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Lu-Hf isotopic system in zircon is a powerful and widely used geochemical tracer in studying petrogenesis of
magmatic rocks and crustal evolution, assuming that zircon Hf isotopes can represent initial Hf isotopes of their
parental whole rock. However, this assumption may not always be valid. Disequilibrium partial melting of
continental crust would preferentially melt out non-zircon minerals with high time-integrated Lu/Hf ratios and
generate partial melts with Hf isotope compositions that are more radiogenic than those of its magma source.
Dissolution experiments (with hotplate, bomb and sintering procedures) of zircon-bearing samples demonstrate
this disequilibrium effect where partial dissolution yielded variable and more radiogenic Hf isotope composi-
tions than fully dissolved samples. A case study from the Neoproterozoic Jiuling batholith in southern China
shows that about half of the investigated samples show decoupled Hf isotopes between zircons and the bulk
rocks. This decoupling could reflect complex and prolonged magmatic processes, such as crustal assimilation,
magma mixing, and disequilibrium melting, which are consistent with the wide temperature spectrum from
~630°C to ~900 °C by Ti-in-zircon thermometer. We suggest that magmatic zircons may only record the Hf
isotopic composition of their surrounding melt during crystallization and it is uncertain whether their Hf isotopic
compositions can represent the primary Hf isotopic compositions of the bulk magmas. In this regard, using zircon
Hf isotopic compositions to trace crustal evolution may be biased since most of these could be originally from
disequilibrium partial melts.

1. Introduction

Lu-Hf isotopic system has been widely used as a petrogenetic tracer,
yielding information on time-integrated fractionation of Lu and Hf
during processes of melting, crystallization, metasomatism, and as-
similation (e.g., Patchett, 1983; Blichert-Toft and Puchtel, 2010;
Vervoort, 2015). Lu-Hf isotopic system provides a powerful comple-
ment to the widely used Sm-Nd isotopic system, owing to similar but
greater parent-daughter elemental fractionation during magmatic pro-
cesses. However, due to the slow diffusion rate of Hf in certain minerals
(e.g., zircons) (Cherniak et al., 1997), Hf isotopes of melt would be
highly sensitive to the dissolution rate of these minerals, and such
disequilibrium behavior of Hf presents an important caveat in the ap-
plication of Lu-Hf isotopic system (Tang et al., 2014). In particular, the
effect of isotopic disequilibrium between the partial melt and its magma
source may be significant for Hf isotopic compositions of high-viscosity
intermediate-felsic magmas because some minerals can crystallize over
a long period in the crystal mush and may record transient composi-
tions of fractional melt over time rather than the magmatic body or its
magma source. In recent decades, owing to the rapid development of

* Corresponding author.
E-mail address: wxl@nju.edu.cn (X.-L. Wang).

https://doi.org/10.1016/j.jseaes.2017.12.025

laser ablation multi-collector inductively couple plasma mass spectro-
meter (LA-MC-ICP-MS) that enabled fast and accurate Hf isotope ana-
lyses on small-sized samples, a large number of Hf isotopic studies were
carried out on Hf-enriched minerals, such as zircon, baddeleyite, eu-
dialyte, zirconolite and calzirtite (e.g., Wu et al., 2006, 2010; Bauer
et al., 2017). Zircon is one of the most widely used minerals to infer
primary 17°Hf/”7Hf compositions of magmas, owing to its high Hf
concentration (commonly 0.5-2.0 wt%; Wu et al., 2006) and extremely
low Lu/Hf ratio (typically ~0.002; Kinny and Maas, 2003). However,
systematic studies are needed to examine the differences in Hf isotopes
between zircons and their primary magma in order to correctly inter-
pret the fast growing dataset of zircon Hf isotopes. Analyzing whole-
rock samples is also suitable to acquire Hf isotopes. However, besides
the difficulty in achieving complete decomposition of zircon-bearing
rocks, a few other caveats need to be considered when using zircon or
whole-rock Hf isotopic compositions to infer those of the magma or the
source.

It has been noted that Hf isotopic compositions in zircons from
many magmatic bodies (in particular intermediate-felsic intrusions)
show larger ranges of variations than analytical uncertainties, even
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within individual hand specimens (e.g., Tang et al., 2014). These var-
iations have been attributed to four potential reasons: (1) different
zircons may have crystallized from different batches of melts with
different Hf isotopic compositions during the melt accumulation pro-
cess of intermediate—felsic magmas (e.g., Kemp et al., 2007; Shaw and
Flood, 2009); (2) when partial melting happens at a low temperature
and/or over a short time period, zircons could be inherited from the
source (of the protolith) and they may not be fully dissolved so that the
acquired whole-rock Hf isotopes would be biased to infer Hf isotopic
compositions of primary melt (e.g., Mahar et al., 2016); (3) under high-
grade metamorphism, transient metamorphic fluids could impart their
Hf isotope compositions on all or part of zircons during zircon growth
or overgrowth (e.g., Zheng et al., 2005); and (4) during magma mixing
or crustal assimilation, zircons may record Hf isotopic compositions of
the evolving melt while solidified magmas represent a final integrated
composition (e.g., Boss, 2008; Yang et al., 2015; Couzinié et al., 2016).
As Hf isotopic compositions in zircon could be affected by these mag-
matic processes, they may not simply be coupled with those of the
whole-rock. Results from Ti-in-zircon thermometer indicate that mag-
matic zircons could crystallize over a long period during magmatic
evolution (e.g., Harrison et al., 2007). More importantly, high precision
single crystal CA-ID-TIMS ages demonstrate very convincingly the
crystallization of magmatic zircon over a protracted time period in
single magmas (e.g., Glazner et al., 2004; Schoene et al., 2012; Barboni
et al., 2015; Szymanowski et al., 2017). Even in high-temperature low-
viscosity ultramafic-mafic magmas, magmatic zircons may not record
Hf isotopic compositions of the primary melt, because they tend to
crystallize later during magma evolution and record progressive con-
tamination (Wang et al., 2016).

To accurately interpret zircon Hf isotopic data, it is necessary to
evaluate the effects of these processes on the coupling and decoupling
of Hf isotopic compositions between zircons and their host rocks. To
this end, we carried out two studies: (1) dissolution experiments to
ensure total dissolution of whole-rock samples and confirm the effect of
disequilibrium melting on Hf isotopic compositions; and (2) a case
study to compare zircon vs. whole-rock Hf isotopic analyses of the
Neoproterozoic Jiuling batholith of southern China.

2. Geological background and sample descriptions

The Jiuling batholith is located in the eastern part of Jiangnan
Orogen. It is the largest Neoproterozoic granitic intrusion in southern
China (Fig. 1a), with an exposed area of more than 2500 km? (Wang
et al.,, 2013a and references therein) and zircon U-Pb ages of
835-810Ma (e.g., Li et al., 2003; Wang et al., 2013a; Zhao et al., 2013).
The Jiuling batholith could be divided into three units based on li-
thology and mineral size: Jiuxiantang (JXT), Shihuajian (SHJ) and
Jiuling (JL) units (Fig. 1b). The JL unit is composed of medium- and
coarse-grained granodiorites (35-55% plagioclase, 25-35% quartz,
3-15% K-feldspar, 5-15% biotite, 0-5% cordierite and 0-5% garnet).
The SHJ unit is also composed of granodiorites, but, with fine grains.
The SHJ granitoids show mineral assemblages of 40-55% plagioclase,
25-35% quartz, 5-40% K-feldspar, 5-10% biotite and 0-5% cordierite.
In comparison, the JXT unit is composed of tonalites, with mineral
assemblages of 40-55% plagioclase, 25-35% quartz, 2-7% K-feldspar
and 10-15% biotite. Biotite is the dominant mafic minerals for the
rocks and no hornblende has been observed in the batholith. Twenty-
three granitoids samples were collected from the Jiuling batholith. The
granitic rocks of the Jiuling batholith are overall homogeneous with
SiO, contents of 65.2-71.2wt% (Li et al., 2003). Locally we can see
some microgranular enclaves, and they were suggested to represent
mixing of supracrustal melts (i.e. partial melting of sedimentary rocks)
(Zhao et al., 2013) or xenoliths of metasedimentary rocks (Xu et al.,
1993). Only four granitic samples (09JL-06-1, 09JL-08-1, 09JL-14-2
and 07JL-06-2) were taken from the outcrops where some enclaves can
be observed. Some garnets were observed in samples 11JL-04, 11JL-06-
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1, 11JL-16, 11JL-19 and 11JL-21, and some cordierites were observed
in samples 09JL-08-1 and 07JL-06-2. The appearance of garnet and
cordierite could also indicate the incorporation of supracrustal mate-
rials (e.g. sedimentary rocks) (Wang et al., 2013a).

To carry out the decomposition experiments, we selected five
samples with mafic—felsic lithology based on preliminary data. One
gabbroic sample (11ZJ-10-1) was collected from the Huangshan pluton
in northwestern Zhejiang Province (ca. 820 Ma; Wang et al., 2012). One
gabbroic sample (08XL-10-1) and one dioritic sample (08XL-06-4) were
collected from the Xialan complex in northern Guangdong Province (ca.
195 Ma; Yu et al., 2009). One dioritic sample (11JH-01-1) was selected
from the Miaohou complex in central Zhejiang Province (ca. 830 Ma;
Xia et al., 2015). One granitic standard (GSR-1 from the Institute of
Geophysical and Geochemical Exploration, China) was from the Qian-
lishan granitic pluton of southern Hunan Province (ca. 150 Ma; Li et al.,
2004). These samples were selected and used in the decomposition
experiments because the CL images and geochronological data have
shown that they contain very rare old zircon xenocrysts or inherited
zircons which make them suitable for the evaluation of the effect of
disequilibrium partial melting processes. A summary of the ages, pet-
rography and geochemistry for each of the representative samples are
listed in Table 1.

3. Analytical methods

For zircon Hf isotope analysis, zircon grains were separated from
crushed samples using conventional heavy liquid and magnetic tech-
niques, mounted in epoxy resin and polished down to approximately
half-section thickness to expose the grain centers. Isotopic and con-
centration analyses were carried out based on cathodoluminescence
(CL) images as well as transmitted and reflected light micrographs. CL
images were taken using a Mono CL3+ (Gatan, USA) attached to a
scanning electron microscope (Quanta 400 FEG) at the State Key
Laboratory of Continental Dynamics, Northwest University, Xi’an.

3.1. Zircon U-Th-Pb and trace element concentration

Zircon trace element concentrations and U-Th-Pb isotopic compo-
sitions were mostly analyzed using an Agilent 7500a ICP-MS attached
to a New Wave 213 nm laser ablation system (later attached to a GeoLas
Pro 193 nm laser ablation system) at the State Key Laboratory for
Mineral Deposits Research, Nanjing University (MiDeR-NJU), following
the procedures of Wang et al. (2007). Few LA-ICP-MS zircon U-Pb
dating were also conducted at Shandong Bureau of China Metallurgical
Geology Bureau. To correct U-Pb fractionation, zircon standard
GEMOC GJ-1 (**”Pb/2%°Pb age of 608.5 + 1.5 Ma; Jackson et al. 2004)
was measured. NIST-612 glass was used for trace element concentration
calculation with 2°Si as the internal standard. Zircon Mud Tank stan-
dard (732 = 5Ma; Black and Gulson, 1978) and basalt glass standard
KL2G (Kilauea tholeiite; Jochum et al., 2000) were routinely analyzed
to ensure age and trace element concentration accuracy, respectively.
All analyses were carried out using a repetition rate of 5Hz or 7 Hz.
According to the size of zircon, the laser ablation beams were 25 pm or
35um in diameter. U-Pb ages were calculated using the on-line soft-
ware package GLITTER (ver. 4.4) (Griffin et al., 2008; www.mq.edu.au/
GEMOC). The common Pb correction was carried out through the Excel
program of CompbCorr#3_15G (Andersen, 2002). U-Th-Pb age calcu-
lations and Concordia diagrams were generated using the ISOPLOT/Ex
program (ver. 2.06) of Ludwig (1999).

3.2. Zircon Lu-Hf isotopes

After zircon U-Pb and trace element analyses, in situ zircon Lu-Hf
isotopic analyses were obtained on the same spots or in the same do-
mains as U-Pb analyses, using a New Wave ArF 193 nm laser ablation
system attached to a Neptune plus multiple-collector inductively
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Fig. 1. (a) Simplified geological map of the South China Block (modified after Wang et al., 2013b). (b) Geological map of the Neoproterozoic Jiuling batholith in northwestern Jiangxi

Province (modified after Wang et al., 2013a).

coupled plasma mass spectrometer (MC-ICP-MS) at the MiDeR-NJU,
following the procedures of Griffin et al. (2006) and Wang et al.
(2013b). Typical ablation time is about 30 s for 200 cycles at laser beam
diameters of 35um and repetition rates of 5Hz. In order to monitor
analytical accuracy, reference zircon Mud Tank (*”Hf/*”’Hf
0.282507 = 6; Woodhead and Hergt, 2005) and zircon standard
91,500 (Wiedenbeck et al., 1995) were analyzed routinely. Initial Hf
isotope ratios (in terms of eyg(t)) are calculated based on '7°Lu decay
constant of 1.867 x 10~ !! per year (Soderlund et al., 2004) and
176Hf/177Hf = 0.282785 and 7°Lu/”’Hf = 0.0336 (Bouvier et al.,
2008) as chondritic values. Single-stage model ages (Tpy;) and two-
stage “crustal” model ages (Tpy2) were calculated assuming a present-
day depleted mantle (DM) *7®Hf/*””Hf ratio of 0.28325 (Nowell et al.,
1998) and a '7®Lu/'77Hf ratio of 0.0384 (Griffin et al. 2002); and the
Tpm2 values were further calculated using measured U-Pb ages and a
bulk crust ”°Lu/Y77Hf ratio of 0.015 (Griffin et al., 2002).

3.3. Whole-rock Hf isotopes

Whole-rock Hf isotopic compositions were measured by Thermo
Scientific Neptune (Plus) multiple-collector inductively coupled plasma
mass spectrometers (MC-ICP-MS) at the MiDeR-NJU (acid hotplate di-
gestion and pressurized bomb digestion methods) and at Lamont-
Doherty Earth Observatory (LDEO) (NaO, sintering method). The
sample digestion procedures are shown as following.

3.3.1. Hot-plate procedure

Eight sample materials (100 mg/each), combined with 0.1 mL
HCIO, and 2 mL HF, were dissolved in capped 60 mL Savillex™ Teflon
screw-top vessels. The vessels were heated on hot plate at 120 °C for
7 days. After that, the solution was evaporated to near dryness and
fumed on hot plate at 200 °C. Sequentially, add 1 mL 6 M HCIl into
vessels and dry samples up for twice. Then sample materials in 5mL
3 M HCI were capped in vessels and put on hot plate at 80 °C for 12 hr.

3.3.2. Bomb procedure

Each sample was dissolved in a Teflon capsule with 1.5mL con-
centrated hydrofluoric acid (HF). After evaporating to near dryness, the
weighted samples were re-dissolved with 1.5 mL concentrated HF and
1.0mL concentrated HNOs. After that, these sealed Teflon capsules
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were put in airtight steel sleeves and heated at ~190 °C in an oven for
variable time. They were heated on a hotplate to dry up after adding
1 mL concentrated HNOj3 three times. Upon cooling, the capsule was
opened and heated to dry up. 1 mL of 6 M HCI was subsequently added
to the residue and evaporated, and this procedure was then repeated
twice. When it had cooled down, the residue was dissolved in 5 mL of
3M HCL. The capsules were sealed again and placed on a hotplate at
~100 °C overnight (12 hr). The dissolved samples were centrifugally
separated from the precipitation. The bomb procedure is similar to the
method used by Yang et al. (2010).

3.3.3. Sintering procedure

100 mg sample was thoroughly mixed with more than 600 mg of
granular sodium peroxide (Na;O,), and covered by a thin layer of
granular Na,O, in glassy carbon crucibles. The crucibles sequentially
were heated for 30 min at 490 °C in the muffle furnace. Upon cooling to
room temperature, they were covered with watch glass in order to
prevent cross contamination. Then water was added dropwise until the
exothermal reaction ceased. The suspension solution was transferred to
centrifuge tubes to be centrifuged at high speed for 20 min. The su-
pernatant was discharged to remove soluble components (mainly Na
and Si). Hydrochloric acid was added to the supernatant to test whether
silica gel is evolving, indicated by blurring of the liquid. Then the
precipitate was dissolved by adding first 1 mL of concentrated hydro-
chloric acid and transferred to Teflon vessels to dry up. Then dissolve
samples in 5mL 6 M HCI-0.06 M HF on a hot plate at 100 °C for one
hour. After drying down again, take up samples in 5mL 3 M HCI and
centrifuge for 10 min. Add ~1 mL 1 M ascorbic acid-3 M HCI mixture,
agitate the sample solution until yellow color fade away, and then
centrifuge them again for 20 min. The sintering procedure was adapted
from Kleinhanns et al. (2002).

We found that with our pressurized vessel, 96 hr is sufficient to
achieve full decomposition for granitoids from the Jiuling batholith. Hf
purification procedures are similar to those described by Yang et al.
(2010) and Miinker et al. (2001), respectively. In order to monitor the
accuracy and precision of our procedures, Certified Reference Materials
(CRMs) of mafic to felsic rocks were analyzed together with the sam-
ples. Moreover, five representative mafic, intermediate and felsic
samples were also analyzed to test the effect of zircon decomposition on
whole-rock Hf isotopes. These five reference rock materials were
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obtained from the United States Geological Survey (USGS), i.e. W-2A
(diabase), BCR-2 (basalt), AGV-2 (andesite) and GSP-1& -2 (grano-
diorite); one from Russian Academy of Sciences (RAS), i.e. SG-3
(granite); one from Geological Survey of Japan (GSJ), i.e. JR-2 (rhyo-
lite); and one in-house standard K1919 (i.e. BHVO-1; basalt) from Ha-
waiian basalt.

In order to evaluate the reproducibility and accuracy of the in-
strument, a JMC-475 Hf standard solution of 100 ppb was used. Each
run consisted of 4-5 blocks of 10 cycles per block and 3 blocks of 20
cycles per block, respectively, at MiDeR-NJU and LDEO. Isobaric in-
terferences (i.e. 7°Yb and 7°Lu on '7°Hf) were corrected based on the
stable ratios: '7°Yb/*”3Yb = 0.79323 and 7°Lu/"°Lu = 0.026528.
After subtraction of the isobaric interferences, the Hf measurements are
internally corrected for mass bias using the stable ratio of *7°Hf/*””Hf
(0.7325), suggested by Rehkamper et al. (2001) and based on the ex-
ponential law (Russell et al., 1978). Analysis of the Hf standard JMC-
475 during the course of this study yielded '7°Hf/'”’Hf =
0.282173 + 14 (n=12; MiDeR-NJU) and '7°Hf/'"’Hf
0.282144 =+ 9 (n = 24; LDEO), broadly identical to the recommended
values (0.282163 + 9 by Blichert-Toft et al, 1997 and
0.282161 = 16 by Goolaerts et al., 2004) within uncertainties. The
reported '7®Hf/'7”Hf ratios were further adjusted relative to the JMC-
475 standard of 0.282160 (Nowell et al., 1998).

Whole-rock Nd isotopic compositions were analyzed using the
Neptune (Plus) MC-ICP-MS at the MiDeR-NJU, with detailed analytical
procedures are similar to that of Wang et al. (2017).

4. Results

4.1. Hf isotopes of representative mafic—felsic samples in dissolution
experiments

Hf isotopic data of Certified Reference Materials (CRMs) are listed in
Table S1 in the Electronic Supplementary Appendix A. All analyzed
unknowns are normalized to JMC 475 value of 0.282160 (Vervoort and
Blichert-Toft, 1999). Mafic-felsic standard analyses yield reliable mean
Hf isotopic compositions consistent with reported values (Fig. 2). These
experiments confirm the precision and accuracy of our analytical pro-
cedures from two different labs, without the complication of zircon
dissolution.

Hf isotopic data of representative mafic—felsic samples are listed in
Table S2 in the Electronic Supplementary Appendix A. Whole-rock Hf
isotopes analyzed by bomb dissolution method show the maximum
differences in '7°Hf/'”7Hf ratios of 0.000074, 0.000028, 0.000019,
0.000094 and 0.000015 for samples 11ZJ-10-1, 08XL-10-1, 08XL-06-4,
11JH-01-1 and GSR-1, which correspond to the maximum ey(0) (eyf is
the deviation in parts per 10,000 from a “chondritic uniform reservoir”
(CHUR) value) differences of 2.6, 1.0, 0.7, 3.3 and 0.5 epsilon units,
respectively (Fig. 3). Based on the observed systematic differences in Hf
isotope ratios among the solutes from different dissolution experiments,
we divided the bomb dissolution processes into two stages. The 1st
stage represents the first 48 hr dissolution, during which only part of
the zircons from the whole rocks were dissolved, resulting in elevated
Hf isotopic compositions in the solute than the whole rock (based on
sintered dissolution and longer period of bomb dissolutions).
176H£/177Hf ratios of the solutes gradually decrease as the length of the
bomb dissolution time increased, up to 48 hr. This is consistent with
intensified decomposition of refractory zircons that retains un-
radiogenic Hf. The 2nd stage represents decomposition time after 48 hr,
during which Hf isotopic compositions of the solutes become re-
producible and consistent with those from sintered dissolution method
(Fig. 3). After 48 hr of bomb dissolution, all samples yielded consistent
176Hf/'77Hf ratios that fall within analytical uncertainty, with narrow
eqr(0) differences of 1.8, 1.0, 0.6, 0.4 and 0.3 epsilon units, respectively.
This suggests that bomb dissolution with decomposition time longer
than 48 hr and sintering procedures can both fully dissolve zircon-
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bearing rock samples. Moreover, Hf isotopic compositions of these two
dissolution methods show excellent linear correlation with a slope of 1,
and a correlation coefficient of 0.91 (Table S3 in the Electronic Sup-
plementary Appendix A; Fig. 4), which also support the reliability of
sintering and bomb dissolution procedures (> 48 hr).

4.2. Zircon and whole-rock Hf isotopes of the Neoproterozoic Jiuling
batholith

Zircon grains in samples from the Jiuling batholith commonly show
aspect ratios of 1:1-4:1. They exhibit euhedral to subhedral mor-
phology and clear oscillatory zoning, indicating a magmatic origin
(Hoskin et al., 2003). They contain Th and U concentrations ranging
from 23 to 1309 ppm and from 50 to 1535 ppm, respectively, with Th/
U ratios mostly from 0.20 to 2.64 (Table S4 in the Electronic Supple-
mentary Appendix A). All the magmatic zircons yield 2°Pb/?*®U dates
within the range of 796 + 18 Ma to 839 + 22 Ma (Table S4), which is
concordant for each sample and consistent with the published ages of
the Jiuling batholith (e.g., Wang et al., 2013a; Zhao et al., 2013). The
Hf isotope ratios and the U-Pb dates measured from spot analyses were
used to calculate their initial Hf isotopic ratios and eyg(t) values. We
found that magmatic zircons from the Neoproterozoic Jiuling batholith
show a large range of initial '"SHf/}””Hf ratios from 0.281955 to
0.282558 and corresponding ey(t) in the range from —10.7 to +8.8
(Table S5 in the Electronic Supplementary Appendix A). In contrast,
most of the whole-rock analyses of the Jiuling batholith yield positive
eqe(t) values from + 0.0 to + 7.0, except for one sample (09JL-5-1) with
eye(t) value of —1.5. It is worth noting that Ti-in-zircon thermometry of
magmatic zircons from the Jiuling batholith records a large tempera-
ture range of 633-905 °C. This large temperature range, together with
the large range of zircon Hf isotopic ratios, may reflect the long period
of magmatic evolution during which the zircons crystallized.

4.3. Whole-rock Nd isotopes from the Neoproterozoic Jiuling batholith

All rock samples exhibit negative enq(t) values (eng is the deviation
in parts per 10,000 from a CHUR value) from —-5.4 to —1.7.
Specifically, within the SHJ unit, sample 09JL-14-2 shows the minimum
value of —5.4; in the JXT unit, sample 09JL-8-1 shows the low value of
—4.5; in the JL unit, samples 09JL-5-1, 11JL-04, 11JL-06-1 and 11JL-11-
2 are characterized with more negative eyq(t) values (3.6 to —3.7) than
those of the others (-1.7 to —3.3). The six samples have more negative
eng(t) than the other samples from the same pluton, which indicate
more incorporation of ancient crustal materials. Below we will discuss
the data further.

5. Discussion
5.1. Can disequilibrium melting affect zircon Hf isotopes?

It has been suggested that disequilibrium melting with respect to Hf
isotopes can be promoted by the presence of zircons in magma sources
(Tang et al., 2014). To understand the dissolution behavior of zircon
grains during partial melting, we carried out dissolution experiments of
zircon-bearing rocks which could be considered as an analogue for
crustal melting regarding zircons. Obviously, dissolution with acid is
different from natural melting process. Here it is important to show that
partial dissolution of certain minerals would contribute the variation of
Hf isotopes in the resultant solution/melt. It is also reasonable to
compare the two processes because zircons are refractory during both
melting and dissolution processes while mafic minerals that contain Lu
and Hf concentrations (such as biotite and hornblende) tend to dissolve
or breakdown (melt) prior to zircons.

The dissolution experiments show that the hotplate method gen-
erally yields significantly higher '7®Hf/*””Hf ratios than the other two
methods, especially for intermediate and felsic rocks (Fig. 3). For
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example, the maximum difference in '”®Hf/*””Hf ratios between hot-
plate and sintering methods are 0.000415 and 0.000075 for diorite
sample 11JH-01-1 and granite sample GSR-1, respectively, with cor-
responding difference in ey¢(0) (hereafter referred to as Aey¢(0)) of 14.7
and 2.7 epsilon units, respectively. Note that the two samples are ex-
pected to contain abundant zircons owing to their high SiO, contents
and zirconium concentrations (Table S2). In the 1st stage of bomb
method, 7®Hf/'”7Hf ratios gradually decrease with increasing bomb
dissolution time, which likely reflects increasing extents of decom-
position of zircons. During the 2nd stage of bomb dissolution, Hf iso-
topic compositions keep stable and consistent with those of sintering
method, which indicates that all zircons have been dissolved in this
stage. It is noted that complete dissolution leads to lower Hf isotopes
than partial dissolution as zircons have lower Lu/Hf ratios.

Partial dissolution of zircon-bearing rocks could occur during
crustal melting, as what inherited zircons showed in many granitic
rocks (e.g., Hanchar et al., 2003). Similarly, intensified decomposition
of zircons during crustal melting would also generate lower '7°Hf/*””Hf

ratios in the melt and as a result, different degrees of partial melting
could generate melts with different Hf isotope ratios. This effect could
be particularly important during transport and emplacement of low-
temperature, high viscosity granitic magmas. During the initial stages
of melting of older rocks, when zircons are not completely dissolved,
the partial melt would have relatively high Lu/Hf ratios and radiogenic
176Hf/177Hf ratios and high ey(t) values; during later stages of melting,
more zircons are dissolved into the melt, which leads to decreasing Lu/
Hf ratios and unradiogenic '7°Hf/'77Hf ratios and low e (t) values in
the partial melt (Fig. 5). The fractional partial melts should follow a
similar temporal trend as the solutes from the 1st stage of the bomb
dissolution (Fig. 3). New crystallized zircons from different fractional
partial melts can only equilibrated with their surrounding melts. During
magma advection, zircons from different batches may show distinct Hf
isotopic compositions, which may generate heterogeneous Hf isotope
compositions within individual zircons from one hand specimen.
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5.2. Coupling and decoupling of zircon and whole-rock Hf isotopes: Possible
mechanisms

Magmatic zircon Hf isotopes have been widely used as the initial Hf
isotopes of melts to trace magma sources, and related crustal evolution

and reworking history (e.g., Bauer et al., 2017). However, as discussed
above, disequilibrium fractional melting may complicate the inter-
pretation of these results. Although Patchett (1983) first proposed that
concordant to slightly discordant zircons appear to be suitable and re-
liable carriers of initial Hf isotopes, he also pointed out that combined
zircon and whole rock Hf isotopes are recommended until the processes
that control the addition of radiogenic Hf to zircons are understood.
Within our studied samples from the Jiuling batholith, all magmatic
zircons are concordant in U-Th-Pb isotopes, without evident Pb loss,
precluding the influence of post-magmatic Hf loss or addition as Hf
diffuses more slowly than Pb in zircons (Cherniak and Watson, 2001).
Therefore, the observed variations of Hf isotopes in magmatic zircons
could be used to investigate the potential factors that contribute to the
coupling and decoupling of Hf isotopes between zircons and host
magma.

The coupling and decoupling of Hf isotopes can be identified in
samples from the Jiuling batholith. Only ~45% (ten out of twenty-
three) of studied samples exhibit coupled Hf isotopes between zircons
and their host rocks (Fig. 6a). Interestingly, the decoupling for the other
samples has different characteristics. In some cases, zircons show
higher '7®Hf/'””Hf than that of the whole-rock (Fig. 6a), such as sam-
ples 09JL-06-1 and 09JL-08-1 from the JXT unit, sample 09JL-14-2
from the SHJ unit and samples 07JL-06-2, 09JL-5-1 and 11JL-19 from
the JL unit; conversely, whole-rock Hf isotopes are higher than zircons
in other samples, such as the samples from the JL unit (e.g., sample
11JL-04, 11JL-06-1 and 11JL-17). However, it is noted that samples
with large ranges of Ti concentrations and calculated Ti-in-zircon
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thermometer (T, results generally show no relationship with the

decoupling between zircons and whole-rocks (Fig. 6b). This is con-
sistent with our hypothesis that the decoupling could be generated
during long-term magmatic evolution as recorded by TL..,,. In addition,
a slight positive correlation is visible between whole-rock Zr con-
centration and the deviation of Hf isotopic compositions in zircons from
corresponding host rocks (hereafter denoted as deHf|wr-zm)wr| in
Fig. 6¢). The large temperature ranges and high Zr concentrations in the
whole rock indicate a long crystallization period for zircons, both of
which could facilitate complex magmatic processes and diverse zircon
formations (i.e. antecrysts, autocrysts, xenocrysts and inherited zircons;
Miller et al., 2007). Additionally, there is no obvious relationship be-
tween zircon Aeydt) (where Aeydt) = eu)max — euf(min) and
denf(wr-zm),wr| When all the samples are considered (Fig. 6d), in-
dicating that large zircon Aey(t) variation could result from complex
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processes, including inheritance of older zircons, crystallization se-
quences, crustal assimilation, and magma mixing. For example, once
significant assimilation occurred, a larger difference between zircons
and host rock is expected, resulting in larger zircon Aepdt) and
deng(wr-zrm),wr| Values. Given this assumption, the lack of assimilation
and/or mixing could be a possible proxy for Hf isotopic coupling be-
tween zircons and host rocks. Additional data is needed to test this
proxy and perhaps better proxies could be identified to screen for de-
coupled zircon-whole rock Hf isotopes.

As discussed earlier, disequilibrium fractional melting can lead de-
coupling in Hf isotopes between zircons and their host rock.
Additionally, zircon crystallization over a long period of time could also
generate decoupling. Based on T, results, zircons could form
throughout the history of magmatic evolution during crustal melting
(Miller et al., 2007). Under microscope, zircons in samples 11JL-14 and
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Fig. 6. (a) Comparison of zircon ey(t) values and those of whole rocks; (b) deHf|wr-zrn)/wr| VS AT o CC); () deHf|(wr-zm)/wr| VS. Zr concentrations; (d) deHf|wr-zm)/wr| VS. zircon
Aey(t). Here, deHf|wr_zm)wr| = |(Whole-rock ep(t)—zircon eye(t))/whole-rock eyg(t)|, which can reflect the deviation degree of zircon Hf isotopes from whole rock ones. Note one
sample (09JL-14-2) was excluded in Fig. 5b-d due to the abnormal large deHf|wr-zm)/wr| Value. Assimilated samples are assimilation-affected samples and indicated by more negative
end(t) values; assimilated/mixing samples are indicated by the appearance of xenoliths or enclaves in field and garnet and/or cordierite under microscope in our samples. The errors of

whole-rock ey(t) are too small to be visible.
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09JL-5-1 are both enwrapped in early-forming minerals (such as eu-
hedral-subhedral biotite and K-feldspar) and late-forming minerals
(such as small xenomorphic quartz), which possibly implies that zircons
could form at different magmatic stages. Though it may be difficult to
distinguish zircon antecrysts (zircons that crystallized earlier in the
magmatic history) from autocrysts (zircons that crystallized late in the
magmatic history) based on ages alone (as the ages may overlap within
errors), they may record different Hf isotopes, which may not represent
that of the magmatic body as a whole.

Decoupling of Hf isotopic composition can also result from mixing
or assimilation of exotic crust-derived components. Xenoliths and mi-
crogranular enclaves with elliptoid and irregular shapes appear at or
near some of our sample locations (samples 09JL-06-1, 09JL-08-1,
09JL-14-2 and 07JL-06-2). These enclaves likely formed during magma
mixing of supracrustal melts or assimilation of the Neoproterozoic
Shuanggiaoshan Group metasedimentary country rocks (e.g., Wang
et al., 2013a; Zhao et al., 2013). Notably, these four samples also
contain magmatic zircons with higher ey(t) values than those of the
whole-rock. Wang et al. (2013a) proposed that the appearance of garnet
and cordierite in the Jiuling batholith could be the product of in-
corporation of supracrustal materials. Seven samples (e.g., sample
11JL-04, 11JL-06-1, 11JL-16, 11JL-19 & 11JL-21) show garnet and/or
cordierite, which may indicate assimilation or mixing with supracrustal
materials. They also show decoupled zircon vs. whole-rock Hf isotopes.
Moreover, the assimilated samples, such as sample 09JL-5-1 and 11JL-
04 indicated by Nd isotopes, also show relative low zircon epd(t),
compared with the whole rocks. Thus, assimilation and magma mixing
play an important role in controlling the decoupling behaviors. In this
situation, zircons antecrysts could retain Hf isotopes of the magma prior
to assimilation, while zircon autocrysts could record information of
assimilation or mixing with variable eyg(t) values, which would further
increase the difference between whole rock and zircon Hf isotopic ra-
tios.

There is another possibility that Hf isotopic decoupling could also be
inherited from magma source. Almost all magmas are isotopically
heterogeneous on different scales from zoned crystals to map-scale
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zoning (e.g., Beard et al., 2005; Gao et al., 2016). This source hetero-
geneity could show the time evolved ey arrays of the magmatic rims
overlap closely with the ey range displayed by the inherited cores (with
older ages) at the crystallization age as indicated by Villaros et al.
(2012). Only in some samples (i.e. sample 11JL-11-2 & 11JL-20), ey(t)
of some magmatic zircons are similar to those of inherited zircon cores
(with older ages) calculated at the crystallization age of the batholith,
which could imply a genetic relationship between them and indicate
heterogeneity in the magma source. Though these samples also exhibit
decoupled zircon and whole rock Hf isotopes, the heterogeneity of
sources could not account for most of decoupled samples. Thus, het-
erogeneous melting could not play a significant role in the decoupling
of Hf isotopes between zircon and whole rocks.

In these cases, zircon Hf isotopic compositions may not simply re-
flect whole-rock Hf isotopes. Furthermore, Hf isotopic compositions of
zircons or whole rock composition of one individual hand sample
cannot be simply used to represent the Hf isotopic compositions of
magma sources.

5.3. Implications for magmatic evolution

The coupling and decoupling of Hf isotopes between zircons and
host rocks can also shed some light on our understanding on magmatic
processes. It has been suggested that a large pluton can accumulate over
millions of years (e.g., Coleman et al., 2004). Previous geochemical and
geochronological studies also suggested multiple magma batches for
the formation of the huge Jiuling batholith (e.g., Li et al., 2003; Zhao
et al.,, 2013) although the duration of emplacement is not exactly
known because of the large uncertainties of the reported crystallization
ages. The observed variations in Hf isotopes and the decoupling of Hf
isotopes between zircon and whole-rock of this study strengthen a long
and complex magma accumulation history.

The combined dissolution experiments and case study on the Jiuling
batholith can shed light on the evolution of granitic body. In summary,
the magmatic evolution history, as it pertains to Hf isotopes, should be
evaluated in multiple stages. At first, the magmatic processes need to be
constrained based on the melting behavior of magma source. Different
magma batches can be generated by different degrees of partial melting
of different sources. Magma sources are commonly heterogeneous so
that the resulted melts would inherit such heterogeneity. Fractional
melts extracted from the sources would have different Hf isotopes due
to variable melting degree and different residual mineral assemblages
in sources (Fig. 7). Both physical mixing and conductive heating could
trigger some extents of partial melting of country rocks surrounding the
magma chamber and addition of country rock Hf to the magma. Fol-
lowing magma extraction, additional heterogeneity could be introduced
to the magma through magma mixing and the assimilation of country
rocks, and the heterogeneity could be recorded by new crystallized
zircons from the evolving magma (e.g., Paterson et al., 2008; Wotzlaw
et al., 2015) (Fig. 7). Thus, neither zircon nor whole-rock Hf isotopes
alone could capture the complexity of the magmatic processes, espe-
cially for intermediate to felsic plutonic rocks. However, coupled or
similar initial Hf isotopic compositions in zircons and whole-rocks may
make a strong case for zircon-free source and/or equilibrium melting.
Combination of the zircon and whole-rock Hf isotopes is therefore va-
luable for reconstructing melting and melts transport processes.

Additionally, as detrital zircons are mostly eroded from inter-
mediate to felsic magmatic rocks that may show large Hf isotopic var-
iations, the inherent complexities of their host rocks need to be con-
sidered while using Hf isotopic compositions in detrital zircons to
reconstruct their crustal source. One possible way to eliminate this
complexity is to combine oxygen isotope analysis with Hf isotope
analyses in detrital zircons as shown by Hawkesworth and Kemp
(2006), where elevated oxygen isotope reflects assimilation of crustal
rock.
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6. Conclusions

The decomposition experiments in this study provide evidence that
abnormally high Hf isotopes and large isotopic variation (from several
to a dozen epsilon units) could result from disequilibrium melting of
zircon-bearing crustal rocks. Hf isotopic ratios of the zircons could not
always couple with those of their host rocks, especially when their host
rocks are granitoids. Decoupling between whole rock and zircon Hf
isotopes can result from complex magmatic progresses, such as assim-
ilation, mixing and disequilibrium melting, during a prolonged zircon-
crystallization history. Furthermore, neither zircon nor whole rock Hf
isotopes alone may faithfully record the 7®Hf/!””Hf ratios of magma,
except when eye(t) of the zircons are similar to that of the whole rock.
The lack of assimilation and/or mixing may be useful proxies to identify
coupled zircon and whole-rock Hf isotopes. When Hf isotopes of the
zircons and the whole rock agree with each other, it would yield reli-
able Hf isotopes of the magma. These considerations imply that the
range of Hf isotopic variations recorded by detrital zircons may not
simply reflect different proportions of contributions from different
sources because zircons derived from intermediate-felsic plutonic
bodies may already have a large Hf isotopic diversity.
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