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Abstract

Felsic intrusive magmatic systems are more comfilar volcanic systems as they
involve prolonged magmatic processes in additiopdtentially multiple phases of
magmatic—hydrothermal activity within a single it In particular, the competition
between exsolved magmatic fluids and crystallizimgnerals for elements and
isotopes during the magmatic—hydrothermal stagegvolution of these systems
remains unclear despite fluid exsolution being ohéhe key steps in ore formation.
This study focuses on a suite of representative e Lalurassic W-Sn
mineralization-related granites within the NanliRange of southern China and
investigates the behavior of Fe isotopes during madg differentiation and
magmatic—hydrothermal processes recorded withisetigganites. The granites in the
study area have variabi°Fe values (relative to IRMM-014) ranging from 0.128o
0.04%o to 0.42%0 + 0.01%0. These values do not caeeldth bulk-rock geochemical
indicators of fluid exsolution (e.g., Zr/Hf, Nb/TE/Rb, and F/CI ratios), qualitatively
indicating that fluid exsolution has an insignifitaffect on Fe isotopic fractionation.
We further quantified the relative contributions fifiid exsolution and crystal
fractionation on bulk-rock Fe isotopic variabiliging a Rayleigh fractionation model.
This modeling indicates that fluid exsolution carlyogenerate a <0.07%o increase in
bulk-rock 5°Fe values of the Nanling granites even in the nfhst-abundant
scenario. This means that Fe isotopic fractionaiocontrolled mainly by fractional
crystallization during the magmatic—hydrothermalgsis of the evolution of granitic
magmas. This further suggests that Fe isotopes dmilused to study the magmatic

differentiation of felsic magma chambers, includirtgose within fluid-rich
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mineralizing magmatic systems.
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Abstract

Felsic intrusive magmatic systems are more comfilar volcanic systems as they
involve prolonged magmatic processes in additiopdtentially multiple phases of
magmatic—hydrothermal activity within a single it In particular, the competition
between exsolved magmatic fluids and crystallizimgnerals for elements and
isotopes during the magmatic—hydrothermal stagegvolution of these systems
remains unclear despite fluid exsolution being ohéhe key steps in ore formation.
This study focuses on a suite of representative e Lalurassic W-Sn
mineralization-related granites within the NanliRange of southern China and
investigates the behavior of Fe isotopes during madg differentiation and
magmatic—hydrothermal processes recorded withisetigganites. The granites in the
study area have variabi°Fe values (relative to IRMM-014) ranging from 0.128o
0.04%o to 0.42%0 + 0.01%0. These values do not caieeldth bulk-rock geochemical
indicators of fluid exsolution (e.g., Zr/Hf, Nb/TE/Rb, and F/CI ratios), qualitatively
indicating that fluid exsolution has an insignifitaffect on Fe isotopic fractionation.
We further quantified the relative contributions fifiid exsolution and crystal
fractionation on bulk-rock Fe isotopic variabiliging a Rayleigh fractionation model.
This modeling indicates that fluid exsolution carlyogenerate a <0.07%o. increase in
bulk-rock 5°Fe values of the Nanling granites even in the nfhst-abundant
scenario. This means that Fe isotopic fractionaiocontrolled mainly by fractional
crystallization during the magmatic—hydrothermalgsis of the evolution of granitic
magmas. This further suggests that Fe isotopes dmilused to study the magmatic

differentiation of felsic magma chambers, includirtgose within fluid-rich
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1. Introduction

Basaltic to andesitic igneous rocks generally skavall variations in Fe isotopic
compositions (e.g., Heimann et al., 2008; Tend.e2813), whereas high-silica (>70
wt.% SiQ) intrusive and volcanic rocks have highly variabke isotopic
compositions (~0.1%.—0.6%. iB°°Fe whered*'Fe = 1.4750 x5°°Fe; e.g., Albaréde
and Beard, 2004; Heimann et al., 2008; Telus et28l12; Zambardi et al., 2014;
Foden et al., 2015; Du et al., 2017; Xia et al]20Granitoids can crystallize at very
low temperatures (47C-560C; Ackerson et al., 2018) and therefore can yield a
lengthy composite record of magmatic differentiatid@sranites also represent an
advanced stage of the evolution of Earth’s contamlecrust (e.g., Lipman and
Bachmann, 2015; Wu et al., 2017), meaning thasé®pes can provide insights into
the compositional evolution of continental crustagdl as the differentiation of felsic
magmas. However, the origin of Fe isotopic fractiion in granites remains
controversial. For example, Poitrasson and Frey@i@05) and Heimann et al. (2008)
suggested that the exsolution of isotopically ligletbearing fluids can explain the
heavyd ®Fe values of high-silica granites. In contrast,sBesal. (2012) and Foden et
al. (2015) suggested that mineral-melt equilibridaetermines the evolution of Fe
isotopic compositions, indicating that the systeczdly heavyd °Fe values of A-type
granites relative to I-type granites reflect thanowal of mineral assemblages
crystallized under different oxidation states. $ekt al. (2012) also suggested that
fluid exsolution is responsible for Fe isotopic dianation recorded in some
pegmatites and highly differentiated granites witgh 5°°Zn values, and discussed

the contribution of fractional crystallization tdet 3°Fe variations observed in
4
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granites with unfractionated®Zn values. In addition, thermal diffusion withineth
magma chamber may explain the presence of sampiis heavy Fe isotope
compositions within the Torres del Paine igneousnmex and Cedar Butte volcanics
(Gajos et al.,, 2016; Zambardi et al., 2014). Howewbe expected positive
correlations between Fe and other metal stablepsst (e.g., Li, Zn, Mg) caused by
thermal diffusion are not found in analyses of vehrdck granitic samples (e.qg.,
Schuessler et al., 2009; Telus et al., 2012; X&l.eR017).

In terms of felsic volcanic rocks, Du et al. (201s0)ggested that fractional
crystallization was the dominant control of Fe agot fractionation during the
evolution of associated magmas. However, the caoxtplef fluid exsolution in
intrusive rocks means that the effect of this psscen Fe isotopic compositions is
still not well constrained. Fluid exsolution is aitical process during the
emplacement and evolution of granitic magmas relédeore deposits (e.g., Audétat
et al., 2008; Heinrich and Candela, 2014). Grangictons commonly undergo
protracted periods of fluid—melt interaction frohetbeginning of fluid saturation in a
crystallizing melt to final late-stage magmatic idibication, with these stages
collectively termed magmatic—hydrothermal proces&eg., Candela and Holland,
1986; Shinohara, 1994; Audétat et al., 2000). Faxdolution from magmas can be
triggered by a pressure drop during magma ascehtearplacement (first boiling)
and/or mineral crystallization during magma chamiaglution (second boiling; e.qg.,
Burnham and Ohmoto, 1980; Baker and Alletti, 201\&)latile exsolution from

emplaced plutons is generally controlled by isabariystallization (Candela, 1997;
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Audétat et al., 2000). As crystallization procedtls, HO content of the residual melt
increases because the amount of aqueous fluiddstoréhe hydrous minerals being
precipitated by the magma is very low (<0.6 wt.¥OHCaricchi and Blundy, 2015).
Fluid saturation is followed by the migration obiir from the melt into the exsolved
fluid and crystalline minerals, leading to competitfor Fe between these two phases.
The analysis of fluid and melt inclusions withinnarals from felsic intrusive rocks
provides evidence of preferential partitioning o to fluids (Davidson and
Kamenetsky, 2007; Zajacz et al., 2008). Wawryk Boden (2015) investigated the
Fe isotopic fractionation recorded within the ReniSn—W deposit and identified a
close relationship between the Fe isotopic comjpost of cooling plutons and
associated hydrothermal sulfide ores. This sugdkatsthe Fe isotopic compositions
of granitic magmas during magmatic—hydrothermatgesses may be affected by the
removal of Fe into fluids, especially within grastthat contain low concentrations of
residual Fe. However, despite the large body ofiplubd research on Fe isotopes in
various igneous systems, details of the relativetrdmutions of the two competing
processes that control Fe isotopic fractionationnguthe magmatic—hydrothermal
stages of the evolution of these systems remaileanc

Highly differentiated granites were emplaced withime Nanling Range of
southern China during the Late Jurassic. A largenbber of these granites are
mineralized as a result of large-scale magmaticrdilgdrmal processes (e.g., Shu et
al., 2011; Chen et al.,, 2013; Wu et al., 2017).sEhgranites provide an excellent

opportunity to investigate in detail the behaviof &e isotopes during
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magmatic—hydrothermal processes. Here, we presamtAe isotopic data for these
granites as well as major- and trace-element geoiclaé data and results of
guantitative numerical modeling. The new data presk here indicate that fluid
exsolution is not a major control on Fe isotopiciatgons, even within late-stage

magmatic—hydrothermal granitic systems.

2. Sample descriptions

The samples analyzed during this study were celteétom the western part of
the Nanling Range, one of the most important aa¥/—Sn mineralization in
southern China (Fig. 1). This area contains volumi Mesozoic (especially Late
Jurassic) granitoids associated with extensive WwbBreralization (Zhou et al., 2006;
Chen et al., 2013). A total of 17 samples wereiabthfrom 4 representative plutons
in the western part of the Nanling Range, includimg Qitianling (155 + 2 to 152 £ 1
Ma), Qianlishan (155 + 2 to 150.9 + 5.4 Ma), Lamy (151.8 + 2.5), and
Yaogangxian (152 + 2 Ma) plutons (Shu et al., 284y, et al., 2013; Wang et al.,
2014). All of these plutons are associated with W-a8d other base-metal (e.g., Pb,
Zn, Mo, and Bi) mineralization (Fig. 1; Chen et, a013). These granites are
classified as aluminous A2-type biotite granited are thought to have formed from
magmas generated by partial melting of Neoprotecozerust with minor
contributions from mantle-derived material (e.chu<et al., 2011; Zhu et al., 2011;
Zhao et al., 2012; Chen et al., 2014; Li et al1&®0 They have similar Nd isotope

ratios (—7.6 <ng(t) < —5.5 for the Qitianling granites, Zhao et @D12; —7.59 <€nq(t)
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< —6.35 for the Qianlishan granites, Mao et al95;9-6.3 <eng(t) < —6.0 for the
Laiziling granites, Li et al., 2018). Although tlkgtianling granites are generally less
evolved than the granites within the other threetgols, they all show similar
geochemical trends (e.g., major and trace elem@as;et al., 2018). This suggests
that these more evolved granites might be derivenh the magmas that formed the
Qitianling granite or alternatively from source fmidhs that are compositionally
similar to the Qitianling granite (Zhu et al., 2011

The samples analyzed during this study were freshfieee of mineralization and
associated alteration. The mineral assemblagesnwitiese plutons are dominated by
quartz, plagioclase, K-feldspar, and biotite, withnor muscovite and amphibole
(Table 1) and accessory magnetite, zircon, apaiite ilmenite. The samples used for
Fe isotopic analysis have variable $i(66—77 wt.%), Li (15-893 ppm), Rb
(250-1633 ppm), F (520-9420 ppm), Ba (5-541 ppm)(4H-181.6 ppm), Zr
(34.9-228.9 ppm), and Cl (60-410 ppm) concentratiqifable S1 in the
supplementary material; Shu, 2014). These samp$es leve very variable Zr/Hf
(37-11), Nb/Ta (10-1), and K/Rb (189-26) ratiosd asome samples from the
Qianlishan and Laiziling plutons have rare-earttvednt (REE) patterns that contain
tetrad effects (Shu, 2014; Table S1). These featare indicative of evolution from a
purely magmatic system dominated by crystal-meltteraction to a
magmatic—hydrothermal stage dominated by crystdi—fh&d interaction (e.g., Zhao
et al., 2011; Zhu et al., 2011; Chen et al., 20T4)s transition is also recorded by

zircons and inclusions within quartz in these phstoPrevious research indicated that
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zircons within these Late Jurassic granites gelyeralppear dark during
cathodoluminescence (CL) imaging although some hawes that appear bright
during CL. The dark-CL zircons or zircon domains #rought to have formed during
the later magmatic fluid-enriched stages of magsna{iShu et al., 2011; Wang et al.,
2014). In addition, Shan et al. (2011) determirteat the cores of individual quartz
crystals contain only silicate melt inclusions wées the mantles of the same grains
contain co-existing melt and fluid inclusions, seging that these crystals record
fluid saturation during the later stages of maginanrcber fractional crystallization.
Therefore, the large variations in elemental andsB®pic compositions within these
granites are most likely to represent a completohy of the magmatic and

magmatic—hydrothermal evolution of the magmas fibvamed these intrusions.

3. Analytical techniques

The Fe isotopic analysis of whole-rock samples uradertaken at the State Key
Laboratory for Mineral Deposits Research, Nanjingivarsity, China, using the
chemical purification and analytical proceduredinatl by Du et al. (2017) and Ye et
al. (2017). In brief, ~60 mg of sample powder wagested in a 2:1:1 mixture of
concentrated HCI-HN@HF before Fe was separated from matrix elemeritgyus
ion-exchange chemistry with a chloride-form AG MRation-exchange resin. The
resulting purified Fe solutions were analyzed usimglticollector—inductively
coupled plasma—mass spectrometry (MC—-ICP-MS) emmow Thermo Fisher

Scientific Neptune Plus instrument with moderatsohetion and used in the



173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

wet-plasma mode. The resulting sensitivity was06V/ppm for’°Fe, with a 2 ppm Fe
solution being used during analysis. A standardpéanstandard bracketing method
was used to correct for mass bias and instrumetftt aind the external precision of
the resulting Fe isotopic analyses was + 0.06%¢d@dard deviations (SD)) f&°Fe
(Du et al., 2017). Analyses of the DTS-2b, BHVOahd BCR-2 standards, which
were purified and measured together with unknowmring this study, yielded°Fe
values of 0.06 + 0.08%o. (n = 3, 2SD), 0.13 * 0.05%s(9, 2SD), and 0.11 + 0.08%o
(n =9, 2SD; Du et al.,, 2017), respectively, caesis with recommended values
(Craddock and Dauphas, 2011; Liu et al., 2014).hEsample was analyzed in
triplicate, Fe isotopic data are reporteddfiFe notation relative to the IRMM-014

international standard, and all uncertainties arergas +2SD.

4. Results

The Fe isotopic compositions of the Late Jurassmites within the study area
are given in Table 1 and are shown in Fig. 2. Bolkk 5°Fe values for the samples
analyzed during this study range from 0.12%. to B4 he Qianlishan granites have
the highest>*®Fe values (0.29%o + 0.05%o to 0.42%o. *+ 0.01%0) wherdas other
samples have a relatively narrow rang®BFe values (0.12%o + 0.04%o to 0.27%o +
0.03%0). In detail, the Qitianling granites had®Fe values ranging from 0.12%o *
0.04%o to 0.24%0 + 0.02%. and the Laiziling granitesvé@d°°Fe values that range
from 0.20%0 £ 0.06%0 to 0.27%0 + 0.06%0. In general,althe samples analyzed in
this study have compositions that follow the tre(elg.,5°°Fe vs SiQ and&°°Fe vs

10
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FeO3'; Fig. 2a, b) defined by felsic rocks in previotisdées (Poitrasson and Freydier,
2005; Heimann et al., 2008; Schuessler et al., 20618s et al., 2012; Zambardi et al.,
2014; Foden et al., 2015; Gajos et al., 2016; H#.eR017; Xia et al., 2017; Du et al.,
2017). In addition, th&°Fe values of the Qitianling and Qianlishan graniteselate

with other indices of magmatic differentiation, luding Sr, and Ba contents and

Ba/Rb ratios (Fig. 2d-f).

5. Discussion
5.1. Partial melting and wall-rock assimilation etts

Previous research indicates that Fe isotopic fyaation can occur during crustal
anatexis (Telus et al., 2012), with Fe isotopestimaating by an average of 0.09%. +
0.06%o between leucosome and melanosai®6_y; Xu et al., 2017). The fact that
heavy Fe isotopes preferentially partition intd Fsites relative to Fé sites (Dauphas
et al., 2014; Young et al., 2015) means that tiyhtsy higher incompatibility of F&
over Fé" can vyield melts with heavier Fe isotopic composisi during low-degree
partial melting. However, there is no positive etation betweem\>’Fq_y and
Fe’*/zFe ratios in migmatites (Xu et al., 2017), suggestthat the preferential
partitioning of isotopically heavy Beduring partial melting may only have a weak
effect on leucosomes. In addition, this effect tfug order of 0.1%. or less) is small
relative to the observed Fe isotopic variabilityl@o + 0.04%0 to 0.42%0 + 0.01%o)
within samples of granites formed during similahayh degrees of partial melting.

Wall-rock assimilation is common in granitic systemnd could therefore also

11



217  modify the Fe isotopic compositions of granitic meg. However, this process is in
218 essence analogous to partial melting at shallowstatulevels. In addition, the
219 relatively high and homogeneous Nd isotopic ratibthe Qitianling (—7.6 <ng(t) <
220 -5.5; Zhao et al., 2012), Qianlishan (—7.58\gt) < —6.35; Mao et al., 1995), and
221 Laiziling (-6.3 <eng(t) < —6.0; Li et al., 2018) granites suggest tihat magmas that
222 formed these granites did not undergo significamttamination by interaction with
223  the Triassic—Cambrian country rocksd(t) = —15.1 to —10; Yu and Shen, 2007) in the
224  Nanling region. This means that magmatic processekiding partial melting,
225 assimilation at shallow levels, and the mixing dfedent batches of granite melts
226  derived from similar sources cannot account fordhserved Fe isotopic variations
227  within rocks in the study area.

228

229 5.2. Fe isotopic fractionation during magmatic—hyttermal processes

230 The 8°Fe values of the Late Jurassic granites negativalselate with indices of
231  magmatic differentiation (e.g., F@s', Sr, Ba, and Ba/Rb; Fig. 2), suggesting that
232 low-3"%Fe components were removed during the evoluticdhegfe magmas. Previous
233 research indicates that numerous Fe-bearing @licénerals (e.g., olivine, pyroxene,
234  amphibole, and biotite) and some Fe—Ti oxides ,(érgenite) are enriched in light Fe
235  isotopes relative to whole-rock or melt compos#ighleimann et al., 2008; Shahar et
236 al., 2008; Schuessler et al., 2009; Sossi et @.22Telus et al., 2012; Dauphas et al.,
237  2014). However, theoretical calculations suggeat #e-bearing aqueous fluids are
238  also isotopically lighter than silicate melts (Sehie et al., 2001; Dauphas et al.,
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2014), indicating that the removal of both aqueflugl and minerals can drive
evolving melts towards heavier Fe isotopic compasit It should also be noted that
Fe, Na, Ba, and Sr are fluid-mobile (Webster et1#189; Bai and Koster van Groos,
1999; Zajacz et al., 2008) and highly compatibléh@ major rock-forming minerals
(e.g., biotite, K-feldspar, and plagioclase) ofmgras that form during mineral-melt
partitioning of felsic magmas (e.g., Ewart and f81jf1994). This means it is difficult
to discriminate between the effects of fluid extiolu and fractional crystallization on
Fe isotopic compositions during magmatic—hydrott@riprocesses using 2,
Na,O, Sr, and Ba versus°Fe diagrams alone.

Dimensionless Zr/Hf, Nb/Ta, and K/Rb ratios and REE tetrad effect can
provide evidence of fluid exsolution during magroaliydrothermal processes (Fig.
3). The elements within each of these elementasft@mbinations behave similarly
in minerals but differently in fluids. For examplie Zr/Hf ratios of igneous rocks
remain near-chondritic (26—46) during magmatic peses (e.g., zircon fractionation;
Bea et al., 2006) but decrease significantly (<@6)ing fluid—-magma interaction
because Zr preferentially partitions into F-bearflgds over Hf (Bau, 1996; Louvel
et al., 2014). However, there is no apparent céatian in thed>°Fe and Zr/Hf values
of the Late Jurassic Nanling granites. The Nb/T@saof the granites also decrease as
a result of the fractionation of mica and/or ampheb(Stepanov et al., 2014).
However, Ballouard et al. (2016) suggested thattifvaal crystallization alone is not
sufficient to reproduce the wide range of Nb/Taogatn granitic rocks and proposed
that samples that record interactions with fluidsénNb/Ta values of <5. There is a
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clear correlation betweed®Fe and Nb/Ta values during the early fractional
crystallization (Nb/Ta > 5) of the Qitianling grées, providing evidence of the
fractional crystallization of high Nb/Ta and lo&%e minerals (e.g., biotite and
amphibole; Stepanov et al., 2014; Fig. 3b). In toldj K/Rb ratios of <100 are
thought to reflect interaction between granitic tmelnd fluid phases (Clarke, 1992).
The high K/Rb ratios of the Qitianling granites dFi3c; K/Rb > 100) provide
evidence of fractional crystallization. Howevere ti°Fe values of the granites in the
study area do not correlate with their Nb/Ta an&UiKfatios for samples associated
with the magmatic—hydrothermal stages of evoluian, Nb/Ta < 5, K/Rb < 100; Fig
3b, c). Moreover, the REE tetrad effect is thoughteflect the activities of fluids
exsolved from magmas (e.g., Bau, 1996; Irber, 199%) recent experiments indicate
that the fractional crystallization of monazite axehotime can also generate tetrad
effects (Duc-Tin and Keppler, 2015). The Nd and dheentrations within the
Nanling granites increase sharply with decreasmgcentrations of #s in highly
fractionated samples {Bs < 0.05 wt.%; Fig. 3e, f), precluding the fractibna
crystallization of monazite and xenotime and intiiga that the REE tetrad effect
must have been produced by fluid exsolutidowever, samples from the study area
with clear REE tetrad effects (TE > 1.1; Fig. 3d) do not display systematic
differences in Fe isotopic compositions relativeséanples that are free of the tetrad
effect (TR 3 < 1.1; Fig. 3d). Although each of these ratios rhayalso influenced by
specific mineral-melt partitioning during magmatigdrothermal processes,
including zircon-affecting Zr/Hf (Bea et al., 200@)ica- and titanite-affecting Nb/Ta
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(Stepanov et al., 2014), and K-feldspar-affectin@liratios, a combination of these
parameters provides a useful indicator of the preseof a magmatic—hydrothermal

stage in the evolution of granite magmas. This atslicates that the absence of a
correlation between these multiple geochemicalcittirs and>*°Fe values suggests

that fluid exsolution has a limited effect on gtarfre isotopic compositions.

We also used the fluid-mobile elements F and Gltther evaluate the isotopic
effects of fluid exsolution. Removal of mineralgrr the evolving melt leaves F/Cl
ratios unchanged or slightly lower because F ghlly more compatible than Cl in
volatile-bearing minerals (e.g., biotite, amphibaad apatite). The {D¢, (where D
is the mineral-melt partition coefficient) is ~Xf& biotite (lcenhower and London,
1997), ~54 for amphibole (lveson et al., 2017), aBdb for apatite (Webster et al.,
2009). However, F and CIl behave the opposite wajnguluid—melt partitioning
relative to mineral-melt partitioning in that Clrpaons more strongly into aqueous
fluids than granitic melts (averagecD= 37) while F is typically concentrated in
granitic melts relative to aqueous fluids (Websted Holloway, 1990). This means
that fluid exsolution will significantly increasde F/Cl ratio of the residual melt,
meaning that a positive correlation between F/@ &fiFe values is expected. The
Qitianling granites data indicate that F/CI ratiogially decrease with decreasing
FEOs' (5.28-2.19 wt.%; Fig. 4a), suggesting that the mmagt this stage was not
fluid-saturatedd®Fe values show a slight increase in the evolving tfrem 0.12%o
+ 0.04%0 to 0.20% + 0.06%0, Fig. 4b) during the fiantl crystallization of
volatile-bearing minerals (e.g., biotite, amphiolelowever, an abrupt increase in
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F/Cl occurs in samples containing less than ~2 iRé8®s' (Fig. 4a), with this change
being coincident with fluid exsolutiorifhe fluid saturation of the melt causes a
significant increase in F/Cl ratios from 5.8 to B¥3out there is no resolvable
associated increase &°Fe values (from 0.20%o * 0.06%o to 0.24%o + 0.02%o;.Fig
4b). It should be noted that the two high F/Cl sl®gdrom the Qitianling pluton
record only minor volatile loss, as indicated bgittmoderately high Zr/Hf, Nb/Ta,
and K/Rb ratios, and minimally developed REE tetg#dct (Fig. 3). This reflects the
remarkable sensitivity of F/CI ratios to the extehfluid exsolution compared to the
other indicators outlined above. The samples frbwn dther plutons record more
differentiation than the Qitianling granites (asdewced by their lower Sr, Ba, and Fe
contents) and more extensive fluid exsolution (éayver Zr/Hf and Nb/Ta ratios, and
more variable F/CI ratios) but do not have a pesicorrelation between F/Cl and
5% e values (Fig. 4b). This again indicates that tilel@xsolution does not have a

significant effect on Fe isotopic fractionation.

5.3. Quantitative assessment of Fe isotopic fraetimn in a crystal-melt—fluid
system
5.3.1. Fractionation model and parameters

A quantitative assessment of the fractionation af otopes within a
crystal-melt—fluid system is needed to better ustded the behavior of Fe isotopes
during magmatic—hydrothermal processes. Here, weemiée isotopic fractionation
in a crystal-melt—fluid system by initially quaryiiig the FeOs' contents of residual
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melts. The FgD3 content of a coexisting crystal-melt—fluid systdms been
described using a fluid-saturated mass-balance tiequdor isobaric fractional
crystallization (Spera et al., 2007). This modelindicates that F©s' concentration

within a residual meltd,,) after water saturation can be determined asviaiio

K
Kcm<1—K£—Z)<DH20+Kcm—1

Cn=Crn G (1)
where

C5, = content of F£05' in the melt at water saturation,

F,, = mass fraction of melt,

F;, = mass fraction of melt at water saturation,

K.n = bulk crystal-melt partition coefficient,

K¢ = bulk fluid—melt partition coefficient,

®y,0 = negative value of the solubility of water in timelt.

We assume that the magma underwent Rayleigh-tygetidnal crystallization
before water saturation, indicating thé, can be calculated as follows:

Con=Cpy FpKem™D (2)
where 621 is the initial content of K®4' in the melt.

We reduced the uncertainties involved in the evalnaof oxygen fugacity and
mineral assemblages during magmatic processestinyating K., values for bulk
iron using highly incompatible elements. Uraniunm@entrations within the samples
from Qitianling pluton increase by a factor of 3a$FeO3' decreases from 6.1 to 1.4
wt.%, indicating that U is highly incompatible (Fi§a). This is consistent with the

presence of a dominant mineral assemblage (bigiiégjioclase, K-feldspar, quartz,
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and amphibole) within the Qitianling pluton thatntains minerals that cannot
accommodate U (e.g., Mahood and Hildreth, 1983;hNasd Crecraft, 1985). We
estimate theK,, values for FgO3 by plotting F,, versus FgO3' relative to the
parental composition represented by the most puengample within the Qitianling
pluton (sample c48-2; U = 7.1 ppm;,B8' = 6.06 wt.%; Bai et al., 2005), wher@,

is estimated by inverting the enrichment factoanfincompatible elemen%l(= i

for an ideal incompatible element; e.g., U). Thesleulations indicate that the J&'
values of the Qitianling granites can be reprodumgeétactional crystallization with a
K., value of 1.8 following a Rayleigh fractionation deb (Fig. 5b).

The next step in this modeling is to constrain the fluid—-melt partition
coefficient (Krn). MeasuredKs, values based on coexisting melt and fluid
inclusions have a large range (0.42-13.32; Zajdcal.e 2008). In addition, the
fluid—melt partition coefficientK,) of Fe is a positive function of the concentration
of Cl in the aqueous phase as Fe is predominamthsported as a chloride complex
within fluid phases (e.g., Chou and Eugster, 197Zajacz et al., 2008).
Pressure—volume—-temperature—compositliTX) phase relations in the NaCl-®l
system indicate that a magma-derived supercrititatl would separate into a
low-salinity (low NaCl) aqueous vapor phase andghn4salinity (high NaCl) brine
phase under shallow crust pressures (Driesner amttieh, 2007). However, the ratio
of vapor to saline exsolved from a pluton is lesdlwonstrained. Here we use an
averageKr, value of 4.2 for the bulk aqueous fluid, basedim dataset of Zajacz

et al. (2008). This is done for convenience of walton and to enable the

18



371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

determination of F®3 and &°Fe variations in residual melts during
magmatic—hydrothermal processes.

The Qitianling granitic melt has a water solubility-®,,) value at an
intermediate pressure of 3.6 kbar (estimated ughiegAl-in-hornblende barometer;
Zhao et al., 2005) of ~8.4 wt.% based on the ewgdiequations of Holtz et al. (2001)
and Liu et al. (2005). This defines the upper liafitl,O content within the magmatic
systems considered in this study. In addition, joev research on melt inclusions
within phenocrysts indicated that the majority it volcanic rocks contain 3—6 wt.%
volatiles (Wallace et al., 2015; Du et al., 201Gpnsequently, we used a wide range
of initial H,O contents (1-6 wt.%) during our modeling of grianmelts. We assume
H,O is 100% incompatible with respect to the crystmfy mineral assemblage
because the amount of,® stored in hydrous minerals is rather low (<0.84vtor
felsic igneous rocks; Caricchi and Blundy, 2019)isTmeans that the,B content of
the residual melt continuously increases as ciytibn proceeds until the residual
melt reaches water saturation (Fig. 6a). This essalthe calculation of the mass
fraction of melt at water saturatiof;{), with these values generally being dependent
on the initial magma kD content (Fig. 6a). The water saturation of thel\emg melt
is followed by the continuous removal of aqueousidfl from the melt as
crystallization proceeds.

With F;, constrained, the Fe isotopic fractionation of ystal-melt—fluid system
can be modeled using a Rayleigh fractionation eguas follows:

8 Femer=8"Femeiio-A"C Femer; - crystal/(crystal + fluid) X IN(f ) €))
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where f ., represents the Fe fraction in the remaining nrelt tan be calculated as
fFeszx(g—g). A A56Femelt—crystal value of 0.1%0 was used prior to fluid saturation,
with this value being based on the observed diffezs between the mean Fe isotopic
compositions of whole-rock samples and associatednmon Fe-bearing minerals
(A56Fewholerock—crystal: e.g., amphibole and biotite; Heimann et al., 20@8ys et al.,
2012; Du et al., 2017) within the Qitianling graastand other granitic rocks. The Fe
isotope fractionation factor between melts anddﬁu(A56Femelt_ fluid = 0.15%o0 X
10°/T%) was calculated by Du et al. (2017) based on aréieally calculated value of
A°°Femagnetite — fruia Of 0.28%0 x 16/T? (Heimann et al., 2008) and a naturally
observed value 0f1>°Fe g gnetite — meir of 0.13%0 x 16/T? (Red Hill intrusion; Sossi
et al., 2012) where the theoretically calculatﬂéf’Femagnetite_ fluia Value is
consistent with the experimental value of 0.29%8@6°C (Sossi et al., 2017). A
A°°Fener— fria value of 0.14% was estimated using A°°Femei:— fiuid
fractionation factor of 0.15% x 200 (Du et al., 2017) for the crystallization
temperatures of the Nanling granites during magmhbtidrothermal processes
(including the Qianlishan, Laiziling, and Yaogarayxiplutons, where fin.zm =
717°C-80rC; Wang et al., 2014). This means tizﬁ-’f’Femelt_(crysmH fluid) values
were weighted after fluid saturation accordinghe tatio of minerals to fluid and Fe
content as follows:

A°°Femeit—(crystat fuiay =X erystal * 4" F emett—crystar+X fuuid * 4°° Femetr—fuia  (4)

where X @nd Xgpq are the mass fraction of Fe in crystals and fluid,
respectively, wWithX a1 + Xrig = 1. The Fe content of the fractionated crystals
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and the exsolved fluid can be calculated @Y, siq1 = Kem * Cinere @nd Crpyiq =
K¢m - Cierr, respectively. The mass ratio of fractional crigst® exsolved fluid is
92/8, as the crystallization of every 1 wt.% of trelquires the release of 0.08 wt.%
fluid to maintain a water content of 8.4 wt.% (i.eiater solubility) in the residual
melt. This yields a bulk fractionation factm56Femelt_(Crysml+ fluiay value of
0.107%0. The granitic samples from the study areae hmagnetite as the dominant
Fe—Ti oxide phase, and the removal of magnetitenfi@ melt results in lower
A°°Fe e crystar Values. As such, we have evaluated the contribut fluid
exsolution to the Fe isotopic fractionation of #nelving melt based on differences
betweens°°Fefs,, and §°°Fe"’re, as follows:

A%%Fe = §°CFel®, - 6°°Fenore (5)
where 556Feffelt is the Fe isotopic composition of the melt produday the
exsolution of Fe-bearing aqueous fluids &ntFe’r¢ refers to the iron isotopic
composition of the melt produced by the exsolutbriluids free of Fe. This means
that any variations im56Femelt_CrySml values do not strongly affect the calculated
contribution of fluid exsolution to the Fe isotogractionation of the evolving melt
(A56Fe'). This model assumes for simplicity that the initialt has 8 °Fe value of

0.1%0, which is identical to the value expected @mdifferentiated silicic igneous

rocks (e.g., Heimann et al., 2008; Foden et alL520

5.3.2. Modeling results and discussion
Before discussing the modeling results of Fe isedppve first examine the
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capacity of fluids for Fe transport. The mass oftfamsferred from silicate melt to
fluids varies with initial water contents (Fig. 6Ithough Fe is more compatible in
fluids than in bulk mineralsK, > K.n), the extraction of Fe from melts into
agueous fluids is less efficient than mineral aliation as a result of the low
water/mineral ratio (~8/92) of the products gerentdiy the evolution of melts during
magmatic—hydrothermal processes (e.g., Candela Hwithnd, 1986; Cline and
Bodnar, 1991; Audétat et al., 2000). This means$ tha maximum difference in
Fe,O3 between hydrous and anhydrous melts does not eXkdedt.% even if the
initial water content of the melt is 6 wt.%. This furn means that melt Fa3'
variations are largely controlled by the fractionalystallization of Fe-bearing
minerals.

The aqueous fluid saturation of an evolving meltses A%°Fe’ values to
increase with decreasing mass fraction of mélt)(and increasing initial O
contents, indicating that both initial,&8 contents and mass fraction of meft,}
affect the Fe isotopic composition of the residualt. Fluids exsolved from evolving
melts only produce resolvable and/or detectableectff on the Fe isotopic
fractionation of granitic magmas during high degreédifferentiation. For example,
a granitic melt with a 6 wt.% initial fluid contehais A%°Fe values that do not exceed
0.06%0 unlessF,, < 20 wt.%; similar results are obtained for granihelts with 1
wt.% initial fluid contents that need,, values of <4 wt.% (Fig. 6c¢). Previous
research based on melt inclusions within phencerysdicate that the majority of
silicic volcanic rocks contain 3—6 wt.% volatiled/dllace et al., 2015; Du et al., 2017).
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This means that the exsolution of fluids from ewdvmelts can only have a limited
impact on the Fe isotopic compositions of the mgjaf granitic plutons that have
low initial volatile contents. Resolvable fractidiwa of Fe isotopes associated with
fluid exsolution (i.e., >0.06%0) is therefore onlxpected in highly hydrous and
extremely differentiated granites (e.d,, < 10 wt.% in Fig. 6c).

The Rayleigh fractionation model outlined in sect®.3.1 allows a quantitative
estimation of the effect of fluid exsolution on kubck &°%e values during
magmatic—hydrothermal processes recorded within Naaling granites. Fluid
exsolution during the magmatic evolution of thessnges can be constrained by F/CI
ratios, which are generally constant during frawiocrystallization but significantly
increase after fluid saturation. F/Cl ratios deseealightly with decreasing,,
values between 100 wt.% and ~40 wt.% before inorgasharply atF,, < 40 wt.%
(Fig. 7a). Fluid exsolution occurred at 60 wt.% magsolidification £,, = 40 wt.%)
within the Qianlishan granites, and at 70 wtP4, (= 30 wt.%) within the Qitianling
granites. This enables the determination of thdrdmrtion of fluid exsolution to the
Fe isotopic fractionation recorded in the Nanlimgrgtes from the beginning of fluid
exsolution £,,, =40 wt.%) to the final differentiation of the nmag F,, = ~10 wt.%;
sample SZY-10). The contribution of fluid exsolutito the &°Fe values of the
residual melt increases with increasing crystdilima (Fig. 7b). However, the
maximum shift in thé&°Fe values of the residual melt does not exceedd.6Ven at
up to 90 wt.% magma solidification (as shown in #feaded area in Fig. 7b). This
indicates that fluid exsolution has a negligibléeef on Fe isotopic variations, with
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fractional crystallization being the dominant cafitng factor in the fractionation of
Fe isotopes during the magmatic—hydrothermal eiarlubf granites, which is
consistent with the results of previous researct).,(&ossi et al., 2012; Telus et al.,
2012; Foden et al., 2015).

The relative importance of the fractionation of bearing mineral phases on Fe
isotopic fractionation in the Nanling granites che assessed using Rayleigh
fractionation models. Biotite, magnetite, and arbphe (the latter only in low-silica
granites with SiQ < 69 wt.%) are the major Fe-bearing minerals witiie granites
from the study area (Table 1), with the Qitianligganites containing nearly pure
magnetite (Wang et al., 2013). The fractionatiatdabetween nearly pure magnetite
and melt, based on a case study from the Red Hil,as positive[(seFQWag_men:
0.13%0 x 16/T?% Sossi et al., 2012), indicating that the remafainagnetite would
lead to the depletion of heavy Fe isotopes withm esidual melt (Fig. 8). Although
no experimental or theoretical estimates of thetimaation factors between silicate
minerals (biotite and amphibole) and melts havenlmculated to date, a suggested
value of —0.1%o for a biotite—melt fractionation facwas determined using average
A>®Fesiwhole rock Values (Du et al., 2017). Here, we estimate thetionation factor
between amphibole and melt in a similar way ush&®Fe values for amphibole
separates and corresponding whole-rock Fe isotopigpositions. The amphibole
separates hav¥Fe values of —0.00%o. to 0.09%. (Heimann et al., 20@8ys et al.,
2012), which are slightly below the values of tleeresponding whole-rock samples
(A*°Feamp-whole rock= 0.01%o0 to —0.20%o, with an average of —0.08%).sTinidicates
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that the removal of biotite and amphibole couldvelrthe evolving melt towards
heavier Fe isotopic compositions (Fig. 8). An im&ggd bulk mineral-melt Fe
isotopic fractionation factor can be estimated ggtguation 3, demonstrating that the
granites from the Nanling Range can be producedrdmtional crystallization with
mineral-melt fractionation factors ranging from G4%o. to —0.08%. (Fig. 8), which
are higher than thA>°Fes;_wnole rock but lower than the\*®Fayag mer values for these
granites. This indicates that Fe isotopic fractimmain the Nanling granites is the
concomitant effect of the separation of silicatest(te and amphibole) and magnetite,
with the silicates being the main mineral control the Fe isotopic fractionation

trends recorded by these granites.

5.4. Comparison of Fe isotopic compositions amauds types

Fluid exsolution from crystallizing magmas is asesdial step in the formation of
magma-related Cu, W, Sn, and Mo mineralization. (¢dg@denquist and Lowenstern,
1994; Candela, 1997; Audétat et al., 2000). Flatdirstion enables the transportation
of metals and other fluid-mobile elements away fiitve crystallizing magma by the
exsolving aqueous fluids. This means that oreedlagranites may record
significantly more fluid—melt/rock interaction réilze to barren granites. For example,
the majority of barren granites have high Zr/Hf aolTa ratios (26 < Zr/Hf < 46,
and 5 < Nb/Ta < 16), whereas granites associatdd ave deposits (e.g., W-Sn and
Ta—Cs-Li—Nb—Be-Sn-W) have low Zr/Hf (<26) and Nb(¥&) ratios (Ballouard et
al., 2016). Previous research indicates that isoatlp light Fe is preferentially
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incorporated into fluids relative to high-silica lse(e.g., Schauble et al., 2001;
Dauphas et al., 2014). This means that isotopida@ht Fe is continuously removed
from crystallizing magmas by aqueous fluids, megnthat ore-related granites
should have heavier Fe isotopic compositions wittyatems that have undergone
significant fluid exsolution. However, all of theimeralization-related granites in the
study area and numerous other examples from tleeatitre (W-Sn and Mo
deposit-related; Heimann et al., 2008; Foden e8fl5; Wawryk and Foden, 2015)
generally follow the barren-granite trend (Poitaasst al., 2005; Heimann et al., 2008;
Telus et al.,, 2012; Foden et al., 2015; Gajos et 28116; He et al., 2017) in a
5 %Fe—SiQ/Fe,05' diagram (Fig. 9a, b), indicating a lack of sigedft difference
between the Fe isotopic compositions of barrenraméralized granites.

The effects of fluid exsolution on t&°Fe values of plutonic rocks can be further
assessed by comparing the Fe isotopic compositidnglutonic rocks with the
compositions of volcanic rocks. Previous researohflaid-mobile elements and
associated isotopes (e.qg., Li a¥{tli, Schuessler et al., 2009; Zn adizn, Xia et al.,
2017) and Rayleigh fractionation modeling (Du ef aD17) suggests that volcanic
degassing (fluid exsolution) has only a minor effea whole-rockd>°Fe values of
volcanic rocks (especially rhyolites) relative trystal fractionation. Plutonic rocks
are expected to have heavier Fe isotopic compasitielative to volcanic rocks if
fluid exsolution had a significant role within thatrusive magmatic systems.
However, published Fe isotopic data for 194 plutamd 106 volcanic samples (SiO
60-78 wt.%) indicate that differentiated (e.g., S¥74 wt.%, FgO3' < 3 wt.%:; Fig.
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9b) plutonic rocks have overall slightly lighter iBetopic compaositions than similarly
differentiated volcanic rocks, with>°Feoicanic-plutonic values of 0.034%o to 0.062%o
(average of 0.05%o), although the two sets of vaaresconsistent within uncertainties
(given as 2SE in Fig. 9d). In addition, there isresolvable difference between these
two rock types in less differentiated samples,(se> 3 wt.%; Fig. 9b). The more
remarkable differences i3°°Fe values between volcanic and plutonic rocks in
Fe0s-5%e diagrams than in SiG>°Fe diagrams reflect the greater sensitivity of
FeO3' to the extent of differentiation relative to Sintent for highly differentiated
rocks. This means that the very small difference& Fe values between volcanic
and plutonic rocks are not caused by fluid exsofutbut rather are caused by

variations in the extent of fractional crystallimet

6. Conclusions

This study presents the results of an investigatitmthe behavior of Fe isotopes
during the magmatic—hydrothermal evolution of fduate Jurassic granites in the
western Nanling Range of southern China. Thesesrdeie highly variablé°Fe
values (from 0.12%0 + 0.04%0 to 0.42%. = 0.01%.) thatsitvely correlate with
geochemical indicators of magma differentiation.eThelative contributions of
fractional crystallization and fluid exsolution the whole-rockd*°Fe values of the
samples were assessed using geochemical proxiesRateigh fractionation
modeling. The results of geochemistry and modeinalicate that fluid exsolution is
only a minor control (<0.07%o) on the Fe isotopeiafaitity of the Nanling granites,
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barring some extremely differentiated granites (magsolidification >90 wt.%) in

which Fe isotopic variations caused by fluid exolu may be resolvable. This
means that crystal fractionation is the dominamitimd on Fe isotope fractionation
during the magmatic—hydrothermal stages of gramiagmatism, indicating that Fe
isotopes could be used to robustly identify cunmulahd fractional crystallization

processes within silicic reservoirs.
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Figure captions

Fig. 1. Simplified geological map showing the lacatof the studied granites within
the Nanling area of southern China (modified aftamng et al., 2014). Three granitic
samples from the Qianlishan pluton (sample nanessirgj as SZY-) were collected

from underground pit.

Fig. 2. Granite Fe isotopic composition as a furctf (a) SiQ, (b) FeOs' (total iron
content), (c) NgO, (d) Sr, (e) Ba, and (f) Ba/Rb. Error bars intkca2SD, and the
shaded area represents the rang& tfe values for mafic to intermediate igneous
rocks (0.09 = 0.08%0; Heimann et al., 2008). Literatdata are from Poitrasson and
Freydier (2005), Heimann et al. (2008), Schuesseal. (2009), Telus et al. (2012),
Zambardi et al. (2014), Foden et al. (2015), Gajoal. (2016), He et al. (2017), Xia

et al. (2017), and Du et al. (2017).

Fig. 3. Diagrams showing variations in whole-roak iBotopic compositions versus
indicators of fluid exsolution in the form of (a)/Af, (b) Nb/Ta, and (c) K/Rb ratios,
and (d) Tks (Degree of the REEs tetrad effect, Irber, 1999)aded areas are
indicative of rocks recording interaction with aqus fluids (K/Rb < 100: Clarke,
1992; Zr/Hf < 26: Bau, 1996; Na/Ta < 5, Ballouatdaé, 2016; TE3>1.1: Irber,
1999) and the two outliers from the Qitianling gtes with Tk 3 values > 1.1 are
caused by the presence of positive Ce anomalig®Il¢e of whole-rock FOs versus
Nd for the granitic samples. (f) Plot 0of® versus Y for the granitic samples. Grey
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squares, diamonds and triangles in Fig 3e and3Figpresent granites from Laiziling,
Qitianling and Qianlishan plutons, respectively {féaS1of the supplements; Shu,

2014).

Fig. 4. (a) Plot of F®j3' versus F/CI for the Nanling granitic samples. [gram
showing variation in F/Cl versu&°Fe. Grey diamonds and triangles in Fig 4a
represent granites from Qitianling and Qianlishdutgns, respectively (Table Slof

the supplements; Shu, 2014).

Fig. 5. (a) Diagram showing variations in wholekoEeOs' versus U for the

Qitianling granites. Whole-rock data are from Waatgal. (2004), Bai et al. (2005),
Deng et al. (2005), Xie et al. (2010), Zhao et(2012), and Shu et al. (2014). The
blue line indicates a liquid line of descent cadtetl by fractional crystallization
modeling using bulk crystal-melt partition coeféinis of 1.8 and 0 for Fe and U,
respectively (estimated using Fig. 5b). Crossegcatd 10 wt.% fractionation steps.
(b) Diagram showing variations in &' versus melt fractiorF,, relative to parental

composition (red star; U = 7.1 ppm,.Bg' = 6.06 wt.%).F,, values were estimated
using the inverse of the enrichment factor of theompatible element U. Average
FeOs values (red diamonds) were calculated for evetyv@riation in F,, values.

Blue curve shows the best-fit line for the Qitiaglidata with a partition coefficient

between bulk minerals and melt of 1.8.
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Fig. 6. Diagrams showing the predicted compositianelution of residual melts
within magmas with different initial ¥0 contents. (a)F,, versus HO diagram
showing the concentration of,& in the residual melt. 4 is regarded as a perfectly
incompatible component, and water solubility wasinested from the empirical
equation proposed by Holtz et al. (2001). (b) Daagrshowing the seven different
Fe,O3 curves obtained for seven scenarios involvingedsfit initial HO contents.
Red stars show the mass fraction of melt at wateration with different initial KO

contents. (c) Diagram showing differences betwéé?’Feﬁfelt (fluid containing Fe)

and §°°FetoFe (fluid without containing Fe) values expressed/88Fe plotted

againstF,, values (see text for details).

Fig. 7. (a) Diagram showing variations in F/Cl wexrsmelt fraction ,,) for the
Nanling granites. Whole-rock geochemical data e fShu (2014) (Table S1 of the
supplements). (b) Diagram showing the effect ofidfl@xsolution (456Fe') in
elevating °Fe values during magmatic—hydrothermal processethinwithe

crystallizing Nanling granites(,; details of calculations are given in the text).

Fig. 8. (a) Rayleigh fractionation models for butick FeO3' (wt%) and Fe isotopes
(5°%Fe, %o). Black line shows the predicted paths ofrtiedt expected from magnetite
crystallization and removal, using the Sossi et(2012) fractionation factor. The
green line illustrates the effect of biotite cryitation and separation, and the
fractionation factor was determined as —0.1%. basedverage\**Fes_whole rock (DU
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et al., 2017). The two orange lines show the visiidbr the Nanling granites with
bulk mineral-melt fractionation factor ranging from.08%o to —0.04%o, with K&s'
mineral-melt partition coefficient of 1.8 (as shownFig. 5). The initial magma is

assumed to have®®Fe of 0.1%. and 6.06 Wt% Kes'.

Fig. 9. Diagrams comparing the Fe isotopic compmsst of ore-related and barren
granites (a—b) and volcanic and plutonic rocks cBahta are from Poitrasson and
Freydier (2005), Heimann et al. (2008), Schuessteal. (2009), Zambardi et al.
(2014), Sossi et al. (2012), Telus et al. (2012ydn et al. (2015), Gajos et al. (2016),
He et al. (2017), Xia et al. (2017), and Du et(2017). The data in (c—d) are average
5% e values calculated for every 2 wt.% variationSiD, and 1 wt.% in F€3,
meaning that the average value at S#361 wt.% was calculated from published
5%Fe values for granites with Si@ontents of 60—62 wt.%. UncertaintiesdtiFe are

given as 2SE values.
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Table 1 Whole-rock iron isotopic compositions of granites in this study

5°°Fe (%o) 87Fe (%)  Si0, TiO, ALO; Fe,0; MnO MgO CaO Na,0 K,0 P05 LOI

Rock type Sample Rock-forming minerals
+2SD +2SD Major element compositions (wt%)
Qianlishan pluton
granite  07QL-02 6% Bt +30% Qtz + 20% P1 + 44% Kfs 029+0.05 046+0.15 7428 020 13.09 189 0.03 0.17 139 325 494 0.06 0.67
granite  07QL-03-2 4% Bt +35% Qtz + 21% PI + 40% Kfs 042+0.01 055+0.04 7380 0.19 1340 088 0.01 0.12 173 275 579 0.05 1.01
granite  07QL-05-2 3% Bt +30% Qtz + 20% P1 + 47% Kfs 031+0.03 048+0.15 7586 0.06 1321 1.15 0.03 0.00 0.51 402 436 002 0.87
granite  SZY-06 5% Mus + 2% Bt + 35% Qtz + 18% P + 40% Kfs 0.40+0.07 054+0.03 7552 0.07 1297 103 0.03 006 075 323 479 0.02 1.16
granite  SZY-10 1% Mus + 2% Bt + 35% Qtz + 15% P1+ 47% Kfs 037+0.06 054+0.11 7486 006 13.73 0.75 0.03 0.00 047 349 568 0.01 0.83
granite  SZY-13 3% Mus + 2% Bt + 38% Qtz + 20% P1 + 37% Kfs 038+0.06 057+0.09 76.19 006 1388 093 0.02 0.14 017 128 554 0.02 1.64

Qitianling pluton

granite  07QTL-01 5% Amp + 10% Bt + 25% Qtz + 25% P1+35% Kfs ~ 0.12+0.04 0.18+0.06 66.59 0.68 14.11 528 0.09 0.82 286 330 475 023 1.07

granite  AYO05 3% Amp + 8% Bt + 25% Qtz + 24% P1+ 40% Kfs 0.17+£0.06 032+0.15 68.12 0.8l 13.69 494 0.09 1.07 264 312 464 022 0.80
granite  FRO1 8% Bt +30% Qtz + 20% P1 + 42% Kfs 0.19+£0.02 024+0.04 7196 034 1376 219 0.04 028 1.80 3.10 524 0.08 092
granite  FROS 3% Bt + 32% Qtz + 20% P1+ 45% Kfs 024+0.02 034+0.05 7572 022 1202 193 0.04 0.15 0.74 285 489 0.06 123
granite  FRO8 3% Bt + 35% Qtz + 17% P1+ 45% Kfs 024+0.06 038+0.06 7696 021 1159 171 0.03 0.12 086 264 476 0.06 1.25
granite  BLS-3 2% Bt + 35% Qtz + 15% P1+ 48% Kfs 020+£0.06 026+0.07 7594 0.19 1178 145 0.03 0.06 0.75 246 595 0.03 1.13

Laiziling pluton

granite  LZL-02 2% Mus + 35% Qtz + 13% P1 + 50% Kfs 020+£0.06 039+0.11 7474 0.07 1381 134 008 0.00 046 381 431 0.02 1.03
granite  LZL-04 3%Bt + 36% Qtz + 15% PI + 46% Kfs 024+0.06 034+0.07 7418 007 1385 1.10 0.03 0.03 049 439 472 0.02 0.70
granite  LZL-07 5%Bt + 35% Qtz + 18% P1 + 42% Kfs 027+0.08 038+0.15 7590 0.09 12,59 135 0.04 0.17 0.65 347 455 0.02 1.00
granite  LZL-09 3%Bt + 35% Qtz + 22% PI + 40% Kfs 024+0.04 037+0.14 7475 007 13.62 095 003 0.02 039 366 593 0.02 0.58

Yaogangxian pluton

granite  YGX-01 2%Bt + 3 wt% Mus + 32% Qtz + 20% P1+43% Kfs  0.27 £ 0.03 0.43+0.05 75.17 0.07 1325 092 0.10 0.00 0.62 4.00 432 0.02 1.01

Note: The major element data are from Shu (2014). Amp = amphibole, Bt = biotite, Mus = muscovite, Tur = tourmaline, Qtz = quartz, Kfs = K-feldspar, Pl = plagioclase.



Highlights

1.

The effect of fluid exsolution on Fe isotope fractionation remains unclear.

2. Fluid exsolution contributes little to Fe isotopic fractionation in granites.
3.
4

Fractional crystallization is the main cause of Fe isotope fractionation.

. lron isotopes can be used to trace magmatic differentiation of felsic magma

chamber.
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