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Abstract: The Shatanjiao pluton, located at the eastern Tongling region (Eastern
China), is of great research significance for the study of magma evolutionary process
since this pluton is related to the regional Cu—Au mineralization. Zircon U-Pb dating
on two granodiorite samples from this pluton yields ages of 141.9 = 3.1 Ma (MSWD
=0.07) and 141.9 + 3.3 Ma (MSWD = 0.03), respectively, which overlap the range of

intense Late Jurassic to Early Cretaceous magmatism in the Tongling region. Based
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on the Sr content of apatite from the Shatanjiao granodiorites, they are subdivided into
high Sr apatite (apatite-I; 754-1242 ppm, mean = 1107 ppm) and low Sr apatite
(apatite-1I; 415-613 ppm, mean = 507 ppm). Both apatite-I and apatite-II are
characterized by high Sr and St/Y ratios, and inconspicuous negative Eu anomalies,
indicating that these granodiorites have a likely adakites affinity. Considering their
low Rb contents (<0.05 ppm), in-situ Sr isotopes of these apatite grains show ¥7Sr/*Sr
ratios of 0.70848-0.71494 and 0.70767-0.71585 for apatite-I and apatite-II,
respectively, indicating that the ®’Sr/**Sr ratios of both apatite groups can represent
the Sr isotopic compositions of their host rocks. Moreover, the La/Sm and St/Th ratios
of both apatite groups suggest that the studied granodiorites might be sourced from
the partial melting of subducted ocean slab and overlying sediments. Based on their
zircon trace element compositions, the calculated temperature and oxygen fugacity for
the magma are characterized by high temperatures (mean T = 646 °C) and high
oxygen fugacity (mean Ce*"/Ce’" ratios = 341). On the basis of MgO, FeO, SiO, and
YREE contents of apatite, we further suggest that apatite-I and apatite-II might have
crystallized at the early and late stages of magma evolution, respectively. Since
apatite-I has much higher Eu/Eu* ratios (0.56-0.76) but lower (La/Yb)y ratios
(7.85-28.6) than apatite-II of 0.39-0.58 and 95.9—-132, respectively, it is indicated that
plagioclase, garnet, hornblende and =zircon might control the trace element
composition of melt during the magma evolutionary history, which were recorded by
the apatite. Therefore, apatite can be an ideal tracer to reflect the sequence of

multi-stage magma evolution.
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1 INTRODUCTION

Adakites are intermediate to felsic rocks which are assumed to be formed by partial
melting of young (less than 25 Ma) oceanic slabs in hot subduction zones (Defant and
Drummond 1990). Adakites are characterized by distinctive geochemical signatures
such as high Sr but low Y contents as well as high St/Y and La/Yb ratios (Defant and
Drummond 1990; Martin 1999; Martin et al. 2005). Further studies suggest that some
intraplate magmatic rocks can also exhibit the identical geochemical signatures to
typical adakites (e.g., Defant and Drummond 1993; Erwan et al. 2002; Gao et al. 2007;
Richards and Kerrich 2007; Wang et al. 2019). These magmatic rocks are commonly
classified as adakite-like rocks and record geochemical evidence of melting,
assimilation, storage and homogenization (MASH) and/or assimilation, fractional
crystallization (AFC) processes during their genesis and evolution (Chiaradia 2009).
The AFC and MASH processes in the shallow and deep magma chambers are
important for the formation of the adakite-like rocks, since the geochemical signatures
of these rocks are mainly controlled by the crystallization of specific minerals such as
plagioclase, rutile, ilmenite and clinopyroxene (= amphibole) in shallow depth, and/or
garnet and amphibole in deep reservoirs (Rollinson 1993; Macpherson et al. 2006;

Richards and Kerrich 2007). Both AFC and MASH processes can be detectable from
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the geochemical and isotopic characteristics of magmatic rocks. However, it should be
emphasized that homogenization of magmas in shallow magma chambers has a
potential to obscure the whole-rock geochemical compositions of magmatic rocks,
and thus make them useless for distinguishing the magmatic evolutionary processes.
On the other hand, accessory minerals can record valuable information regarding the
geochemical characteristic of magma sources and/or magmatic conditions and
evolutionary paths. Hence, these minerals are widely used for unraveling the hidden
magmatic processes.

Zircon and apatite are important accessory minerals in granitic rocks, as well as in
high St/Y rocks (adakites or adakite-like rocks). These minerals contain various
elements with different geochemical behavior such as rare earth elements (REE), Ti,
Mn, Sr, and Y which are sensitive to the physico-chemical conditions as well as the
geochemical composition of magmas (e.g., Watson and Harrison 2005; Trail et al.
2012; Miles et al. 2014; Pan et al. 2016; Bruand et al. 2017; Nathwan et al. 2020). Sr
is highly compatible in apatite, whereas Rb is incompatible, therefore, the *’Sr/**Sr
isotopic ratio of apatite will not significantly influenced by the radioactive decay of
the *’Rb/**Sr. This suggests that the *’Sr/**Sr isotopic ratios of apatite can reflect the
Sr isotopic composition of its host magmas (Tsuboi and Suzuki 2003; Tsuboi 2005).
In addition, the apatite is also an ideal mineral to explore the formation of arc magmas
as well as the magma evolutionary history, what can result in can result in explosive
volcanism and the formation of economically valuable magmatic-hydrothermal ore

deposits (Nathwani et al. 2019).
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87 Taking into account the above features of such accessory minerals, we have
88 performed a series of in-situ analyses on zircon and apatite from the Shatanjiao
89  granodiorites, which are located in the Tongling region in eastern China (Fig. 1). We
90 have further performed trace element and Sr isotopic analyses of apatite from the
91  studied granitoids. The combination of our new geochronological, geochemical and
92  isotopic data aims to constrain the age, nature, source of the Shatanjiao pluton in the
93  Tongling region. Meanwhile, this study specifically provides a new insight on magma

94  evolution process in this region from the perspective of apatite.

95 2 GEOLOGICAL SETTING

96 The Tongling region in Anhui Province is one of the seven major mining districts
97 in the Middle-Lower Yangtze River Metallogenic Belt (MLYRB). It is situated at the
98  suture zone between the Yangtze Craton and the North China Craton, bounded by the
99  Yangxing—Changzhou Fault (YCF) and the Tancheng—Lujiang Fault (TLF) (Fig. 1).
100 The basement rocks beneath the MLYRB are mainly composed of Kongling Late
101  Archean to Paleoproterozoic metamorphic rocks (Chen et al. 2001). The Kongling
102  complex is dominated by tonalite—trondjemite—granodiorite (TTG) gneisses with ages
103 of 3.45-3.2 Ga (Guo et al. 2014; Wei et al. 2019) and 2.9-2.8 Ga (Gao et al. 1999,
104  2011; Zhang et al. 2006). These basement rocks are covered in ascending order by a
105  series of Sinian (Neoproterozoic) to Triassic carbonates and clastic sediments (Chang
106  etal. 1991).
107 The Tongling region is famous for its large scale Cu—Au mineralization, and
108  hosts several major ore fields (Shizishan, Xinqiao, Fenghuangshan and Shatanjiao;

109  Fig. 2). The stratigraphic sequences of this region comprise the Silurian sandstone,
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110  Upper Devonian to Lower Middle Triassic sandstones and carbonates, Middle—Upper
111  Middle Triassic carbonates, Upper Jurassic tuffs and rhyolites and Cretaceous
112 conglomerates, shales and sandstones (Fig. 2). In this region, faults are generally
113 trending in NE, NS and NW direction, and control the distribution of granitic plutons
114 and Cu—Au deposits. Seventy-six granitic plutons intruded into Silurian—Triassic
115  sedimentary rocks of the Tongling region (Pan and Dong 1999). These intrusions are
116  mainly composed of granodiorite, quartz diorite and pyroxene diorite among which
117  granodiorite and quartz diorite are closely related to the regional Cu—Au
118  mineralization. Previous studies suggested that these granitic rocks and Cu-Au
119  mineralization in the Tongling region were both formed between 147 and 130 Ma,
120  indicating that the large scale Cu—Au mineralization is genetically related to the Late
121 Jurassic—Early Cretaceous granitic magmatism (e.g., Yang et al. 2011; Zhong et al.
122 2014; Cao et al. 2017; Xie et al. 2017; Liu et al. 2018; Xiao et al. 2020).

123 Located at the eastern Tongling region, the Shatanjiao pluton occupies an area of
124 5.5 km® and is intruded into the surrounding carbonate rocks, resulting in the
125  skarnization and Cu-Au mineralization (Fig. 3). This pluton is composed of
126  granodiorite with zircon U-Pb age of 141.4 + 1.1 Ma (Wu et al. 2011). These
127  granodiorites have high SiO,, ALO; and NaO, contents, suggesting a high-K

128  calc-alkaline affinity (Wu et al. 2011).

129 3 SAMPLING AND ANALYTICAL TECHNIQUES

130 3.1 Sample collection and description

131 Two granodiorite samples were collected from the Shatanjiao pluton, including a
132 medium- to coarse-grained granodiorite (sample STJ09) and a fine- to medium-grained

133 granodiorite (sample STJO1). The sample locations are shown in Fig. 3. Zircon and
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134  apatite grains were separated from the two rock samples. Zircon grains were used for
135  U-Pb dating and trace element composition analyses, whereas apatite grains were
136  employed for Sr isotopic and trace element composition analyses.

137 These granodiorite samples are light grey-white in color, and display a massive
138  structure and porphyritic texture (Fig. 4a and 4c). The medium- to coarse-grained
139  granodiorite contains plagioclase (~40%), K-feldspar (~25%), quartz (~20%), biotite
140  (~10%) and hornblende (~5%), with minor zircon, apatite, sphene and magnetite (Fig.
141 4b). The fine- to medium-grained granodiorite is composed of plagioclase (~30%),
142 K-feldspar (~30%), quartz (~25%), biotite (~10%) and hornblende (~5%), with zircon,

143 apatite, sphene and magnetite as accessory phases (Fig. 4d).

144 3.2 Cathodoluminescence (CL) and backscattered electron (BSE) imaging

145 Zircon and apatite grains were separated by conventional magnetic and heavy
146  liquid techniques and hand-picked using a binocular microscope. They were then
147  mounted in epoxy resin blocks and polished to obtain flat surfaces. All zircon grains
148  were subjected to CL imaging, whereas BSE imaging were taken for apatite grains.
149  Both images were employed to better characterize the internal structures of individual
150  zircon and apatite grains, respectively. The CL and BSE images were obtained using a
151  scanning electron microscope (SEM) housed at the Key Laboratory of Crust-Mantle
152  Materials and Environments, Chinese Academy of Sciences, University of Science and

153  Technology of China (Hefei, China).

154 3.3 Zircon U-Pb dating and trace element analysis
155 In situ zircon U-Pb dating and trace element concentrations analyses were
156  performed using a Geolas Pro laser-ablation system simultaneously coupled to a

157  Neptune Plus multiple-collector ICP-MS and a 7700x quadrupole ICP-MS at the Key
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158  Laboratory for the study of focused Magmatism and Giant Ore Deposits, Xi'an Center
159  of Geological Survey, China Geological Survey. A stationary laser ablation spot with a
160  beam diameter of 30 um was used for all analyses. The ablated aerosol was carried by
161  helium and then combined with argon in a mixing chamber before being introduced to
162  the ICP-MS plasma. NIST610 and 91500 was used as the reference standards. GJ-1
163  was used as the monitor standard for U-Pb dating analyses. Analytical errors for
164  individual samples are presented as 2c in Table 1, whereas uncertainties in weighted
165 mean ages are quoted at 2o (95% confidence) in concordia diagrams. The
166  measurement accuracy was better than 96% (2c). Trace element concentrations and
167  U-—Pb isotopic compositions were calculated using the software of GLITTER 4.4.4.
168  The common Pb correction was conducted using the method proposed by Andersen
169  (2002). Weighted mean age calculations and concordia diagrams were generated with

170  Isoplot 3.0 (Ludwig 2003).

171 3.4 In-situ LA-ICP-MS trace element analysis of apatite

172 Trace element analysis of apatite was conducted by LA-ICP-MS at the Wuhan
173 Sample Solution Analytical Technology Co., Ltd. (Wuhan, China). Detailed operating
174  conditions for the laser ablation system and the ICP-MS instrument and data reduction
175  are the same as given in Zong et al. (2017). Laser sampling was performed using a
176  GeolasPro laser ablation system consisting of a COMPexPro 102 ArF excimer laser
177 (wave length of 193 nm and maximum energy of 200 mJ) and a MicroLas optical
178  system. An Agilent 7700e ICP-MS instrument was used to acquire ion-signal
179  intensities. Helium was used as a carrier gas, and argon was used as a make-up gas and
180  mixed with the carrier gas via a T-connector before injection into the ICP. A “wire”
181  signal smoothing device was included in this laser ablation system (Hu et al. 2015). The

182  spot size and frequency of the laser were set to 32 um and 5 Hz, respectively. Trace
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183  element compositions of minerals were calibrated against various reference materials
184 (BHVO-2G, BCR-2G and BIR-1G) without using an internal standard (Liu et al.
185  2008). Each analysis incorporated a background acquisition of approximately 20-30 s
186  followed by 50 s period of sample data acquisition. The measurement accuracy was
187  better than 97% (1o). An Excel-based software ICPMSDataCal was used to perform
188  off-line selection and integration of background and analyzed signals, time-drift

189  correction, and quantitative calibrations (Liu et al. 2008).

190 3.5 In-situ LA-MC-ICP-MS strontium isotopic analysis of apatite

191 Sr isotopic measurements of apatite were performed using a Neptune Plus
192  MC-ICP-MS (Thermo Fisher Scientific, Bremen, Germany) in combination with a
193  Geolas HD excimer ArF laser ablation system (Coherent, Gottingen, Germany) at the
194  Wuhan Sample Solution Analytical Technology Co. Ltd. (Wuhan, China). The
195  Neptune Plus was equipped with nine Faraday cups fitted with 1011 Q resistors. The
196  Faraday collector configuration of the mass system was composed of an array from L4
197  to H3 to monitor Kr, Rb, Er, Yb and Sr. A combination of a high-sensitivity X-skimmer
198  cone and Jet-sample cone was employed. In the laser ablation system, helium was used
199 as a carrier gas for the ablation cell. For single-spot laser ablation, the spot diameter
200 ranged from 60 to 160 pum depending on the Sr signal intensity. The pulse frequency
201  was from 8 to 15 Hz, and the laser fluence was held constant at ~10 J/em®. The data
202 reduction for LA-MC-ICP-MS analysis was conducted using ICPMSDataCal (Liu et
203 al. 2010). The interference correction strategy was the same as that reported by Tong et
204  al. (2016). The regions of integration for both gas background and sample were initially
205  selected, and no additional Kr peak stripping was applied following the background
206  correction, which removed the background Kr+ signals. Then, interferences were

207 corrected in the following sequence: (1) the interferences of '**Er™ on *Sr, ""’Er"™" and
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208 '"°Yb"™ on ¥Rb, "*Yb" on *Sr, and "*Yb"" on ¥'Sr were corrected based on the
209  measured signal intensities of "’Er"", 1”°Yb™" and the natural isotope ratios of Er and
210  Yb (Berglund and Wieser 2011); and (2) the isobaric interference of *Rb on *’Sr was
211 corrected by monitoring the *Rb signal intensity and a user-specified *’"Rb/*Rb ratio
212 using an exponential law for mass bias. The user-specified *’Rb/*Rb ratio was
213 calculated by measuring some reference materials with a known *’Sr/*°Sr ratio.
214  Following the interference corrections, mass fractionation of Sr isotopes was corrected
215 by assuming *°Sr/**Sr = 8.375209 (Tong et al. 2016) and applying the exponential law.
216  Two natural apatite crystals (Durango and MAD) were used as unknown samples for
217 in-situ Sr isotopic analyses of apatite. The uncertainty of the **Sr/*°Sr ratio (2) for
218 single measurements was 0.0003—0.0004. The analyzed **St/*°Sr ratios of Durango and
219  MAD crystals in this study are 0.706346 + 0.000516 and 0.711879 + 0.000157,
220  respectively, which are within error of the reported ratios of 0.71180 and 0.70632,

221 respectively (Yang et al. 2014).

222 4 RESULTS

223 4.1 Zircon U-Pb ages

224 LA-ICP-MS zircon U-Pb age data for two granodiorite samples from the
225  Shatanjiao pluton are presented in Table 1. Most zircon grains from the fine- to
226  medium-grained granodiorite (sample STJO1) are euhedral, and have lengths of
227 100-200 um and aspect ratios of 1:1 to 3:1. These zircon grains display internal
228  oscillatory zoning, suggesting a magmatic origin (Hoskin and Schaltegger 2003; Fig.
229  5). Their Th and U contents are 69—303 ppm and 265-651 ppm, respectively, with
230  Th/U ratios of 0.25-0.54. Twenty-two analyses of magmatic domains give concordant

231 or nearly concordant **°Pb/***U ages ranging from 138 to 145 Ma (Table 1), yielding a
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232 weighted average age of 141.9 + 3.1 Ma (MSWD = 0.07; Figs. 6a-b). This age is
233 interpreted as the crystallization age of the fine- to medium-grained granodiorite.

234 Zircon grains from the medium- to coarse-grained granodiorite (sample STJ09)
235  are mostly euhedral or subhedral and have lengths of 150-200 um and aspect ratios of
236 1:1-3:1. The CL imaging also shows internal oscillatory zoning, suggesting a
237  magmatic origin for these zircon grains (Hoskin and Schaltegger 2003; Fig. 5). They
238  have Th (75-305 ppm) and U contents (173—411ppm), with Th/U ratios of 0.41-0.85.
239 Twenty-five analyses of magmatic domains yield concordant **°Pb/>**U age group
240  near or on the concordia curve (Fig. 6¢). The **°Pb/**U ages of these zircon grains
241  range from 139 to 145 Ma (Table 1), yielding a weighted average age of 141.9 + 3.3
242 Ma (MSWD = 0.03; Fig. 6d). This age is further interpreted as the crystallization age

243 of the medium- to coarse-grained granodiorite.

244 4.2 Zircon trace element compositions

245 The trace element concentrations of zircon grains are shown in Table 2. Zircon
246  grains from the fine- to medium grained-granodiorite have Ti contents of 1.15-7.86
247  ppm and total rare earth element (XREE) of 205-853 ppm. They exhibit enrichment in
248  heavy rare earth elements (HREE), depletion in light rare earth elements (LREE), and
249  relatively low LREE/HREE ratios of 0.02-0.08. Their chondrite-normalized REE
250 patterns are characterized by negative Eu anomalies (Eu/Eu* = 0.57-0.75, mean =
251  0.68) and positive Ce anomalies (Ce/Ce* = 69—605, mean = 266), which are similar
252 features of zircon of magmatic origin (Fig. 7a; Hoskin and Schaltegger, 2003).

253 Zircon grains from medium- to coarse-grained granodiorite are also characterized

254 by variable contents of Ti (1.73-5.36 ppm) and XREE (152-958 ppm). These zircon
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255  grains further display enrichment in HREE, depletion in LREE and relatively low
256  LREE/HREE ratios of 0.02—0.05. Their chondrite-normalized REE patterns also show
257  relatively negative Eu anomalies (Eu/Eu* = 0.57-0.74, mean = 0.65) and positive Ce
258  anomalies (Ce/Ce* = 31-899, mean = 233), which indicate a magmatic origin for the

259  zircon grains of this sample (Fig. 7b; Hoskin and Schaltegger, 2003).

260 4.3 Apatite major and trace element compositions

261 The major and trace element compositions of apatite from the granodiorite
262  samples of the Shatanjiao pluton are given in Table 3. Apatite grains from the fine- to
263  medium-grained granodiorite (apatite-I) and from the medium- to coarse-grained
264  granodiorite (apatite-II) both mainly occur as euhedral or subhedral crystals with no
265  evidence of hydrothermal alteration under BSE images (Fig. 8), indicating that these
266  apatite grains have a magmatic origin. Apatite-I has P,Os, CaO, MgO, Si0,, MnO, FeO
267 and Na,O contents of 42.4-44.1 wt%, 55.0-56.7 wt%, 0.02 wt%, 0.22-0.55 wt%,
268 0.08-0.09 wt%, 0.06-0.07 wt%, and 0.03—0.08 wt%, respectively. Apatite-II has
269  similar contents of P,Os (43.3—44.0 wt%) and CaO (54.9-55.7 wt%), but higher SiO,
270  (0.34-0.48 wt%), lower MnO (0.04-0.48 wt%), FeO (0.03-0.06 wt%) and MgO
271 (0.01-0.02 wt%) contents than those of apatite-1 (Fig. 9). However, apatite-1 and
272 apatite-II both are featured by low MnO and SiO, contents, which further suggest a
273 magmatic origin (Fig. 10).

274 Apatite-I is characterized by high contents of Sr (754-1242 ppm) and Y (113-575
275 ppm), but low Th (1.50-7.53 ppm) and U (2.50-9.75 ppm) contents relative to
276  apatite-II showing Sr, Y, Th and U concentrations of 415-612 ppm, 109-194 ppm,
277  16.3-28.1 ppm and 5.27-12.2 ppm, respectively. Apatite-I and apatite-Il both show

278  low Rb concentrations (mostly lower than 0.05 ppm). In terms of REE compositions,

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-2021-7871. http://www.minsocam.org/

279  apatite-I has low and variable XREE (668-2239 ppm) when compared to apatite-II
280 (31454933 ppm). Both apatite-I and apatite-II are characterized by enrichment in
281 LREE and depletion in HREE, with (La/Yb)x ratios of 7.85-28.6 and 95.9-132,
282 respectively (Fig. 11). Apatite-I has higher negative Eu anomalies (Euw/Eu* =
283 0.56-0.76) than those of apatite-II (Euw/Eu* = 0.39-0.58). Apatite-1 did not show
284  obvious Ce anomalies, whereas apatite-II has slightly negative Ce anomalies (Ce/Ce* =

285 0.87-0.93).

286 4.4 Apatite Sr isotopes

287 The strontium isotopic compositions of apatite from the granodiorite samples of
288  the Shatanjiao pluton are given in Table 4. The *’Sr/**Sr ratios of apatite-I and apatite-II
289  vary between 0.70848-0.71494 and 0.70767-0.71585, respectively (Fig. 12). In
290  addition, both apatite-I (sample STJO1) and apatite-1I (sample STJ09) have relatively
291 low “Rb/*Sr ratios, ranging from 0.00032 to 0.01119 and from 0.00043 to 0.01822,
292 respectively. This suggests that the *’Sr produced by radioactive decay of *’Rb could be
293 ignored and the measured *’Sr/**Sr ratios of scheelite could be equal to their initial
294  ratios at the time of crystallization or element redistribution of the studied granodiorites

295  (Kozlik et al. 2016).

296 5 DISCUSSION

297 5.1 Age and adakite-like rock affinity

298 The granodiorite samples from the Shatanjiao pluton were dated at 141.9 + 3.1
299  Ma (sample STJO1) and 141.9 + 3.3 Ma (sample STJ09), which overlap the range
300 (148-130 Ma) of intense Late Jurassic to Early Cretaceous intermediate-acid igneous

301  magmatism in the Tongling region (Yang et al. 2011; Xie et al. 2017; Liu et al. 2018).
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302  Compared with non-adakite-like rocks, high Sr, low Y and Yb, high St/Y ratios, and
303 lack of negative Eu anomalies are typical geochemical features of adakite-like rocks
304  (Defant and Drummond 1990; Martin 1999; Martin et al. 2005). Experimental study
305 by Watson and Green (1981) has revealed that Sr and REE are highly compatible in
306  apatite, therefore, the apatite might inherit high Sr and low Y contents, high Sr/Y
307 ratios and inconspicuous Eu anomalies from the melt. In this study, both apatite-I and
308 apatite-Il show medium Eu anomalies (Eu/Eu* = 0.56-0.76 and 0.39-0.58,
309  respectively) and high Sr/Y ratios (1.60-8.79 and 2.75—4.64, respectively), indicating
310 that the studied granodiorites belong to the adakite-like rocks (Fig. 13; Pan et al.
311 2016). Our results are in good agreement with previous whole-rock geochemical
312 studies of the Shatanjiao granodiorites by Wu et al. (2011). Overall, this indicates that
313  the Sr/Y and Eu/Eu* ratios of apatite could be a valid tracer for identifying the

314  adakite-like rocks.
315 5.2 Characteristics of magma source

316 Rb is highly incompatible in apatite due to the extremely low partition coefficient
317  between apatite and granitic melt (Dgy™**"*™" = 0.0013; Prowatke and Klemme 2006).
318 In contrast, Sr is highly compatible in apatite since the Sr** can substitute Ca>" into
319  the lattice of apatite (Pan and Fleet 2002). It means that the *’Sr/*°Sr ratios of apatite
320  can be regarded as the initial *’St/**Sr ratios of their primary magma. In this study, the
321 ¥'Sr/*°Sr ratios of apatite-I (0.70848-0.71494) and apatite-II (0.70767—0.71585) show
322 a large range values compared to those of the Tongling intrusive rocks (Fig. 12).

323 Previous studies of these Tongling intrusive rocks proposed that they were likely
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324  originated from the partial melting of subducted ocean slab and overlying sediments
325  (e.g., Ling et al. 2009; Liu et al. 2010; Sun et al. 2011; Li et al. 2014). On the other
326 hand, the *’Sr/*Sr ratios of apatite grains can record more detailed information than
327  the whole-rock Sr isotopic compositions. Hence, the studied apatite grains with high
328 ¥'Sr/*Sr ratios likely reflect the information of the overlying sediments, whereas
329  apatite grains with similar *’Sr/*Sr ratios to those of whole-rock might record
330 information of the homogenized magma. In addition, the involvement of subducted
331  ocean slab and overlying sediments for the studied granitoids is confirmed by the
332 binary plot of La/Sm versus Sr/Th ratios of apatite from the Tongling intrusive rocks
333 (Fig. 14). In general, the intrusive rocks of the Tongling region, including the
334  Shatanjiao granodiorites, are sourced from partial melting of subducted ocean slab
335 and sediments. Meanwhile, Sr isotopes and trace element compositions of apatite can

336 keep the essential information of the magma source.
337 5.3 Estimation on magma temperature and oxygen fugacity

338 Temperature and oxygen fugacity are important indexes for the magma melt
339  because it has a huge influence on the nature and melting process of magma melt as
340 well as the geochemical behavior of multivalent elements in the melt (Watson and
341  Harrison 1983, 2005; Miller et al. 2003; Ferry and Watson 2007; Hayden and Watson
342 2007; Trail et al. 2012; Sun et al. 2013). Moreover, the oxygen fugacity has a great
343  impact on the metallic mineralization. For example, low oxygen fugacity is essential
344  for Sn—W mineralization, whereas high oxygen fugacity is one of the key factors for

345  the porphyry Cu—Au mineralization (Lehmann 1982, 1990; Linnen et al. 1995, 1996;
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346 Sun et al. 2013). Previous studies have proposed that some specific elements in zircon
347 and apatite are sensitive to the temperature and redox conditions of the melt, which
348 can be used as a valid tracer to reflect the physico-chemical conditions of the melt
349  (e.g., Harrison and Watson 1984; Sha and Chappell 1999; Ballard et al. 2002; Ferry
350 and Watson 2007; Trail et al. 2012; Miles et al. 2014). Using the model of zircon Ti
351  thermometer proposed by Ferry and Watson (2007), zircon grains from the
352  granodiorite samples (STJO1 and STJ09) have overlapping estimated temperatures
353  ranging from 581 to 720 °C (mean T = 653 °C) and 607 to 689 °C (mean T = 639 °C),
354  respectively (Fig. 15).

355 In terms of oxygen fugacity of the melt, the Ce*'/Ce’" ratios of zircon and Mn
356  contents in apatite are widely applied for estimating the oxygen fugacity of melt (Sha
357 and Chappell 1999; Ballard et al. 2002; Belousova et al. 2002; Miles et al. 2014).
358  Based on the model proposed by Ballard et al. (2002), the Ce*"/Ce®" ratios of zircon
359  grains from the granodiorite samples (STJO1 and STJ09) range from 55 to 445 (mean
360 = 245) and 181 to 939 (mean = 437), respectively (Table 2). These relatively high
361  Ce*"/Ce’'ratios are consistent with those of the Dexing porphyry deposit, which is
362 well accepted for its high oxygen fugacity (Fig. 16; Zhang et al. 2017). Since Mn*" is
363  favored by apatite through substitution for Ca**, oxidized magma increases Mn*" at
364  the expense of Mn”" in the melt, resulting in low Mn concentration of apatite (Sha and
365  Chappell 1999; Belousova et al. 2002). In this study, both apatite-I and apatite-II have
366  low MnO contents varying between 0.06-0.07 wt % and 0.04-0.07 wt %, respectively.

367 Based on the model proposed by Miles et al. (2014), the calculated Logf(O,) values of
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368  apatite-I and apatite-II are ranging from -9.90 to -9.88 and from -9.87 to -9.82,
369  respectively. These results consistently suggest that the zircon and apatite grains from
370  the studied granodiorites were formed in an oxidized magma melt. It should be noted
371  that oxidized magma is favorable for the Cu—Au mineralization (Sun et al. 2011, 2013;
372 Zhang et al. 2017), which corroborates the widespread occurrence of Cu—Au deposits

373  in the Shatanjiao region (see Fig. 3).

374 5.4 Multi-stage magma evolutionary history

375 The chemical composition of igneous rocks is mainly determined by the
376  multi-stage magma processes in deep crust, including melting, fractional
377  crystallization and assimilation (Hildreth and Moorbath, 1988; Annen et al. 2006;
378  Davidson et al. 2007). The adakite-like rocks mostly show features of high Sr, low Y
379 and Yb, high Sr/Y ratios, and lack of negative Eu anomalies, which might be caused
380 by intense fractional crystallization of amphibole (+garnet) and suppressed fractional
381  crystallization of plagioclase (Miintener et al. 2001; Zhang et al. 2001). Apatite is a
382 common accessory mineral in igneous rocks, and has the ability to reflect the
383  geochemical signatures of the discrete stages of melt (Jennings et al. 2011; Bruand et
384  al. 2016; Nathwani et al. 2020). As the major Sr reservoir, plagioclase contains high Sr
385 content and the fractional crystallization of plagioclase will have significant impact on
386 the Sr content of the melt. It was proposed that apatite can record the Sr content of the
387 melt at the time of its crystallization (Jennings et al. 2011; Bruand et al. 2016).
388  Crystallization of plagioclase will decrease the Sr content in the residual melt,

389 therefore, the early crystallized apatite will have high Sr content compared to that of
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390 the lately crystallized apatite (Pan et al. 2016). In this study, apatite-I has higher Sr
391  content of 754-1242 ppm than apatite-II of 415-612 ppm, indicating that apatite-I
392  might have crystallized earlier than apatite-II. In addition, apatite-I has high contents
393  of MgO and FeO, and low contents of Si0O, and XREE compared to those of apatite-II,
394 showing an acid magma evolution trend (Figs. 9a-9d). The studied granodiorite
395 samples have similar zircon U-Pb ages, making that it is unable to distinct the
396  magmatic episodes of the Shatanjiao pluton. Therefore, apatite might provide a new
397  tool to better constrain the different stages of magma evolution.

398 Plagioclase is a natural Eu reservoir, and plays an important role in Eu content of
399  the melt because the fractional crystallization of plagioclase will not only decrease Sr
400 but also Eu content in the residual melt (Bédard 2006; Bindeman and Davis 2020;
401  Dygert et al. 2020). In this study, apatite-I has high Eu/Eu* ratios of 0.56—0.76 than
402  apatite-II of 0.39-0.58, although both apatite group display a similar trend between
403  Eu/Eu* and Sr contents (Fig. 9¢), indicating that more intense plagioclase fractional
404  crystallization occurred at the latter magmatic stage. Both apatite-I and apatite-1I from
405 the studied graonodiorites are characterized by LREE enrichment and HREE
406  depletion, showing similar REE patterns to those of the Shatanjiao intrusive rocks
407  (Fig. 11), but apatite-I has much lower (La/Yb)y ratios (7.85-28.6) than those of
408  apatite-II (95.9-132) (Table 3; Fig. 9f), indicating that more intense HREE depletion
409  occurs in the latter stage melt. It should be noted that fractional crystallization some
410  specific minerals (e.g., garnet, hornblende and zircon) can attribute to the HREE

411  depletion of the melt (Sisson 1994; Otamendi and Patifio Douce 2001; Brophy et al.
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412 2011; Fornelli et al. 2014, 2018). Continuous fractional crystallization these minerals
413  in the magma chamber leads to formation of melts with different REE features which
414  are likely the inherited by apatite. Therefore, apatite might be an efficient mineral to

415  record the magma evolution history.

416 6. IMPLICATIONS

417 The Shatanjiao granodiorites, formed in Late Jurassic, have similar geochemical
418  characteristics to the adakite-like rocks. This suggests a high oxygen fugacity and
419  temperature environment for the formation of the magma, which was likely originated
420  from the subducted oceanic crust. Considering the trace element composition of
421  apatite from the studied granodiorites, their high Sr contents indicate a source from
422  the early stage of magma evolution, whereas their low Sr contents suggest a formation
423  during the late stage of magma evolution. In addition, fractional crystallization of
424  plagioclase, garnet, hornblende and zircon might control the trace element
425  composition of melt during the magma evolutionary history, which were recorded by

426  the apatite.
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701 FIGURE CAPTIONS

702 FIGURE 1. Regional geological sketch map showing the distribution of major
703  mining districts along the Yangtze River in East China, and the location of the
704  Shatanjiao pluton (modified from Pan and Dong, 1999).

705

706  FIGURE 2. Geological map and distribution of magmatic pluton in the Tongling
707  region, Anhui (Mao et al. 2009)

708

709  FIGURE 3. Geological sketch map of the Shatanjiao region, showing the sampling
710  location.

711

712 FIGURE 4. Hand specimens and photomicrographs of representative granitoids from
713 the Shatanjiao pluton: (a—b) Medium to coarse grained granodiorite and (c—d) fine to
714  medium grained granodiorite. Bt-biotite; Hbl-hornblende; Kfs—K-feldspar;
715  Pl-plagioclase; Qtz—quartz.

716

717  FIGURE 5. CL images of representative zircon grains from the Shatanjiao
718  granodiorites, showing the location of analyzed spot and corresponding U-Pb age.

719

720 FIGURE 6. Zircon U-Pb concordia diagram and weighted-mean ages of
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721  representative zircon grains from the Shatanjiao granodiorites.
722
723  FIGURE 7. Rare earth element distributions in zircon from the Shatanjiao

724  granodiorite. Chondrite normalization based on Taylor and McLennan (1985).
725

726 FIGURE 8. BSE images of representative apatite grains from the Shatanjiao

727  granodiorites.
728

729  FIGURE 9. Geochemical diagrams of representative elements and parameters of
730  apatite from the Shatanjiao granodiorites.
731

732 FIGURE 10. SiO; versus MnO diagram for the apatite from the Shatanjiao
733 granodiorites (modified from Chen et al. 2017)

734

735  FIGURE 11. Rare earth element distributions in apatite from the Shatanjiao

736  granodiorites. Chondrite normalization based on Taylor and McLennan (1985).

737

738 FIGURE 12. Sr isotopic compositions of the apatite from the Shatanjiao
739  granodiorites. The data of the intrusive rocks in the Tongling region were from Chen
740  etal. (2016).

741

742 FIGURE 13. Plot of Eu/Eu* versus Sr/Y for apatite hosted in the Shatanjiao

743 granodiorites (modified from Pan et al. 2016).

744

745  FIGURE 14. La/Sm versus St/Th for apatite from the Shatanjiao granodiorites and
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other granitoids in the Tongling region (modified from Ding et al. 2015).

FIGURE 15. Histogram of calculated temperatures of zircon grains from the

Shatanjiao granodiorites.

FIGURE 16. EwEu* versus Ce'"/Ce’" for zircon grains from the Shatanjiao
granodiorites. Data for porphyry (ore-barren and ore-bearing) in Chile, and Dexing

porphyry are from Ballard et al. (2002) and Zhang et al. (2017), respectively.
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Table 1. LA-MC-ICPMS zircon U-Pb isotopic dating data for the Shatanjiao granodiorites

Spot No. Th U Th/U 207y, 2%p, 207py, B35 206py,
ppm ppm Ratio 2sigma Ratio 2sigma Ratio
Fine- to medium-grained granodiorite (sample STJO1)
STJO1-1 222 409 0.54 0.0500  0.0086  0.1505  0.0244  0.0221
STJO1-2 182 467 0.39 0.0479  0.0115  0.1507  0.0338  0.0228
STJO1-3 105 345 0.31 0.0493  0.0062  0.1513  0.0187  0.0223
STJO1-4 120 362 0.33 0.0497  0.0071 0.1513  0.0221 0.0220
STJO1-5 73 265 0.28 0.0494  0.0079  0.1521  0.0247  0.0224
STJO1-6 94 329 0.29 0.0478  0.0116  0.1533  0.0441  0.0226
STJO1-7 104 377 0.28 0.0489  0.0082  0.1480  0.0253  0.0219
STJO1-8 89 317 0.28 0.0505  0.0066  0.1564  0.0201  0.0225
STJO1-9 199 467 0.43 0.0487  0.0083  0.1521 0.0246  0.0228
STJO1-10 90 319 0.28 0.0493  0.0098  0.1482  0.0302  0.0217
STJO1-11 78 292 0.27 0.0507  0.0083  0.1538  0.0252  0.0220
STJO1-12 69 276 0.25 0.0496  0.0140  0.1540  0.0397  0.0232
STJO1-13 137 451 0.30 0.0508  0.0050  0.1547  0.0153  0.0221
STJO1-14 131 432 0.30 0.0484  0.0061 0.1490  0.0195  0.0222
STJO1-15 122 348 0.35 0.0505  0.0081 0.1528  0.0247  0.0220
STJO1-16 127 421 0.30 0.0494  0.0068  0.1504  0.0199  0.0222
STJO1-17 124 321 0.39 0.0486  0.0074  0.1493  0.0230  0.0224
STJO1-18 178 459 0.39 0.0523  0.0063  0.1582  0.0178  0.0227
STJO1-19 214 481 0.44 0.0518  0.0074  0.1583  0.0220  0.0224
STJO1-20 177 440 0.40 0.0496  0.0069  0.1505  0.0215  0.0224
STJO1-21 303 651 0.47 0.0467  0.0072  0.1400  0.0208  0.0219
STJO1-22 196 515 0.38 0.0487  0.0075  0.1478  0.0245  0.0221
Medium- to coarse-grained granodiorite (sample STJ09)
STJ09-1 82 201 0.41 0.0484  0.0097  0.1487  0.0293  0.0223
STJ09-2 76 220 0.34 0.0500  0.0082  0.1516  0.0239  0.0223
STJ09-3 256 356 0.72 0.0490  0.0100  0.1494  0.0319  0.0222
STJ09-4 127 210 0.61 0.0510  0.0091 0.1514  0.0276  0.0218
STJ09-5 72 173 0.41 0.0512  0.0100  0.1560  0.0313  0.0224
STJ09-6 305 384 0.80 0.0492  0.0082  0.1477  0.0257  0.0220
STJ09-7 75 182 0.41 0.0490  0.0101  0.1487  0.0294  0.0222
STJ09-8 240 317 0.75 0.0485  0.0064  0.1498  0.0214  0.0222
STJ09-9 151 344 0.44 0.0487  0.0066  0.1507  0.0211 0.0227
STJ09-10 220 298 0.74 0.0514  0.0069  0.1535  0.0200  0.0221
STJ09-11 144 237 0.61 0.0514  0.0092  0.1540  0.0262  0.0223
STJ09-12 164 295 0.56 0.0501 0.0072  0.1504  0.0221 0.0221
STJ09-13 169 306 0.55 0.0490  0.0067  0.1502  0.0211 0.0222
STJ09-14 207 290 0.71 0.0481 0.0069  0.1464  0.0201 0.0224
STJ09-15 112 191 0.59 0.0496  0.0126  0.1522  0.0347  0.0223
STJ09-16 132 178 0.74 0.0509  0.0121 0.1524  0.0317  0.0227
STJ09-17 222 260 0.85 0.0488  0.0071 0.1499  0.0230  0.0222
STJ09-18 96 178 0.54 0.0497  0.0102  0.1509  0.0292  0.0222
STJ09-19 167 265 0.63 0.0515  0.0066  0.1580  0.0210  0.0223
STJ09-20 185 289 0.64 0.0496  0.0065  0.1532  0.0209  0.0223
STJ09-21 81 232 0.35 0.0494  0.0110  0.1454  0.0335 0.0214
STJ09-22 261 411 0.63 0.0484  0.0058  0.1488  0.0184  0.0223
STJ09-23 251 316 0.79 0.0508  0.0073  0.1573  0.0232  0.0223
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STJ09-24 275 365 0.75 0.0463  0.0056  0.1424  0.0176  0.0223
STJ09-25 160 267 0.60 0.0489  0.0075  0.1496  0.0233  0.0223
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28 208py, 2321 207, 2%p, 207py, B35 206py, 238
2sigma Ratio 2sigma Age(Ma) 2sigma Age (Ma) 2sigma Age(Ma) 2sigma

0.0011 0.0064  0.0006 195 359 142 22 141 7
0.0012  0.0068  0.0011 100 483 143 30 145 8
0.0009  0.0073  0.0008 161 270 143 17 142 6
0.0008  0.0071 0.0007 183 304 143 20 140 5
0.0013  0.0066  0.0009 169 337 144 22 143 8
0.0018  0.0079  0.0013 100 487 145 39 144 11
0.0015  0.0067  0.0009 146 352 140 22 140 10
0.0009  0.0072  0.0006 217 278 148 18 144

0.0010  0.0071 0.0007 132 356 144 22 145 6
0.0017  0.0065  0.0011 165 404 140 27 138 11
0.0010  0.0067  0.0008 228 341 145 22 140 6
0.0018  0.0067  0.0011 176 553 145 35 148 11
0.0008  0.0068  0.0006 232 211 146 13 141 5
0.0010  0.0072  0.0006 120 270 141 17 142 6
0.0011 0.0070  0.0007 217 333 144 22 140 7
0.0009  0.0068  0.0007 165 293 142 18 141 6
0.0011 0.0064  0.0007 128 326 141 20 143 7
0.0020  0.0071 0.0006 298 256 149 16 144 12
0.0015  0.0065  0.0006 276 296 149 19 143 9
0.0016  0.0064  0.0005 189 287 142 19 143 10
0.0019  0.0064  0.0006 35 333 133 18 140 12
0.0020  0.0064  0.0007 200 261 140 22 141 12
0.0016  0.0072  0.0010 117 415 141 26 142 10
0.0016  0.0069  0.0009 195 406 143 21 142 10
0.0018  0.0070  0.0007 146 418 141 28 141 11
0.0018  0.0064  0.0007 239 367 143 24 139 11
0.0020  0.0067  0.0009 250 394 147 27 143 12
0.0019  0.0066  0.0005 167 339 140 23 140 12
0.0017  0.0067  0.0007 146 426 141 26 142 10
0.0013  0.0068  0.0005 124 285 142 19 141 8
0.0015  0.0072  0.0007 132 302 143 19 145 9
0.0014  0.0067  0.0005 257 285 145 18 141 9
0.0017  0.0067  0.0006 257 376 145 23 142 11
0.0014  0.0069  0.0006 198 304 142 20 141 9
0.0011 0.0073  0.0006 150 293 142 19 142 7
0.0012  0.0072  0.0005 106 307 139 18 143 7
0.0020  0.0069  0.0008 176 507 144 31 142 12
0.0014  0.0075  0.0007 235 474 144 28 145 9
0.0011 0.0072  0.0005 200 250 142 20 142 7
0.0014  0.0072  0.0008 189 409 143 26 141 9
0.0011 0.0073  0.0006 261 270 149 18 142 7
0.0010  0.0074  0.0006 176 281 145 18 142 6
0.0016  0.0077  0.0012 169 448 138 30 136 10
0.0010  0.0071 0.0006 120 268 141 16 142 6
0.0010  0.0073  0.0006 235 365 148 20 142 6
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0.0011 0.0069  0.0005 13 267 135 16 142 7
0.0011 0.0073  0.0007 143 335 142 21 142 7
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208Pb/232Th

Age (Ma) 2sigma

128 12
137 22
148 16
142 13
134 18
159 26
135 19
146 13
142 13
130 21
135 17
135 22
137 11
146 12
140 14
136 14
129 15
142 12
131 12
128 11
128 13
128 14
145 20
139 18
141 13
129 14
135 17
133 11
135 14
138 10
145 13
134 10
136 12
139 12
148 13
146 10
139 17
150 14
146 10
145 16
148 11
149 12
155 24
144 12
147 12
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140 11
146 13
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STIO9

SEM HV: 200KV
| SEMMAG: 173 x | View field: 1.20 mm 200 pm
Date(midly): 10/11/18  Det: BSE

Figure 8

Figure 9
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