that the high-water content is caused by the high degrees of fractional crystallization
571  (Wangetal., 2017). Accordingly, we conclude that the late-stage orthocryst assemblage
572  represents the near-primary high-Sr/Y composition derived from water-fluxed melting
573  of intermediate to felsic source rocks. Meanwhile, the high Sr/Y signal of felsic melts
574  was diluted by magma recharge, leading to more mafic compositions in the bulk.

575

576  Modeling for source rock compositions

577 To further elucidate the dilution of the high St/Y properties of late-stage felsic melt
578 by antecrysts with low Sr/Y values, and to identify the possible sources of these late-
579  stage melts, we carried out simple quantitative simulations. We assume sample ZY 17-
580 8 (Opx free) to represent a melt composition that is least affected by the low-Sr/Y
581  antecrysts, given that it is one of the samples with the highest SiO> contents (67.16
582  wt.%) and relatively low Mg# value (50; Table DR2; Xie et al., 2023). The proportion
583  of various rock-forming minerals in the sample is estimated using mass balance

584  calculations (Li et al., 2020b). The calculated results (Table DR7) are in good
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585  agreement with the petrographic observations. We estimate the interstitial magma
586  compositions (i.e., the ‘undiluted melt’) by removing the mass of antecrysts. After
587  deducting the intermediate-mafic antecrysts, the remaining bulk composition shows
588  high SiO» content (70.33 wt.%), low Mg# value (31.4), and significantly increased Sr
589  content (555 ppm) and Sr/Y value (132). By comparing the whole-rock St/Y value
590  (36.3) of sample ZY17-8, we confirm that the adaktic signals of the high-Sr/Y melts
591  are significantly weakened by the incorporation of intermediate-mafic antecrysts. Thus,
592  antecryst entrainment is crucial for understanding the geochemical diversity of granitic
593 magmas with an adakitic signature, and whole-rock compositions of granitoids
594  probably deviate remarkably the original melt compositions (Werts et al., 2020).

595 To quantitatively simulate the nature of the source rock, we assumed that the high
596  Sr/Y ‘undiluted melt’ calculated based on sample ZY 17-8 with the highest Zr/Hf value
597  isthe near-primary melt derived from partial melting of intermediate—felsic source rock.
598  When the residual solid phase and melt fraction (i.e., the degree of partial melting) can
599  be reasonably constrained, the trace element compositions of the source rock can be
600 calculated from known melt compositions using the batch melting model of Shaw
601  (1970):

602 Co=C1*(DpuntF*(1-Diui)

603  where Ci) and CL, represent the concentration of element 1 in the source rock and melt,
604  respectively; F is the melt fraction of source rock; and Digulk is the bulk partition

605  coefficient of element i, which is the sum of the partition coefficient (D) for each
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606  mineral multiplied by the weight percentage of corresponding mineral in the residual
607  solid phase (D, =D5*Ws).

608 We compared the major elements of the undiluted melt with that of experimental
609  melts derived from the partial melting of a range of crustal protoliths compiled by Gao
610 etal. (2016), Weinberg and Hasalova (2015), and Zhan et al. (2020). To find the best
611  matching experimental melt compositions, the sum of square of the deviations of each
612  major element oxides between experimental melts and undiluted melt was calculated.
613 Based on the discussion above regarding water-fluxed melting, only the melting
614  experiments of intermediate—felsic source rocks under water-presence conditions are
615  considered here. We report the four best matching experimental melts (the sum of
616  squared of the deviations is less than 10), and the corresponding partial melting
617  pressures, melt fractions, and proportion of residual solid phases (Experiments 1-4 in
618  Table DR7).

619 We also explore the trace element composition of the source rocks (e.g., REE, Sr,
620 and Y) of undiluted melt (inferred from sample ZY17-8) using compositionally
621  appropriate mineral partition coefficients (Table DR7) and the batch melting equation.
622  The calculated trace element compositions under different melting conditions
623  corresponding to the four experiments are listed in Table DR7 and are plotted in Fig.
624  14. The modeling results show that different source rocks may have different
625  implications for constraining the derivation of high Sr/Y granites.

626 We find that the calculated trace elements of intermediate-felsic sources
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627  corresponding to different melting conditions are characterized by significant positive

628  Eu anomalies (1.66-3.96), indicating that the plagioclase accumulation in the source

629  rocks is particularly important for melting to produce high Sr/Y melt. This is consistent

630  with the interpretations proposed by Shi et al. (2022) and Wang et al. (2022). In addition,

631  we find the following results:

632 (1) In the experimental runs under high pressure conditions (Exp 1, 800°C, 1.5 GPa,

633 5 wt% H>O; Koester et al., 2002), the partial melting degree of source rocks is relatively

634  low (21%). The calculated source rock shows a low Sr/Y value (21.9), which is mainly

635  due to the fact that the source rock contains a considerable proportion of garnet (Grt)

636  and Amp. Therefore, for Exp 1 to produce the high St/Y melt, it is necessary to have a

637  significant amount of residual Y-rich minerals dominated by Grt in the source.

638 (2) In the experimental runs under moderate pressure conditions (Exp 2, 850°C, 1

639  GPa, 2 wt% H>0O; Garcia-Arias et al., 2012), the partial melting degree of source rocks

640  is relatively high (61%), with minor Grt in the residues (< 1 wt%). Our modeling result

641  for source rock exhibits a relatively high Sr/Y value (98.9), which is most likely due to

642  the high abundance of feldspar but low abundance of Grt in the source. Moreover, the

643  high Sr/Y signal of the partial melt is mainly attributed to significant melting of feldspar

644  in the source rocks, releasing large amounts of Sr into the melt.

645 (3) In the moderate-low pressure melting experiment of Grt-bearing metasedimen-

646  tary gneiss (Exp 3, 800°C, 0.7 GPa, 5.1 wt% H>O; Ward et al., 2008), the degree of

647  partial melting in the source rocks is relatively high (67%). Feldspar is absent in the
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648  residues, but some Y-rich minerals (Grt + Amp) are retained. In addition, the calculated

649  source rock shows the least obvious positive Eu anomaly (Eu/Eu* = 1.66) and have

650  much lower Sr content (183 ppm) and Sr/Y value (12.6). These results indicate that the

651  high Sr/Y signal of the partial melt requires concurrent feldspar melting and retention

652  of an Y-rich mineral in the residue.

653 (4) In the low-pressure melting experiment of biotite tonalite (Exp 4, 690°C, 0.599

654  GPa, HoO-satuated; Watkins et al., 2007), the moderate degree of partial melting (32%)

655  produces a melt with major elements comparable to undiluted melt of sample ZY 17-8.

656  The calculated trace elements of this biotite tonalite (source rock) is characterized by

657  strongly fractionated REE patterns (Fig. 14), strong positive Eu anomalies and high

658  (La/Yb)n (265) and Sr/Y (191) values. Furthermore, Y-rich minerals are absent in the

659  residues of Exp 4, and some feldspar is present. Therefore, the high St/Y signal of the

660  partial melt corresponding to Exp 4 is completely inherited from the source rock, mainly

661  through the melting of large amounts of feldspar under water-saturated condition.

662 In summary, for intermediate-felsic sources, water-present to water-saturated partial

663  melting at high to low pressures (corresponding to 0.599 GPa to 1.5 GPa) may produce

664  the high Sr/Y and (La/Yb)n signatures of the Zhuyuan granodiorites. We also note that

665  high Sr/Y and (La/Yb)n values are produced even when the source rock contains no or

666  very little Y-rich minerals (Grt + Amp). However, when Y-rich minerals are enriched in

667  source rocks, high-Sr/Y melts may also be produced by melting a large amount of feld-

668  spar while retaining considerable amounts of Y-rich minerals in the sources. Thus, we
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669  suggest that the Zhuyuan high-Sr/Y melts were produced under various pressure con-
670  ditions, and not limited to high pressures (> 1.5 GPa). Previous studies have also con-
671  firmed that felsic melt with adakitic signatures can be generated at much lower pres-
672  sures (0.6-1.2 GPa, e.g., Zhan et al., 2020). Accordingly, high St/Y adakitic granites
673  cannot be directly used to infer the thickness of the continental crust when the source

674  1s a felsic to intermediate protolith melted under water-fluxed conditions.

675
676 IMPLICATIONS
677 Our study highlights that the adakitic signatures in plutonic rocks are not only

678  significantly influenced by the stability (e.g., high pressure conditions) and modal
679  abundance of source residual minerals (Moyen, 2009), but also by the variations in
680  source lithology and water content (Johnson et al., 2017; Ma et al., 2015; Pourteau et
681  al.,2020). For example, magmas with adakitic affinity can be generated by water-fluxed
682  melting of intermediate to felsic rocks under various pressures (Moyen, 2009). In
683  addition, antecryst recycling processes in granitic magma systems are common (Barnes
684  etal., 2019; Oppenheim et al. 2021). Injection by diverse magma batches with various
685  types of non-orthocrysts could significantly obscure the evolutionary path of the
686  primary magmas. Our study clearly reveals that the high Sr/Y signal of primary adakitic
687  melts can be diluted by the addition of non-orthocrysts or other batches of melts with
688  low Sr/Y values. From this perspective, estimates of paleo-crustal thickness based on

689  whole-rock granitic compositions (Profeta et al., 2015; Hu et al., 2017) should be
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considered with caution due to the possibility of open-system behavior that may have

affected original melt compositions.
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1043 Figure and Table Captions

1044 Fig. 1. (a) Simplified geological map of China, showing the major tectonic units
1045 (after Zheng et al., 2010). (b) Geological map of the West Qinling Orogenic Belt,
1046  showing the distribution of Early Mesozoic granitoids (after Hu et al., 2019; Li et al.,
1047  2015; Luo et al., 2012; Xing et al., 2020; Zeng et al., 2018). Data sources for the zircon
1048 U-Pb ages are given in Table DR1. Place names: WQ, West Qinling; SG, Songpan—
1049  Garzé Terrane; QD, Qaidam; QL, Qilian Terrane; NQ, North Qinling; YB, Yangtze
1050  Block; NCB, North China Block; SCS, South China Sea; QT, Qiangtang Terrane; LT,
1051 Lhasa Terrane; CB, Cathaysia Block.

1052 Fig. 2. The geological sketch map of the Zhuyuan pluton

1053 Fig. 3. Representative field and microstructural photographs of the Zhuyuan pluton.
1054 (a) Photograph of the Zhuyuan granodiorites; (b) Plagioclases with polysynthetic
1055 twinning; (c) A plagioclase phenocryst with a sieve texture; (d) A plagioclase
1056  phenocryst with oscillatory zoning; (e) A clinopyroxene crystal enclosed by amphibole;
1057  (f) A clinopyroxene crystal enclosed by amphibole and biotite; (g) A clinopyroxene
1058 crystal with clear core-rim texture; (h) An orthopyroxene crystal enclosed by
1059 amphibole; (i) An unzoned orthopyroxene (black outline) mantled by amphibole.
1060  Mineral abbreviations: Cpx, clinopyroxene; Opx, orthopyroxene; Amp, amphibole; Bt,
1061 biotite; P, plagioclase; Kf, K-feldspar; Qtz, quartz.

1062 Fig. 4. Classification diagrams for rock-forming minerals from the granodiorites of
1063  the Zhuyuan pluton. (a) Wo—En—Fs ternary diagram for pyroxenes (after Morimoto et

1064 al., 1988); (b) Mg/(Mg + Fe?") versus Si diagram for amphiboles (after Leake et al.,
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1065 1997); (c) Ternary Mg—(Fe?* + Mn)—(AIV' + Fe** + Ti) (apfu) diagram for biotite (after
1066  Foster, 1960); (d) Ternary 10 x TiO,—(FeOT + MnO)-MgO (wt.%) diagram for biotite
1067  (after Nachit et al., 2005); (e) Or—Ab—An ternary diagram for feldspars (after Smith,
1068 1974). Abbreviation: Cpx, clinopyroxene; Opx, orthopyroxene; Abbreviation: Ab,
1069 albite; Or, orthoclase; An, anorthite; P, plagioclase; Amp, amphibole; Bt, biotite; Kf,
1070  K-feldspar.

1071 Fig. 5. Back scattered electron images and Xmg and An contents for selected
1072 clinopyroxenes and plagioclases, respectively. (a) and (b) Optically unzoned
1073 clinopyroxenes (ZY17-11-2 and ZY17-13-2); (c) and (d) A normally zoned
1074  clinopyroxene and the core—rim profile of its Xmg (ZY17-4-3); (e) and (f) A reversely
1075  zoned clinopyroxene and the core—rim profile of its Xmg (ZY 17-4-2); (g) A plagioclase
1076  crystal with a sieve texture (ZY 17-4-1); (h) A plagioclase crystal without sieve texture
1077  (ZY17-6-1). Mineral abbreviations: Cpx, clinopyroxene; Opx, orthopyroxene; Pl,
1078 plagioclase; Amp, amphibole; Bt, biotite.

1079 Fig. 6. (a, c, e, g) Chondrite-normalized REE patterns and (b, d, f, h) primitive
1080  mantle-normalized trace element patterns for clinopyroxene and amphibole from the
1081  Zhuyuan pluton. The normalization values are from Sun and McDonough (1989).
1082 Fig. 7. Back scattered electron image and LA-ICP-MS maps of representative
1083  elements and important parameters for a reversely zoned clinopyroxene from sample
1084 ZY17-4. All LA-ICP-MS maps show probability density abundances to accentuate
1085  distribution characteristics. LA-ICP-MS data of Profile A extracted parallel to line A—

1086 B are listed in Table DR4.
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1087 Fig. 8. Back scattered electron image and LA-ICP-MS maps of representative
1088 elements and important parameters for an orthopyroxene + amphibole assemblage from
1089 sample ZY17-15. All LA-ICP-MS maps show probability density abundances to
1090  accentuate distribution characteristics.

1091 Fig. 9. Back scattered electron image and LA-ICP-MS maps of representative
1092 elements and important parameters for a biotite from sample ZY17-4. All LA-ICP-MS
1093 maps show probability density abundances to accentuate distribution characteristics.
1094 LA-ICP-MS data of Profile B extracted parallel to line C-D are listed in Table DR4.
1095 Fig. 10. (a) and (b) Amphiboles outlined in photomicrographs of samples ZY17-1
1096 and ZY17-11, respectively; (c) and (d) The CSD diagrams of In(n) versus size of
1097 amphibole for samples ZY17-1and ZY17-11, respectively, where ‘n’ represents the
1098 number of grains. Slope and intercept definitions are as follows: Slope = -1/Gt;
1099 Intercept = I/G, where nucleation rates (I) and crystal residence reservoir (t) were
1100  calculated by assuming a constant crystal growth rate (G; Marsh, 1988).

1101 Fig. 11. Chondrite-normalized REE distribution patterns for melts in equilibrium
1102 with (a) unzoned clinopyroxenes (Type-1 Cpx); (b) normally zoned clinopyroxenes
1103 (Type-2 Cpx); (c) reversely zoned clinopyroxenes (Type-3 Cpx); (d) amphiboles
1104  (Amp); The normalization values are from Sun and McDonough (1989).

1105 Fig. 12. St/Y values of different minerals versus the St/Y values of the melts in
1106  equilibrium with them (a), and the melts with Sr/Y values higher than 30 are considered
1107  to have high Sr/Y signature; Ce/Pb values of different minerals versus the Ce/Pb values

1108  of the melts in equilibrium with them (b). The Ce/Pb value of mantle derived melt is
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1109  generally greater than 9, while that of shell derived melt is usually less than 4 (Hofmann
1110 etal., 1986; Sims and DePaolo, 1997).

1111 Fig. 13. Schematic diagram showing the hypothetical magma conduit system used
1112 by magmas that formed the Zhuyuan adakitic granodiorites and the various possible
1113  mineral crystallization environments. See text for a detailed discussion.

1114 Fig.14. Chondrite normalized REE patterns of calculated intermediate felsic sources
1115 (color lines) of the high Sr/Y undiluted melt of the Zhuyuan granodiorites under
1116  different conditions. Each color line corresponds to different experiments listed in
1117 Table DR7. The source rocks corresponding to Exp 1 to 4 are garnet-bearing semi-
1118 pelitic metasedimentary gneiss, orthogneiss, garnet-bearing metasedimentary gneiss
1119 and biotite tonalite

1120

1121 Table.1. The important parameters of rock-forming minerals of the Zhuyuan
1122 granodiorites

1123 Table 2. The important parameters of the melts in equailibrium with rock-forming
1124  minerals from the Zhuyuan granodiorites

1125 Table 3. Crystallization conditions of amphibole and clinopyroxene from the
1126 ~ Zhuyuan granodiorites

1127

1128 Electronic Supplementary materials

1129 Supplementary Table DR1. Compilation of previously published zircon U-Pb ages

1130  of the Triassic igneous activity in the Western Qinling Orogen
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1131 Supplementary Table DR2. Compilation of whole-rock geochemical data and Ti-
1132 in zircon thermometer data for the Zhuyuan granodiorites

1133 Supplementary Table DR3. Electron microprobe analysis results of rock-forming
1134  minerals from the Zhuyuan granodiorites and standard materials of the Astimex series
1135 Supplementary Table DR4. LA-ICP-MS results of rock-forming minerals from
1136  the Zhuyuan granodiorites and standard materials

1137 Supplementary Table DRS. Textual parameters of amphlibole in the samples from
1138 the Zhuyuan pluton in West Qinling

1139 Supplementary Table DR6. Calculated compositions of the melts in equilibrium
1140  with rock-forming minerals from the Zhuyuan granodiorites and the partition
1141  coefficients used

1142 Supplementary Table DR7. Modeled compositions of the "undiluted melts" and
1143  source rocks

1144

1145 Supplementary Figure DR1. Classification diagrams for the granodiorites from the
1146  Zhuyuan pluton. (a) Q—A-P diagram (after Streckeisen, 1976); [-Quartzolite; 11—
1147  Quartz-rich granitoid; III-Alkali-feldspar granite; [V—Syenogranite; V-Monzogranite;
1148  VI-Granodiorite; VII-Tonalite; VIII-Alkali-feldspar quartz syenite; IX—Quartz
1149  syenite; X—Quartz monzonite; XI—Quartz monzodiorite/monzogabbro; XII—-Quartz
1150  diorite/Quartz gabbro; XIII-Alkali-feldspar syenite; XIV—Syenite; XV-Monzonite;

1151  XVI-Monzodiorite/Monzogabbro; XVII-Diorite/Gabbro.
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1152 Supplementary Figure DR2. (a) (Dy/Yb)x versus (La/Yb)n diagram (after He et al.,
1153 2011) for adakite-like rocks from the Zhuyuan pluton. (b) La/Sm versus La/Nb diagram
1154  for adakitic rocks from the Zhuyuan pluton.

1155

1156 Other Supplementary Materials

1157 Description of GEOLOGICAL SETTING

1158 Description of ANALYTICAL METHODS

1159 Description of the RESULTS of “Whole-rock major and trace element
1160  geochemistry”

1161 DISCUSSION on “The critical role of magma mixing and antecryst recycling”
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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 >REE (ppm) Texture Type
Type-1A Cpx  72.6-81.7 — 34.4-455 20.1-244 2.69 1.41-2.26 54.3-75.0 poikilitic texture, 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 non-zoned 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, antecrysts
Type-2 Cpx rim  71.5-76.2 — 29.3-42.7 29.7-47.77 091-2.62 0.61-1.22 139-245 normally zoned 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, antecrysts
Type-3 Cpxrim  75.5-86.9 82.5-91.9 6.27-7.57 0.24-0.55 11.7-13.2 37.8-46.6 reversely zoned 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
disequilibrium
Amphibole 63.1-74.6 — 17.0-29.8 58.2-141 1.54-1.94  0.15-0.33 303-693 antecrysts
boundary texture
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: 14.9-294 865-1494 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 0.304.12 interstitial mineral orthocrysts
K-feldspar — Or: 72.4-95.8 535-1029 <0.1 197-338 > 5345 1.47-16.1 interstitial mineral orthocrysts
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Equilibrium melt Mg# Cr (ppm) Ni(ppm) EuwEu* Sr/’Y Sr/Rb Sr/Ba Ce/Pb  Environment
Type-1A Cpx 39.5-477 46.5-71.2 28.1-46.0 0.54-0.68 4.52-7.27 — — 42.5-125
Type-1B Cpx 42.7-55.5 145-272 92.4-93.5 0.41-0.43 1.97-2.57 — — 78.8-156 A
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
Type-2 Cpxrim 413473 101460 34.6-67.7 0.32-0.46 1.97-3.93 — — 41.2-133 b
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
Type-3 Cpxrim  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 PI — — — 15.9-23.3 218315 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
K-feldspar — — — — >>29 — — 0.05-0.84 i
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Table 3. Crystallization conditions of amphibole and clinopyroxene from the Zhuyuan

granodiorites
Temperature Pressure Depth
Mineral
°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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Exp 4 (690°C, 0.599 GPa H,O-satuated)

%/\\’ ‘4
~~7

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Figure 14

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld




	页 1
	页 1
	页 1
	页 1
	Table 1
	Table 2
	Table 3
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Figure 9
	Figure 10
	Figure 11
	Figure 12
	Figure 13
	Figure 14



