American Mineralogist, Volume 106, pages 1679-1689, 2021

Mixing of cogenetic magmas in the Cretaceous Zhangzhou calc-alkaline granite from
southeast China recorded by in-situ apatite geochemistry
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ABSTRACT

Mixing of cogenetic magmas represents an important process in granite petrogenesis but is difficult
to identify and is consequently often overlooked due to the absence of obvious isotopic distinctions
between the mixed melts. We have conducted in situ elemental and O isotope analyses on apatite from
Cretaceous Zhangzhou calc-alkaline granite in southeast China. We integrated these data with micro-
analyses on other minerals (plagioclase, zircon, and titanite) as well as whole-rock geochemistry to
decipher the mixing history of this granitic complex. The apatite occurs as an early crystallizing phase
forming inclusions in biotite, plagioclase, and titanite, and is characterized by core-rim zonation textures
with a dark core and bright rims in backscattered images. The core domains have remarkably higher
SO, and Li concentrations but much lower SiO,, REE, and Y concentrations than the rim domains.
However, both the cores and rims show geochemical compositions similar to that from typical I-type
granite and also have mantle-like O isotope compositions (the core has 8'*0 = 5.3-6.8%o and the rim
has 8'%0 = 5.2-6.4%o, respectively), indicating crystallization from granitic melts derived from newly
accreted crust. The combined major and trace element and O isotope compositions of apatite and whole-
rock geochemistry suggest that compositional evolution of the Zhangzhou granite involved mixing
between two cogenetic magma batches, with variable degrees of subsequent differentiation. Batch 1
magma was a low-SiO, and high-SO; melt, whereas Batch II magma was a high-SiO, and low-SO;
melt that experienced devolatilization. The high-S content in apatite cores further suggests the parental
magma of the Zhangzhou granite likely originated from a sulfur-rich source comprising mainly newly
accreted arc crust in response to subduction of the paleo-Pacific Ocean. The geochemical records of
these magmatic processes are rarely observed in coeval zircon, titanite, and plagioclase. Our study,
therefore, demonstrates that apatite geochemistry is potentially a more suitable monitor of complex
magmatic evolution, including devolatilization and mixing of isotopically indistinguishable magmas.
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INTRODUCTION or even replacing conventional bulk-rock analyses (e.g., Streck
2008; Lisowiec et al. 2015; Nathwani et al. 2020). However, the
sensitivity or applicability of these minerals in tracking magmatic
processes is extremely variable because they each partition (or
exclude) elements (or isotopes) of specific geochemical behavior
and are typically relevant to only parts of a given crystallization
sequence. Minerals that indelibly record geochemical proxies
of changing magma compositions over a wide crystallization
interval are rare.

Apatite is one such mineral, containing measurable concentra-
tions of a range of elements of various geochemical behavior,
including halogens, S, rare earth elements (REEs), Sr, and Y
(Ayers and Watson 1993; Pan and Fleet 2002; Marks et al. 2012;
Harlov 2015; Webster and Piccoli 2015; Bruand et al. 2017),

Granitic rock (hereafter simply referred to as granite) is a
major constituent of the upper continental crust and contains
abundant mineral resources essential for sustained economic
development. The compositions of granite vary extensively
and can be broadly divided into I-, S-, M-, and A-type based on
geochemical features and melting sources (Chappell and White
1974; Whalen et al. 1987). Many petrogenetic hypotheses, e.g.,
fractional crystallization, assimilation via fractional crystalliza-
tion (AFC) (DePaolo 1981), and magma mixing (Griffin et al.
2002), have been proposed to interpret the geochemical diversity
of granite. Nevertheless, it remains difficult to fully understand
the magmatic evolution of granite since clear geochemical evi-
dence for many hypothesized petrogenetic processes is lacking.

Recent techniques in studying chemistry and isotopic compo-
sition of minerals such as plagioclase, titanite, zircon, and apatite
have become widely used petrogenetic tools in supplementing
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that are sensitive to specific magmatic/petrogenetic processes.
For example, the textural and compositional variations in apa-
tite from the Pingtan complex in southeast (SE) China records
both magmatic evolution and post-crystallization fluid activity
regardless of a narrow range in Nd isotopic composition (Zhang
etal. 2020). As a near-liquidus phase, apatite crystallizes early in
metaluminous felsic magma (Piccoli and Candela 2002; Webster
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and Piccoli 2015) and hence records early high-temperature
magma compositional variations. Subsequent changes in magma
composition can be reflected in compositional zonations of
apatite because of insignificant intracrystalline elemental diffu-
sion, especially for REE, S, and Si (e.g., Dowty 1980; Tepper
and Kuehner 1999; Cherniak 2010). Accordingly, apatite may
have significant advantages in terms of deciphering magmatic
evolution trends and processes compared with other commonly
used minerals such as plagioclase, titanite, and zircon.

In this contribution, we present detailed petrographic obser-
vations and systematic in situ geochemical analyses (major and
trace element compositions and O and Sr isotopes) on apatite,
zircon, titanite, and plagioclase from granite of Zhangzhou igne-
ous complex, SE China. These new data, together with whole-
rock geochemistry, provide a fresh perspective on the role of
mixing between cogenetic magmas involved in the generation
of Zhangzhou calc-alkaline granite and show the advantage of
using apatite geochemistry to track the magmatic evolution of
granitoid batholiths.

GEOLOGICAL BACKGROUND

The geology of South China consists of Yangtze block in
the northwest and Cathaysia block in the southeast, which were
amalgamated in the Neoproterozoic along the Jiangnan Orogenic
Belt (Fig. 1; Zhang et al. 2013). It underwent extensive tectonic
and magmatic activity associated with the subduction of the paleo-
Pacific Ocean during Mesozoic (Zhou et al. 2006). The distribution
of Mesozoic igneous rocks in SE China is mainly controlled by
several large-scale NE-trending faults such as the Zhenghe-Dafu
and Changle-Nan’ao faults. The magmatism consists of predomi-
nant felsic lavas with minor intrusive mafic rocks (Zhou et al. 2006,
Xu et al. 2020). Granitic rocks exposed in this region are mainly
shallow-level, calc-alkaline, I-type granitoids that range from
granodiorite, monzogranite to alkali-feldspar granite (Zhou et al.
2006; Li et al. 2014). These rocks also show hybrid geochemical
signatures reflecting crust-mantle interaction that are typically
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Ficure 1. Simplified geological maps showing tectonic setting
(after Zhang et al. 2013), and the distribution of Mesozoic granites in
the coastal region of SE China (after Zhou et al. 2006). (Color online.)
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observed at subduction zones (e.g., Griffin et al. 2002; Zhou et
al. 2006; Guo et al. 2012; Xu et al. 2020). The contemporaneous
mafic intrusive rocks are mainly hornblende gabbros, which show
geochemical features similar to mafic arc cumulates (e.g., Liet al.
2014; Zhang et al. 2019).

The Zhangzhou batholith is located in the coastal region of
Fujian province, SE China. Previous studies showed emplace-
ment ages of this batholith ranging from 97 to 107 Ma (Chen
et al. 2013). The calc-alkaline granite occurs as the main body
of the batholith, consisting of granodiorite and monzogranite. In
the field, abundant mafic microgranular enclaves (MMESs) occur
in the monzogranite and both show a sharp contact relationship
(Figs. 2a and 2b). The granodiorite is equigranular and consists of
plagioclase (~45 vol%), K-feldspar (~25 vol%), quartz (~20 vol%),
and biotite (5—8 vol%), with accessory zircon, apatite, titanite, al-
lanite, and epidote. The major minerals in the monzogranite are
K-feldspar (~35 vol%), quartz (~30 vol%), plagioclase (~25 vol%),
and biotite (~5 vol%), with accessory zircon, apatite, allanite, and
Fe-Ti oxides. The MMEs consist of plagioclase, biotite, and quartz,
with or without K-feldspar, and accessory minerals include apatite,
zircon, titanite, allanite, and Fe-Ti oxides (Chen et al. 2013). In
the granite, apatite occurs as euhedral inclusions hosted in biotite,
plagioclase, and titanite (Figs. 2c—2f). Based on field observations
and geochemical studies, Chen et al. (2013) proposed that the
calc-alkaline granite in the Zhangzhou batholith was formed by
mixing between mantle- and crust-derived magmas.

ANALYTICAL METHODS

‘Whole-rock geochemical analyses

Whole-rock major oxides were determined by wavelength X-ray fluorescence
spectrometry (XRF) at the Sample Solution Analytical Technology Co., Ltd., Wuhan,
China. About 0.5 g of powder was thoroughly mixed with 3.6 g Li,B,0,, 04 g
LiF, 0.3 g NH,NO;, and minor LiBr in a platinum crucible. It was then melted in a
furnace to form a glass disk for major element analysis. Trace element concentra-
tions of the samples were determined by a Perkin-Elmer ELAN 6000 inductively
coupled plasma-mass spectrometry (ICP-MS) after acid digestion in high-pressure
polytetrafluoroethylene vessels at Guangzhou Institute of Geochemistry (GIG),
Chinese Academy of Sciences (CAS). This involved mixing ~50 mg sample powder
with 1 mL HF and 0.5 mL HNO; in a polytetrafluoroethylene beaker. Then the beaker
was sealed in a stainless-steel vessel and heated at 190 °C for 48 h. The detailed
analytical procedure was reported by Liu (1996). The analytical errors were 5% for
rare earth element (REE) and high field strength element (HFSE), and 5 to ~10% for
the other elements, based on repetitive analyses of USGS standards GSR-1 (granite),
GSR-2 (andesite), and GSR-3 (basalt).

Whole-rock Srand Nd isotope analyses were performed with a Finnigan Neptune
multi-collector ICP-MS at the GIG-CAS, following the analytical procedures de-
scribed by Li et al. (2006). The REE and Sr were separated via cation columns, and
Nd fractions were further separated by HDEHP-coated Kef columns. The procedural
blanks were <200 picogram (pg) for Sr and about 30 pg for Nd. The measured
8Sr/*Sr and '“*Nd/'**Nd ratios were normalized to *St/*8Sr=0.1194 and '**Nd/"*Nd
=0.7219, respectively. The reported *’Sr/*°Sr and '*Nd/"**Nd ratios were adjusted to
the NBS SRM 987 standard (*'St/*Sr = 0.710247 + 8, 25) and the JNdi-1 standard
("Nd/"“Nd = 0.512115 £ 4, 20, n = 4), respectively. Repeated analyses of NBS
SRM 987 standard and the Shin Etsu JNdi-1 standard separately yielded mean values
of 0.710247 £ 9 and 0.512115 £ 6 (20, n = 3). During whole-rock Sr-Nd isotope
analyses, the USGS reference BHVO-2 (basalt) yielded *’Sr/**Sr=0.703475 + 8 (2o,
n = 6), ""Nd/"“Nd = 0.512981 + 5 (20, n = 6), consistent with the recommended
values reported in Weis et al. (2005).

Electron microprobe (EMP) analysis

Backscattered electron (BSE) and cathodoluminescence (CL) images were
performed with a SUPRA 55 SAPPHIRE equipped with a secondary electron and
energy-dispersive X-ray spectrometry (EDS) detector. The concentrations of major
elements in apatite, titanite, and plagioclase were determined by a Cameca SX FiveFe
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FIGURE 2. (a-b) Field photos showing the contact relationship between the host granite (monzogranite) and mafic microgranular enclaves. (c—d)
Columnar apatite inclusions occurring in biotite and plagioclase. (e—f) BSE images showing zoned apatite hosted in titanite and biotite. (Color online.)

electron microprobe and JOEL JXA-8100 electron microprobe at the GIG-CAS. The
operating conditions were 15 kV accelerating voltage, 20 nA probe current, and 5 um
spot diameter. The standards for adjustment include apatite for Ca and P; fluorite for
F; sodalite for Cl; albite for Na; sanidine for K, Si, and Al; pyroxene for Mn, Fe, and
Mg; and rutile for Ti, respectively. The analytical errors were within 1%.

LA-ICP-MS trace element analysis

Trace-element analyses of apatite, titanite, and zircon were performed with
a Resolution M-50 laser ablation (LA) system coupled to an Agilent 7900a type
inductively coupled plasma-mass spectrometer (ICP-MS) at the GIG-CAS. The
detailed analytical procedure was reported in Tu et al. (2011). The diameter of the
laser beam was 31 um for zircon, apatite, and titanite (with 80 mJ laser energy, 6
Hz ablation frequency). Helium gas carrying the ablated sample aerosol is mixed
with argon carrier gas prior to introduction into the ICP-MS. Each analysis included
~20 s of background acquisition (from a gas blank) followed by 45 s of data acquisi-
tion. ¥Ca was used as the internal standard for apatite and titanite, and ’Si was used
as the internal standard for zircon. The content of CaO in apatite and titanite was
measured by EMPA and SiO, in zircon was assumed to be stoichiometric in zircon

with a concentration of ca. 32.8 wt%. NIST SRM 610 and 612 were employed as
external standards, respectively, which were analyzed twice after every eight sample
analyses. Data reduction was performed offline by the ICPMSDataCall software (Liu
et al. 2008). The corresponding mean element concentrations of standards during
this study are listed after the trace element concentrations for apatite, zircon, and
titanite, respectively.

In situ Sr isotopic analysis of plagioclase

Allin situ Srisotope analyses in this study were performed on a Neptune Plus
MC-ICP-MS (Thermo-Scientific), coupled with a RESOlution M-50 193 nm laser
ablation system (Resonetics) at the GIG-CAS. The laser parameters were set as fol-
lows: beam diameter, 112—155 pm; repetition rate, 6 Hz; energy density, ~4 J cm™.
Each analysis consisted of 250 cycles with an integration time of 0.262 s per cycle.
During the first 30 s, the gas blank of the system was monitored with the laser
beam off. In the following 30 s, the signals of ablated plagioclase were collected
with the laser beam on. The gas blank of ¥Kr and %Sr was <2.5 mv and 0.5 mv,
respectively, during the measurement of this study. The interferences of *Kr and
%Kr on *Sr and *Sr were corrected by subtracting gas blank from the raw time-
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resolved signal intensities. The mass bias of *’Sr/*Sr was normalized to **Sr/**Sr =
0.1194 with an exponential law. The detailed data reduction procedure is reported
in Zhang et al. (2015). Repeated analyses of the external standard NKT-1G yielded
a weighted ¥’Sr/*Sr value of 0.70355 + 0.00003 (2SD, n = 7), which is consistent
with the reference value (0.70351 + 0.00002, Elburg et al. 2005). The correspond-
ing standard data during this study are listed after the Sr isotope of plagioclase.

In situ O isotope analyses of apatite and zircon

In situ oxygen isotope compositions of apatite were obtained using the Cameca
IMS-1280 SIMS at the Institute of Geology and Geophysics, CAS. Separated apa-
tite grains were embedded in epoxy disks together with apatite standards (Qinghu
and Durango apatite). The Cs* primary ion beam was accelerated at 10 kV, with
an intensity of ~2 nA, with spot sizes of about 20 um in diameter. The normal-
incidence electron flood gun was used to compensate for the charge at the surface
of the gold-coated samples. Oxygen isotopes were measured using multi-collection
mode on two off-axis Faraday cups. The analytical procedures of apatite were
similar to those used for zircon oxygen isotopes as described by Li et al. (2010).
In situ oxygen isotopes of zircon were also obtained using the Cameca IMS-1280
HR SIMS at the GIG-CAS. The analytical procedures of zircon are described
by Xia et al. (2019). Measured '*O/'°O ratios were normalized by using Vienna
Standard Mean Ocean Water and compositions (Vysyow, '*0/'°O = 0.0020052),
reported in standard per mil notation, and corrected for the instrumental mass
fractionation factor (IMF). The IMF was obtained using the Durango fluorapatite
and Penglai zircon as references for apatite and zircon, respectively. The average
value of measured 8'*0 of Durango apatites was 10.15%o (2SD = 0.56, n = 26),
which is similar to the result in Trotter et al. (2008). The Qinghu apatite was also
analyzed as an external reference for apatite, with a §'°0 value of 5.59%o (2SD =
0.52,n=31). The 8'%0 values of the Durango and Qinghu apatite and Penglai and
Qinghu zircon are listed after the 3'°0 values for apatite and zircon, respectively.

REsuLTs
Whole-rock geochemistry

Whole-rock compositions are listed in Online Material' Table
OML1. The rocks of the Zhangzhou batholith show large varia-
tions in SiO, contents. The gabbro and diorite together have SiO,
ranging from 49.9 to 60.1 wt% with relatively high Mg-number
(Mg# =48 to 52). The calc-alkaline granites (monzogranites and
granodiorites) span a SiO, range from 63.0 to 71.0 wt%, with

ZHANG ET AL.: MIXING OF COGENETIC MAGMAS RECORDED BY APATITE GEOCHEMISTRY

an Mg-number ranging from 34 to 43. The granites are meta-
luminous with A/CNK between 0.92 and 0.99. Monzogranites
(Sample No. 17ZZ05 and 17ZZ06) generally contain higher
SiO, content than the granodiorites (67.8—71.0 vs. 63.0-66.8
wt%), XREE (212-309 vs. 135-235 ppm), and K,O (3.594.51
vs. 2.83-3.50 wt%), but lower CaO (2.22 to 2.87 vs. 3.86—4.79
wt%) and MgO (0.79-1.12 vs. 1.33-2.07 wt%). In contrast, the
alkali feldspar granite has the highest SiO, content with a range
from 76.4 to 77.6 wt% and the lowest Mg-number (Mg# = 16
to 22). All rock types have similar initial ¥’Sr/%Sr ratios, ranging
from 0.70602 to 0.70742. The mafic rocks have eyy(t) values
ranging from —2.7 to —2.8, while the felsic rocks have slightly
lower gyq4(t) values between —3.2 and —4.2 (Online Material' Table
OM1). Thus, the mafic and felsic rocks together form an igneous
complex with almost similar isotope compositions.

Texture and geochemistry of apatite

Representative BSE images for apatite from the calc-alkaline
granite are presented in Figure 3. These apatite grains are mostly
prismatic, with sizes ranging from 100 to 200 um (Figs. 2c-2f
and 3). They commonly occur as inclusions hosted in the major
mineral phases (Figs. 2c—-2f), indicating apatite was an early
crystallizing phase. Most of the apatite grains exhibit a core-rim
zonation texture with a dark core and bright rims in the BSE im-
ages (Fig. 3). The dark core spans a range of 30—100 um in size,
and the bright rims range from 20 to 40 um in width (Fig. 3).

The compositions of the analyzed apatite are listed in Online
Material' Table OM2. Both the apatite core and rim domains are
fluorapatite with F > 2.5 wt% and F/Cl ratio >11.5 (Figs. 4a and
4b). They show similar P,Os (41.1-43.3 wt%), CaO (53.4-57.9
wt%), FeO (0.01-0.12 wt%), and MnO (0.16-0.29 wt%).
However, the apatite core domains generally contain higher SO;
(0.28-1.00 vs. 0.10-0.42 wt%), Na,O (0.08-0.30 vs. 0.02-0.11
wt%), and lower SiO, (0.01-0.20 vs. 0.26—0.58 wt%) contents

Apatite from monzogranite (17ZZ05 and 17Z2206)

o @)

) S

(O Trace element spot

Fi1GURE 3. Representative BSE images of apatite from the Zhangzhou calc-alkaline granite. Most crystals show a core-rim zonation texture.

(Color online.)
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Fi1GURE 4. Plots of Cl vs. F (a), CI-OH-F (b), Y vs. Ce (ppm) (¢) of apatite, and chondite-normalized REE patterns of apatite (d). In b, the
concentrations of volatile components (atomic proportions) in apatite is estimated by using the method by Piccoli and Candela (2002). In ¢, the
variation fields of apatite in S-type and I-type granite are from Laurent et al. (2017). Normalization values (d) are from McDonough and Sun

(1995). (Color online.)

than the rim domains. Also, the core domains generally have
higher Li concentrations (2.0 to 19.2 vs. 0.6 to 4.3 ppm) but
lower REE (XREE = 3989 to 9743 vs. 9380 to 16417 ppm) and
Y (Y =259 to 894 vs. 517 to 1781 ppm) concentrations than the
rim domains. Nevertheless, all apatite domains have relatively
high Ce/Y ratios, within the compositional fields of apatite from
“I-type granitoids” (Fig. 4c; Laurent et al. 2017), and show
right-declined chondrite-normalized REE patterns with similar
Ce/Ce* and Eu/Eu* ratios (Fig. 4d). Major and trace element
analyses from a profile across a representative zoned apatite grain
show abrupt compositional variations (Fig. 5; Online Material'
Table OM2). From core to rim, the SO; concentration decreases
from 0.73 to 0.16 wt% and Cl decreases from 0.11 to 0.05 wt%,
whereas SiO, increases from 0.27 to 0.70 wt% (Figs. Sb—5d). The
apatite rims have 6587 to 7009 ppm Ce and 866 to 1017 ppm Y,
up to three times the concentrations in the core domain (Ce =
2354 to 2874 ppm, Y = 338 to 428 ppm; Figs. 5f and 5g). The
apatite rims also have higher Sr (Sr =223 to 230 vs. 135 to 166
ppm; Fig. 5h). In contrast, the apatite cores contain 5.1-7.4 ppm
Liand 0.11-0.18 wt% Na,O, much higher than those in the rims
(Li=1.3-3.0 ppm, Na,O = 0.03—0.04 wt%; Figs. Se and 5i).
The O isotope compositions of apatite are listed in Online

Material' Table OM2 and plotted in Figure 6. Both the apatite
core and rim domains have mantle-like O isotopic compositions
regardless of their difference in ZREE (Fig. 6). The core domains
have 6'%0 values ranging from 5.3%o (2SE = 0.28) t0 6.8%o0 (2SE
= 0.26) with an average of 6.0%o (n = 21), and the apatite rim
domains have 3'%0 values ranging from 5.2%o (2SE = 0.32) to
6.4%o (2SE = 0.37) with an average of 5.8%o (n =21).

Textures and geochemistry of other minerals

Zircon. The compositions of zircon are listed in Online
Material' Table OM3. Zircon is hosted in main mineral phases
such as plagioclase and biotite. It exhibits a euhedral prismatic
form, ranges from 50 to 200 pum in diameter with length/width
ratios from 2:1 to 3:1, and typical igneous oscillatory zoning in
CL images (Online Material' Fig. OM1). The Hf concentration
of zircon ranges from 7695 to 11489 ppm, is negatively corre-
lated with the concentrations of Ti (3.1 to 16.7 ppm) and P (332
to 696 ppm) and with Th/U (0.54 to 1.48) and Eu/Eu* (0.4 to
1.2), but is positively correlated with Yb/Gd (7.9 to 27.8). The
Ti-in-zircon (Ty z) thermometer yields values ranging from 674
to 835 °C (Online Material' Table OM3) using the equations
of Ferry and Watson (2007). Zircon also has mantle-like 8'*0
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FI1GURE 5. Core-to-rim profiles of major and trace element compositions of a zoned apatite crystal from the Zhangzhou calc-alkaline granite.
(a) The BSE image showing the core-to-rim analyzed profiles. (b—e) EPMA analysis, variations in SiO, (b), SO; (¢), Cl (d), and Na,O (e) across
the profile. (f-i) LA-ICPMS analysis, variations in Ce (f), Y (g), Sr (h), and Li (i) across the profile. (Color online.)

values ranging from 5.3 to 6.9%o with an average of 5.8%o (SD
=0.44,n =20).

Titanite. The compositions of titanite are listed in Online
Material! Table OM4. Titanite crystals always display continu-
ous and oscillatory zoning in BSE images, showing small intra-
crystalline compositional changes. Some titanite crystals show
an obvious zoned texture with a bright core and dark rim. The
bright core often shows fir-tree and oscillatory zonation. The dark
rim shows a uniform texture and is occasionally surrounded by
bright domains (Online Material' Fig. OM2). Titanite frequently
contains inclusions of the zoned apatite (Fig. 2e). Titanite from
the granites has weakly variable SiO, (29.02-30.74 wt%), TiO,
(34.04-36.81wt%), CaO (26.37-29.33 wt%), AL,O; (1.02-1.65
wt%), FeO (1.48-2.49 wt%), and F (0.05-0.42 wt%). However,
the total REE concentrations of titanite varies greatly from 1.7 to
2.9 wt%. The bright domains generally have much higher REE
concentrations than the dark parts.

Plagioclase. The compositions of plagioclase are listed in
Online Material' Table OMS5. Plagioclase crystals in the granite
show complex textures and zoning patterns. Some grains have
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a strong dissolution texture, with sodic patches in the dissolved
calcic cores and less calcic rims (Online Material' Fig. OM3).
The dissolved core has a sieved texture and higher Ca contents
(Anss—Anyg), whereas the dark patches in the core and the rim
have lower Ca contents (An;,—Ansy). Such a compositional
zonation might be caused during decompression of the magma.
Twelve analytical spots on plagioclase from the granite show a
narrow variation of initial #Sr/%Sr ratios from 0.7064 to 0.7067
with an average of 0.7066 (n = 12). This value is quite similar
to the host bulk rock [¥’St/*Sr;, = 0.7066].

DiscussioN

Core-rim zonation texture in apatite: A record of magma
mixing

The apatite in Zhangzhou granite is characterized by textural
and compositional zonation with abrupt core to rim increases in
Si0, and REE concentrations and decreases in SO; and Li (Figs.
3 and 5). Compositional zoning of minerals in igneous rocks re-
sults from various processes, including fractional crystallization,
AFC processes, post-crystallization hydrothermal activity, and
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FIGURE 6. Plot of XREE (ppm) vs. §'%0, the bars denote the analytical
errors given as 2c. (Color online.)

magma mixing. In the following, we discuss the possible effects
of these processes on the compositional variations observed in
the apatite from Zhangzhou granite.

(1) Fractional crystallization plays an important role in pro-
gressive mass and ionic exchange between magma and miner-
als. Compositional zonation in the crystallizing phase typically
follows “normal” igneous trends (i.e., increases in incompatible
elements and decreases in compatible elements from core to
rims, Gao et al. 2007; Guo et al. 2007; Streck 2008). Since
REEs behave as incompatible elements in plagioclase, biotite,
and quartz (Nash and Crecraft 1985)—the major mineral assem-
blage in the Zhangzhou granite, fractionation of these minerals
would lead to increasing REE concentrations in the crystallizing
apatite. Biotite-dominated fractionation may also cause halogen
variation in a crystallizing magma and possibly results in CI/F
zonation in apatite (Teiber et al. 2014; Ansberque et al. 2019).
Fractionation of biotite + plagioclase + quartz might explain
the core to rim increases in REE concentrations and decreasing
CI/F in zoned apatite from the Zhangzhou granite, but it cannot
explain the observed rim to core trends to higher SiO, and Sr
concentrations (Figs. 5b and 5h) and similar Fe concentrations.
Fractional crystallization of significant amounts of apatite might
explain progressive core to rim decreases in REE concentra-
tions in zoned apatite (e.g., Bruand et al. 2014) because REEs
are compatible in apatite (e.g., Prowatke and Klemme 2006).
However, such trends contrast with the abrupt increase in con-
centration from the core to rim that we observe (Figs. Sfand 5g).
In any case, fractional crystallization is a continuous process that
likely forms continuous compositional zonations or predictable
changes reflected in changing modal mineral assemblages, e.g.,
a progressive increase of La in clinopyroxene from core to rim
during fractional crystallization (Gao et al. 2007). Therefore,
it is clear that the sharp core to rim compositional variations
in apatite of the Zhangzhou granite could not be generated by
fractional crystallization alone (Figs. 5 and 7).

(2) Similar to fractional crystallization, AFC processes also
generally result in the crystallization of minerals with normal
compositional zonation (e.g., Jung et al. 1999). However, in
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the Zhangzhou granite, there are weak correlations between the
87S1/%Sr;) and exy(t) and SiO, [SiO, = 67.8-71.0 wt%, ¥'St/**Sr;, =
0.7062-0.7066, and &x4(t) =—3.0 to —4.2; Online Material' Table
OM1]. The plagioclase in these granites, with variable An contents,
has a uniform Sr isotope composition (An = 16-48, ¥'Sr/*Sr;, =
0.7064-0.7067; Online Material' Table OMS), similar to the whole
rock value [*"Sr/%Sr;, = 0.7066]. Apatite core and rim domains, as
well as zircon, have similar oxygen isotope compositions (Online
Material' Table OM3). All these geochemical features do not sup-
port a significant role in crustal contamination or assimilation.

(3) Hydrothermal fluids have been shown to leach REE from
apatite, resulting in substantial decreases in REE concentrations
and variations in LREE/HREE ratios as well as O isotopes in apa-
tite with the formation of new REE-phosphates such as monazite
and xenotime (e.g., Rae et al. 1996; Harlov and Forster 2003;
Harlov et al. 2005; Broom-Fendley et al. 2016; Zeng et al. 2016;
Birski et al. 2019). While apatite crystals in the Zhangzhou granite
have REE-poor cores, it is unlikely that this compositional zonation
resulted from post-crystallization hydrothermal activity because
the apatite core domains have La/Sm ratio and 8"0 value similar
to the rim domains (Figs. 4d and 6), and co-existing secondary
mineral phases are absent (Figs. 2c—2f and 3).

(4) Magma mixing can produce textural and compositional
zoning in apatite (Tepper and Kuehner 1999; Staby et al. 2012;
Bruand et al. 2014; Laurent et al. 2017), accounting for sharp
compositional variations like those observed in apatite from the
Zhangzhou granite. Experimental results have shown nonlinear
element exchange between the interacting magmas due to varia-
tions in diffusion behavior (De Campos et al. 2008; Perugini
et al. 2008). The direction of compositional change in mineral
compositions is largely a reflection of the new bulk magma
composition after each mixing step and might reverse trends
expected from fractional crystallization (with or without crustal
contamination) alone. In the case of the Zhangzhou granite,
magma mixing is strongly supported by the presence of MMEs
and granodiorite inclusions in the monzogranite at the locality
from which the samples were taken (Figs. 2a and 2b). Mixing
is also reflected in abrupt XREE variations in the zoned titanite
(Online Material'). Thus, magma mixing is our preferred model
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in explaining the composition zonations that we see in apatite
from the Zhangzhou granite.

Composition of end-member melts during magma mixing

The rapid core-to-rim increases in SiO,, REE, and Y concentra-
tions and decreases in SO; and Li of apatite from the Zhangzhou
granite can probably be attributed to abrupt changes in bulk melt
composition and/or the resultant change in partition coefficients
during the apatite crystallization (Fig. 5). For simplicity, we assume
a single mixing event and name the magma that crystallized the
apatite cores as Batch [ and the mixed magma that crystallized the
apatite rims as Batch II.

Previous studies have demonstrated that the REE contents in
apatite are primarily controlled by magma composition and mineral/
melt partition coefficients (D) (Sha and Chappell 1999; Prowatke
and Klemme 2006). Increasing SiO, content in a fractionating melt
is expected to promote the coupled substitution reaction: REE** +
SiOf = Ca?* + PO3~ (Pan and Fleet 2002), and to further increase
the degree to which REE preferentially partition into apatite rather
than melt (i.e., increasing Dap™") (Prowatke and Klemme 2006).
Experimental results have also shown that DRp™" values depend
largely on the composition of magma, showing a strong positive
correlation with silica content of magma (e.g., Watson and Green
1981; Prowatke and Klemme 2006; Laurent et al. 2017). This is
consistent with the previous investigations on apatite from a wide
range of magmatic suites, which found that REE concentrations
in apatite increase from the primitive to evolved rocks (Sha and
Chappell 1999; Belousova et al. 2002; Chu et al. 2009; Zhang et
al. 2020). Therefore, apatite crystallized from a high-SiO, magma
tends to contain high SiO, and REE concentrations (Ladenburger
etal. 2016). Given that the ZREE and SiO, concentration of apatite
rims can be three times higher than cores (Figs. 5b, 5f, and 5g),
we suggest that the SiO, content of Batch II magma was relatively
high, with a correspondingly high-D32™",

Theoretically, sulfur concentration in apatite depends largely
on the S content of the melt, and it can be used as a proxy to
track the sulfur evolution of magma (Parat et al. 2002, 2011; Van
Hoose et al. 2013; Brounce et al. 2019). The partition coefficient
of sulfur in apatite (D§P™") is additionally controlled by complex
physio-chemical conditions, including oxygen fugacity (fo,) and
temperature (Peng et al. 1997; Parat and Holtz 2004). Both apatite
core and rim domains show similar Ew/Eu* and Ce/Ce* (Fig. 4d),
probably suggesting crystallization under similar oxidizing condi-
tions (e.g., Sha and Chappell 1999; Cao et al. 2012). On the other
hand, because the apatite cores and rims occur in the same samples,
the similar apatite saturation temperature should have little effect
on D{Pmelt Therefore, the high S content in apatite cores, which
can be four times higher than the apatite rims, is likely attributed
to higher sulfur concentration in Batch I magma (Figs. 5c and 7).

Constraints on the magma source

Both core and rim domains in apatite from the Zhangzhou
granite exhibit mantle-like 3'*0O values in equilibrium with the
coeval zircon (Fig. 6; Online Material' Table OM3). The granites
have whole-rock *’Sr/**Sr;, and eyq(t) values similar to those of
MMEs and mafic rocks in the Zhangzhou batholith (Chen et al.
2013). These geochemical features suggest the derivation of the
Zhangzhou granite from newly accreted crust.
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As mentioned early, the core and rim domains in apatite
from the Zhangzhou granite have distinct chemical composi-
tions, especially the high-SO; content (up to 1.00%) in the core
domain. Apatite incorporates sulfur in multiple oxidation states
(i.e., S, S*, and S*) via complex substitutions (Piccoli and
Candela 2002; Konecke et al. 2017; Brounce et al. 2019). How-
ever, previous studies have shown that apatite favors coupled
substitution mechanisms involving oxidized S (Streck and Dilles
1998; Kim et al. 2017), and S-rich apatite always crystallizes at a
high oxygen fugacity (e.g., Parat et al. 2011; Chelle-Michou and
Chiaradia 2017). This is consistent with the oxidized nature of
the I-type, or magnetite-series, Zhangzhou granite (e.g., Ishlhara
1977; Carmichael 1991; Blevin and Chappell 1995).

At subduction zones, seawater sulfate can be absorbed by
the sediments overlying the mafic oceanic crust during seafloor
hydrothermal alteration. During subduction of the oceanic crust
and overlying sulfate-bearing sediments, oxidized sulfur is
released into the mantle wedge (e.g., Sasaki and Ishihara 1979;
de Hoog et al. 2001; Wallace and Edmonds 2011). Arc mafic
magmas derived from the mantle wedge metasomatized by
sulfate-bearing sediments should correspondingly contain high S
(e.g., Sharma et al. 2004), consistent with previous experiments
that oxidized arc mafic magmas have a high capacity to contain
sulfur (Jugo et al. 2005). For instance, olivine-hosted melt inclu-
sions from the arc mafic magmas can contain high S content up
to 7000 ppm (Wallace and Edmonds 2011). An oxidized mafic
melt can transport large amounts of sulfur from the mantle to
shallow crustal levels and even to the atmosphere (e.g., de Hoog
et al. 2004; Richards 2015; Zellmer et al. 2015). Underplated
mafic magmas might be the source of high-S arc crust formed
during the subduction of paleo-Pacific Ocean in the Cretaceous.
Previous studies have also suggested that mafic intrusions might
supply sulfur to long-lived felsic magma chambers (Edmonds
et al. 2010; Wallace and Edmonds 2011), in which high-S
apatite crystallizes (Van Hoose et al. 2013). Thus, underplated
mafic magmas releasing S-rich fluid and/or resultant melting
of the high-S arc crust could have been the source of the high-S
felsic Batch I magma that crystallizes the cores of apatite in the
Zhangzhou granite.

Devolatilization of Batch II magma

Liquid-vapor fractionation is considered to be an important
process of magmatic differentiation where a separate vapor phase
co-exists with magma (Webster and Vivo 2002; Baker and Alletti
2012). This process can cause geochemical variations related to
the difference in element partitioning between the co-existing
vapor and magma. In the case of the Zhangzhou granite, liquid-
vapor fractionation probably contributes to the large variations
in concentrations of fluid-mobile elements such as S, Cl, and
Li in the apatite.

As discussed above, Batch II magma had higher SiO, but
lower S than Batch I magma. Considering the evidence, based on
tightly constrained isotopic variations, that both magma batches
shared a common source, there must have been an additional
geological process that rapidly decreased the S content during
the evolution of Batch Il magma. Possible mechanisms to reduce
the S content of magma include (1) fractionation of sulfide and
sulfate (e.g., anhydrite and pyrite); and (2) devolatilization (evap-
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oration of magmatic H,S and/or SO,-rich fluid exsolution). Since
anhydrite and pyrite are not observed in the studied samples, it
seems unlikely that the granitic magma was saturated in sulfide
or sulfate minerals. Hence, the reduced S content is unlikely to
be supplied by sulfate and sulfide fractionation. Therefore, SO,
disproportionation in an exsolved fluid (e.g., Mavrogenes and
Blundy 2017) and/or direct degassing as magmatic H,S (e.g.,
Oppenheimer et al. 2011), might be realistic alternative means
of lowering the S content in Batch II magma. The oxidation
state of I-type granitic magma implies that the majority of S in
the magma existed as SO7 instead of H,S (Baker and Moretti
2011; Richards 2015), suggesting a more important role of fluid
exsolution than degassing of H,S during magmatic evolution.
Since Cl preferentially partitions into fluids but F is soluble
in melts (Baker and Alletti 2012; Webster et al. 2018), devolatil-
ization can also lead to a decrease in Cl concentration of a melt,
and in any crystallizing apatite, without significantly affecting
F concentrations (e.g., Piccoli and Candela 2002; Webster 2004;
Aiuppa et al. 2009; Balcone-Boissard et al. 2010; Zhang et al.
2012; Teiber et al. 2014; Wang et al. 2018). Apatite rims have
lower Cl content and CI/F than the core for any given zoned
apatite, consistent with the effect of devolatilization (Fig. 5d;
Online Material' Table OM2). The indistinguishable ranges in
F and CI concentrations of all apatites (Fig. 4a) are probably
due to variable crystallization conditions (Boyce et al. 2014).
Devolatilization is also evidenced by the lower Li concentra-
tion in the apatite rims (Fig. 51). Since Li preferentially enters
aqueous fluid rather than the silicate melt, devolatilization
would lead to a Li decrease in both the melt and crystallizing
apatite (Webster et al. 1989; Duan and Jiang 2018). Collectively,
Batch II magma experienced strong devolatilization, which is
consistent with the previous observations that exsolved fluids have
the capacity to sequester Li, Cl and S away from the magmatic
systems (e.g., Bai and Koster van Groos 1999; Kamenetsky et al.
1999; Webster 2004; Zajacz et al. 2008; Pokrovski et al. 2013).

PETROGENETIC IMPLICATIONS

It is commonly assumed that elevated eyy(t) or eydt) values
in granitoids implies mixing by mantle-derived magma, whereas
more constant isotopic compositions in granite reflect the
predominant role of fractional crystallization. For example,
various degrees of mixing between mantle-derived mafic and
crust-derived felsic magmas result in a wide ey(t) range of the
calc-alkaline felsic rocks in SE China (Griffin et al. 2002; Guo
et al. 2012). However, in many magmatic systems and tectonic
environments, interaction of cogenetic magmas is also inevitable
as magma chambers are incrementally, or episodically, filled by
magma batches from common sources over time (Taylor 2004;
Annen 2009; Farina et al. 2012). In such cases, important mag-
matic processes such as crystal-melt segregation, liquid-vapor
fractionation, and self-mixing in crustal magma chamber can
be difficult to monitor by traditional bulk-rock geochemical
analyses (Turner and Campbell 1986; Couch et al. 2001; Alves
et al. 2009; Edmonds and Woods 2018; Sun et al. 2019; Yan et al.
2020). Mixing of cogenetic granitic magmas and devolatilization
process, as shown here for the Zhangzhou granite, have occurred
with little or no isotopic variation.

More recent studies on granite petrogenesis have benefited
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from advances in analytical techniques that enable in situ analysis
of minerals for stable and radiogenic isotopes, including O, S, Rb-
Sr, Sm-Nd, and Lu-Hf systems (e.g., Griffin et al. 2002; Yang et al.
2014; Economos et al. 2017; Bruand et al. 2019; Cao et al. 2019).
Such studies have shown that in situ geochemical analysis on
minerals (e.g., apatite, plagioclase, zircon, and titanite) has many
advantages over whole-rock chemistry in petrogenetic discussion
(e.g., Yuetal. 2018; Gros et al. 2020; Zhang et al. 2020). Apatite
performs particularly well as a recorder of petrogenetic processes,
and our study provides an example illustrating the advantages of
using compositional zonations in apatite to track obscure magma
processes such as mixing of cogenetic granitic magmas and de-
volatilization. There is no doubt that in situ compositional and
isotopic analysis of apatite will provide significant advances in the
range of data available for understanding igneous petrogenesis.
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