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We carried out a geochemical evaluation and modeled the mechanism responsible for varied Hf isotopic
ratios in magmatic zircons of a single granitic rock specimen. Five representative granitic samples were
selected from southern China based on preliminary Hf isotopic data. Our new dataset of zircon Hf
isotopes confirmed significant Hf-isotope variations (5-9 epsilon units) for each sample, and these zircons
show roughly positive Th/U versus T (crystallizing temperature) correlations, while the Lu/Hf variation
is independent from T. In addition, some zircons show significantly higher Ti concentrations in the rims
compared to the interiors, implying reverse thermal zonation based on the Ti-in-zircon thermometry.
These geochemical features in zircons suggest open-system processes which may have resulted from
frequent replenishment. We modeled zircon dissolution during crustal anatexis to reveal the Hf isotopic
evolution in the extracted melts. The model suggests that the extracted melts may have extremely
variable Hf isotope compositions (> 20 epsilon units) if the bulk Zr concentration in the source is initially
above 100 ppm and the melting is rapid (>10~% yr—!). The decoupled release of zircon Hf and non-
zircon Hf from a single crust-derived magma source can lead to significant Hf-isotope variations in a
solidified granitic body. This work provides an alternative explanation for the Hf isotopic heterogeneity
in magmatic zircons of granitic rocks, which is in contrast to the common interpretation by mixing with
mantle-derived magmas.
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1. Introduction plication of the Hf isotope system by Multi-collector Inductively
Coupled Mass Spectrometry (MC-ICP-MS) has expanded greatly

The formation of continental crust is one of the main out- in recent years with the advent of effective Laser Ablation ICP-

comes of planetary differentiation. The heterogeneity prevailing
in the continental crust reflects the distinctive history of the en-
tire crustal mass cycle—genesis, growth, evolution and reworking
(Rudnick and Gao, 2003). Granitic batholiths and their erupted
counterparts hold a significant portion of the continental landmass
and harbor a record of the evolution of continental crust from birth
to renewal. Understanding the formation and magmatic evolution
of granitic rocks is the key to deciphering the processes involved
in magmatic differentiation.

Radiogenic isotopes (e.g., Sr, Nd, Pb, and Hf isotope system-
atics) have been demonstrated to be powerful tools in tracing
magmatic differentiation as they provide reliable indexes of mass
transfer between isotopically distinct sources. In particular, the ap-
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MS (LA-ICPMS) analysis of zircon, and has significantly furthered
our insights into granitic magmatism with finer spatio-temporal
resolution (e.g., Kinny and Mass, 2003; Flowerdew et al., 2006;
Kemp et al., 2007; Wang et al., 2013).

Zircon grows by adding zones to its periphery, and these zones
record the compositions of the melt as a function of time. An
interesting and commonly observed phenomenon is that zircon
Hf-isotope compositions can be highly heterogeneous even within
a single specimen. Many scholars interpreted it as evidence of
mixing of magmas from different sources, especially the incor-
poration of mantle-derived magmas into granitic magmas (e.g.,
Griffin et al., 2002; Belousova et al., 2006; Kemp et al., 2007,
Nebel et al., 2007; Chen et al, 2008; Shaw and Flood, 2009;
Sun et al., 2010). However, many of these interpretations assume
equilibrium melting, which is seldom seen.

Zircon is a ubiquitous, Hf-enriched mineral in the continental
crust. Its high stability and extremely low Lu/Hf ratio may re-
sult in preferential retention of Hf relative to Lu during chemical
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weathering of continental crust. This may give rise to the de-
coupling of the Hf isotope system from other radiogenic iso-
tope systems. The term “zircon effect” was first introduced by
Patchett et al. (1984) to explain the Hf-Nd isotopic decoupling
during chemical weathering, and has significant implications for
discussing crustal recycling (Patchett et al., 1984). It has been ob-
served in granitoids (Wu et al., 2006; Zheng et al., 2008), subduc-
tion zone magmas (Hanyu et al., 2006; Carpentier et al., 2009;
Hoffmann et al., 2011), and mantle metasomatism (Roux et al.,
2009; Yu et al., 2009; Tappe et al., 2011; Choi and Mukasa, 2012).
However, less attention has been paid to the zircon effect on Hf
systematics in crustal melting. In this work we extend the idea of
“zircon effect” to crustal anatexis. We suggest that zircon dissolu-
tion is a complete disequilibrium process in terms of Hf. We also
modeled the impact of the zircon effect on Hf isotopic systematics
in single-sourced granitic magmatism. We propose that the decou-
pled release of zircon Hf and non-zircon Hf at the source may lead
to highly variable Hf isotopic composition in the extracted melts.

2. Sample description

Southern China is one of the largest granite terranes in the
world, with a total outcrop area of granitic rocks of ~160,000 km?
(Zhou et al., 2006) and ages ranging mainly from ca. 910 Ma to
ca. 90 Ma (Ye et al,, 2007; Wang et al., 2006; Zhou et al., 2006).
Abundant U-Pb and Hf isotope analyses have been carried out on
zircons from these granitic rocks over the past five years (e.g., Qi
et al., 2007; Zhao et al., 2010; Qiu et al., 2012; Chen et al., 2013;
Shu et al.,, 2013; Zhu et al., 2013). Based on a compilation of pub-
lished data and our Hf isotope data, five representative samples
from four granitic plutons were selected for the geochemical eval-
uation of this study. These samples were selected based on their
significant Hf isotopic heterogeneity (> 5 epsilon units).

Samples 09JL-6-1 (28°46'17.3”N, 114°57'41.9”E) and 09JL-11-1
(28°33/23.8”N, 114°51’36.3”E) are strongly peraluminous (alu-
minum saturation index higher than 1.1) quartz diorite and biotite
granite, respectively, collected from the same Neoproterozoic (ca.
820 Ma; Li et al., 2003; Wang et al., 2013) Jiuling Pluton (south-
central China). Some cordierites were found in sample 09JL-6-1.
A few biotite-enriched enclaves and dark granular diorite enclaves
have been described in the southern part of Jiuling Pluton (Yu et
al., 2006) but no enclaves were found near our sampling locations.
Sample JS-8 (24°41'474”N, 117°17’50.6”E) is a biotite monzo-
granite collected from the Longshan Pluton (ca. 105 Ma; Li et al,,
2009) of the Jinshan granite suite. Sample 07BLS-3 (25°28'41.9”N,
112°49'43.0"E) is a fine-grained biotite granite from the Qitian-
ling Pluton (ca. 150 Ma; Shu et al., 2011) of the Mesozoic low
Nd model age granite belt, with eys(t) (see Supplementary file 1
for calculation method) variation in zircons spreading up to 8
epsilon units (Shu et al, 2011). Sample 08HF-6 (26°20'04.6"N,
117°27'25.1”E) is a medium- to coarse-grained biotite granite col-
lected from the Shaxi intrusion of the Hufang composite granitic
pluton (ca. 410 Ma; Li et al., 2010), which is exposed in the Qiuliu-
Mingxi area of western Fujian Province, China. A few microgranular
enclaves were observed in the Shaxi intrusion but the enclaves
were absent at the sampling location (Li et al., 2010).

3. Analytical techniques

Zircon grains were separated from the five samples for in situ
analyses. Cathodoluminescence (CL) or back-scattered electron
(BSE) images were taken for each zircon grain. Most zircon grains
were measured in both the core and rim domains for comparisons
of Th, U, Ti concentrations, calculated Ti-in-zircon temperatures,
and Hf isotopes between the core and rim.

3.1. Zircon U-Th-Pb isotopes and [Ti]

Zircon U-Th-Pb isotopes and [Ti] (Ti concentrations) were an-
alyzed simultaneously using an Agilent 7500a Q-ICP-MS coupled
with a New Wave UP213 laser ablation system at the State Key
Laboratory for Mineral Deposits Research (MiDeR), Nanjing Univer-
sity (NJU). Nine isotopes including 238U, 232Th, 298pb, 207pb, 206pp,
13913, 172yh, 295i and 4°Ti were measured. Dwell time for each iso-
tope was: 10 ms for 232Th, 208pb, 139La, 172Yb and 29Si; 15 ms for
206ph and 238U; 30 ms for 297Pb; 50 ms for 4°Ti. Dating results are
reported in 1o.

The National Institute of Standards and Technology (NIST)
SRM-612 glass was chosen as the standard reference material
for trace element concentrations, since its relatively low [Ti] of
44 ppm (Jochum et al., 2011) roughly matches the [Ti] in most
zircons, and it could provide enough signal intensity to allow pre-
cise calibration. The low abundance isotope 4°Ti was measured to
eliminate isobaric interferences. 29Si was assigned as the internal
standard. Discussion of analytical challenges of in situ zircon [Ti]
measurement and detailed description of our analytical techniques
are available in Supplementary file 1.

3.2. Zircon Ti thermometry

Zircon Ti temperatures were calculated according the equation
proposed by Watson and Harrison (2005). Because the geological
meaning of these calculated temperatures is debated (e.g., Nutman,
2006; Fu et al., 2008; Harrison et al., 2007), we use them simply
to compare the crystallization temperatures of our samples. Esti-
mations of Si and Ti activities are required before applying the
Ti-in-zircon thermometry of Watson and Harrison (2005). All of
the studied samples are relatively SiO,-rich (SiO; > 63 wt.%) and
quartz-bearing, suggesting that asjp, was high during crystalliza-
tion. For simplicity, we assumed the activity of SiO; (asjo,) to be
1 during zircon growth. An overestimate of asjp, by 0.15 results in
an overestimate of temperature by less than 20°C. arjp, is difficult
to assess accurately. However, arjp, of most silicate igneous rocks
varies between 0.6 and 0.9 (Hayden and Watson, 2007), and no ru-
tile was found in our samples, which indicates Ti undersaturation
in the magmas. Therefore, we chose the mid-point value (0.75)
as the arjo, for the calculations. 0.15 units of arjp, at 10 ppm Ti
leads to either an under- or over-estimate of temperature by ca.
20°C (Ickert et al., 2010). It should be pointed out that our em-
phasis is placed on the temperature variations across individual
zircons within each magmatic system, whose arjo, should broadly
remain constant during zircon crystallization. Comparisons of zir-
con Ti temperature between different plutons are not intended
here. Thus, a loosely constrained arjo, would not hamper our dis-
cussion.

3.3. Zircon Hf isotopes

Zircon Hf isotopes were analyzed using a Neptune (Plus) MC-
ICP-MS attached to a New Wave ArF 193 nm laser ablation sys-
tem at MiDeR-NJU. He and Ar were used as the carrier gases
to transport the ablated materials to the ICP torch. Spot analy-
ses were conducted using a 35 pm beam at 8 Hz or a 50 pm
beam at 5 Hz repetition rate. A new TIMS (thermal ionization
mass spectrometer)-determined value of 0.5887 for 176Yb/172yb
was applied for a correction of mass bias (Vervoort et al., 2004).
Each analyzing cycle included a 5-second background measure-
ment followed by 25-second sample ablation. For each spot 200
analyses can be obtained, and the mean !76Lu/!77Hf, 176yb/177Yb
and '76Hf/177Hf ratios are calculated. Reference zircon Mud Tank
(MT) (176Hf/177Hf = 0.282507 £+ 6; Woodhead and Hergt, 2005) was
analyzed after 3 to 5 unknowns to monitor instrument stability.
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Table 1
Summary of the variations of Th and U concentrations, Th/U ratios, ey¢(t) and Ti-in-zircon temperatures for the five representative samples of this study.
Th U Th/U epf(t) Temperature
(ppm) (ppm) ©0)
09JL-11-1 25-643 131-885 0.09-1.09 (—0.8)-(+8.2) 671-825
09JL-6-1 31-259 85-371 0.10-1.05 (+1.3)-(+6.5) 689-822
JS-8 93-4676 124-5988 0.44-1.60 (—2.8)-(+3.5) 657-818
07BLS-3 75-705 114-2907 0.11-0.74 (=11.1)-(-3.9) 708-870
08HF-6 49-986 92-1448 0.09-1.82 (—=11.0)-(-2.6) 607-883

A total of 111 analyses of MT zircon in this study yielded a mean
176Hf/177HF ratio of 0.282508 =+ 4 (95% conf.). The decay constant
for 176Lu of 1.865 x 10~ yr~! proposed by Scherer et al. (2001)
was adopted in this work. eys values were calculated according
to the chondritic values of Blichert-Toft and Albarede (1997). The
equation to calculate ey¢(t) is available in Supplementary file 4.

4. Results
4.1. Geochronology

U-Pb dating was carried out to ensure that the zircons used
for Hf isotopic analysis are of the same ages within each rock
sample. Discordant results (discordance % > 5%) were excluded in
age calculations. Only the analyses that clustered in a group are
calculated for the weighted average ages (Table 1), and only the
analyses within the age groups were taken for comparisons in [Ti]
and Hf isotopes. 96 analyses of sample 09JL-6-1 yielded a mean
206ph/2381 age of 813.5 + 2.5 Ma (95% conf,, MSWD = 0.82). 54
analyses of sample 09JL-11-1 yielded a mean 2%6Pb/238U age of
818.6 + 3.7 Ma (95% conf.,, MSWD = 1.4). The two ages are con-
sistent with the previously published U-Pb ages for the Jiuling
Pluton (ca. 820 Ma; Li et al., 2003; Wang et al., 2013) within un-
certainty. 92 analyses were obtained for sample JS-8 and yielded a
mean 206Pb/238U age of 105.8 & 0.4 Ma (95% conf., MSWD = 14).
78 analyses were obtained for sample 07BLS-3 and yielded a
mean 206Pb/238U age of 148.5 4 0.7 Ma (95% conf., MSWD = 1.6).
48 analyses of sample 08HF-6 yielded a mean 2%6Pb/238U age of
412.7£1.9 Ma (95% conf., MSWD = 1.3). Zircon U-Pb isotopes and
concordia diagrams are available in Supplementary files 1 and 2.

4.2. Zircon geochemistry and Ti-in-zircon thermometry

The Th/U ratios, calculated ey¢(t), and Ti-in-zircon temperatures
all show large variations for individual samples. A brief summary
of the results is provided in Table 1. Zircon Ti thermometry re-
sults indicate that most zircons from these granitic rocks crystal-
lized between 650°C and 850°C. Unlike zircon saturation ther-
mometry which may provide an estimate of melting temperature
(minimum or maximum depending on the presence of inherited
zircon) at the source for granitic rocks (e.g., Miller et al., 2003;
Harrison et al., 2007), the results of Ti-in-zircon thermometry only
record the thermal information when the zircon is crystallizing,
and should not be used to infer the initial melting temperature
(Nutman, 2006). Generally, granitic magma reaches late-stage evo-
lution when temperature approaches 650 °C, close to the solidus of
wet granite (Tuttle and Bowen, 1958). Interestingly, each of the five
samples has some analyses with Ti-in-zircon temperatures as low
as 650°C. Such a wide temperature spectrum (from over 800°C
to 650°C) implies zircon growth spans much of the crystallization
interval of felsic magmas (Harrison et al., 2007). Only the zircons
with concordant ages (discordance % < 5%) were analyzed for Hf
isotopes. Our data show that all of the five samples have hetero-
geneous zircon Hf isotopic compositions (> 5 epsilon units). Zircon
trace elements and Lu-Hf isotope data are provided in Supplemen-
tary files 3 and 4, respectively.

5. Discussion and modeling
5.1. Open system recorded by reverse thermal zonation

Hoskin and Schaltegger (2003) proposed Th/U ratio as a tool to
distinguish between magmatic and metamorphic zircon, and con-
cluded that typical magmatic zircons have Th/U ratios greater than
0.5 and metamorphic zircons commonly lower than 0.1. In this
work, relatively low Th/U ratios (0.1-0.5) were usually obtained on
the zircon rims. However, it would be difficult to attribute these
low Th/U domains to metamorphic recrystallization since there is
no evidence of metamorphism in the studied granitic bodies, and
the U-Pb ages are concordant and consistent with high Th/U inte-
rior domains. Furthermore, the zircons show parallel zonation, and
there are no signs suggesting secondary growth or recrystallization
(Fig. S1 in Supplementary file 1).

Theoretically, magma temperature decreases with increasing
magmatic differentiation. But open-system processes may interrupt
the monotonic cooling as the magma chamber may be recharged
(Claiborne et al., 2006, 2010a, 2010b; Ickert et al., 2010). In this
case, the interiors and rims of zircons may record the tempera-
tures and compositions of magmas from different recharge events,
which may result in reverse temperature zonation across individ-
ual zircon grains. This reverse zonation exists in all of the studied
samples but is least common in sample 09]JL-6-1.

5.2. Zircon Th/U- and Lu/Hf-T: temperature effect, crystallization and
replenishment?

Trace element ratios (e.g., Th/U and Lu/Hf) in zircons are con-
trolled by elemental partitioning thermodynamics and the ratios in
the melt. The correlation between zircon Th/U ratio and T (tem-
perature) (Fig. 1a2, b2, c2, d2 and e2) has been recognized by
previous studies (e.g., Harrison et al., 2007; Claiborne et al., 2010a,
2010b). Harrison et al. (2007) interpreted the low Th/U in zir-
cons formed at low temperatures as a result of co-crystallization of
monazite. However, temperature has been shown to be an impor-
tant factor controlling the trace element partitioning into zircons
(Rubatto and Hermann, 2007; Zhang et al., 2010), and thus trace
element ratios in zircon. In Supplementary file 1, we used the
equation proposed by Blundy and Wood (1994) to show that U be-
comes increasingly more compatible than Th in the zircon lattice
with decreasing temperature. The positive correlation between zir-
con Th/U and T likely reflects the combined effect of temperature
and co-crystallization of monazite. The various degrees of scatter
may result from magma replenishment, which can cause signifi-
cant heterogeneity. This may be further linked to accessory phase
dissolution at the source, which controlled the release of trace el-
ements into the melts. The lack of correlation between Lu/Hf ratio
and T (Fig. 1a3, b3, c3, d3 and e3) may indicate even stronger
heterogeneity of Lu/Hf in the melt and especially the variable be-
havior of Lu because Hf has been shown to have a good negative
correlation with Ti (or Ti-in-zircon temperature) in zircon (Clai-
borne et al., 2010a, 2010b). It also needs to be pointed out that Hf
partitioning behavior may significantly deviate from a Henry's Law
type due to its high concentration in zircon (Claiborne et al., 2006),
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which further complicates the situation beyond the melt composi-
tion and temperature effects.

For the samples considered here, there is currently no clear
field evidence (e.g., mafic microgranular enclaves, disequilibrium
mineral pairs, and accompanying mafic intrusions) indicating man-
tle input. Moreover, zircon eye(t) variation, which is independent
from zircon Th/U ratio, fails to resolve any mixing of mantle-
derived magmas (Fig. 2). We compared the Aeys(t)core-rim Of each
zircon that has reverse thermal zonation (Fig. 3), and found that
the high-temperature rims are not more radiogenic (depleted man-
tle like) than the low-temperature cores. Furthermore, the in situ
oxygen isotope results indicated small variations of zircon 5180
(6.5-8.0%0; Wang et al., 2013) in 09JL-11-1, which is decoupled
from the variation of zircon eyg(t) (see Fig. S3 in Supplementary
file 1). Although sample 09JL-11-1 and sample 09JL-6-1 were col-
lected from the same pluton, their different geochemical charac-
teristics in zircons may reflect distinct magma chamber processes.
Compared with sample 09]JL-6-1, sample 09]JL-11-1 is character-
ized by more scatter in the Th/U-T plot (Fig. 1), greater variation
in eye(t) and Lu/Hf ratios, and more grains with reverse thermal
zonation. These observations point to a more active magma cham-
ber with frequent replenishment for sample 09JL-11-1.

5.3. Isotopic disequilibrium during crustal anatexis

One of the fundamental assumptions that enable the utility of
isotopic tracers to infer source composition is that melt reaches
isotopic equilibrium with protoliths during partial melting. This
could be accomplished in two ways: 1) All phases in the source
break down simultaneously and are melted proportionally; and
2) The closure temperature is reached for all phases and isotopic
exchange between the melt and residue is rapid and sufficient.

The first situation is unlikely to happen since mineral disso-
lution/growth is dictated by melt composition, temperature, pres-
sure, etc. The second situation depends on the diffusivity of the
isotopes in various phases and the timescale of melt-residue inter-
action before extraction. Indeed, progressively more studies have
reported significant Sr, Nd, and Pb isotopic disequilibrium dur-
ing crustal anatexis (e.g., Hogan and Sinha, 1991; Hammouda et
al.,, 1994; Knesel and Davidson, 1996; Ayres and Harris, 1997;
Tommasini and Davies, 1997; Davies and Tommasini, 2000; Zeng
et al., 2005a, 2005b; Farina and Stevens, 2011). Lutetium and Hf
may reside primarily in garnet and zircon, respectively. Dissolution
of these minerals at the source may control the release of radio-
genic '76Hf and unradiogenic '77Hf to the melt. If Hf diffusivity
in zircon is not rapid enough to reach equilibrium, the Hf isotope
composition of the melt will be highly sensitive to the zircon dis-
solution rate during crustal anatexis (Flowerdew et al., 2006). The
zircon dissolution rate is controlled by several factors such as zir-

con solubility, temperature, zircon crystal size, and the melt and
solid phase composition. The varying zircon dissolution rate at a
single magma source may result in varying Hf isotope composi-
tions between different batches of melts.

5.4. Inter-mineral Hf isotopic variation and Hf diffusivity in zircon

We calculated the inter-mineral isotopic difference relative to
zircon (termed as AeHfy_ircon) as a function of crustal residence
time (Fig. 4). Assuming Lu-Hf isotope systematics in these miner-
als remain closed prior to melting, the isotope difference between
garnet and zircon may grow in excess of 200 epsilon units after
500 Ma. As long as slow diffusion rates fail to homogenize the
isotope composition between the melt and each phase, disequi-
librium melting would occur. Using the Hf diffusion coefficient in
zircon provided by Cherniak et al. (1997), we calculated the zircon
Hf diffusion length as:

lg=~/Dt (1)

where I; is the zircon Hf diffusion length in meter, D (in m?/s)
is the Hf diffusion coefficient in zircon and t is the timescale of a
crustal melting event in seconds. The timescale of crustal partial
melting generally ranges from 1 Ma to 100 years (Petford et al.,
2000 and the references therein). Fig. 5 plots the diffusion length
(in pm) of Hf in zircon as a function of timescale and crustal melt-
ing temperature. Hafnium diffuses only 1 nm over 1 Ma even when
the temperature is maintained as high as 950 °C. We thus conclude
that the diffusive exchange of Hf between melt and zircon is neg-
ligible, and the release of zircon Hf is solely controlled by zircon
dissolution during partial melting.

5.5. Zircon dissolution during crustal anatexis: modeling

Since Hf diffusion coefficients are currently unknown for phases
other than zircon during crustal melting, we applied a dynamic
crustal melting model and considered two extreme scenarios:
1) complete disequilibrium melting (negligible diffusive exchange
of Hf and Zr between the melt and residual phases) for all phases;
and 2) complete equilibrium melting for all phases except zircon.

For the modeling, we assume that:

1) Steady melting occurs when temperature continuously in-
creases from 750 °C to 950 °C with a maximum melting degree
of 40% reached at the peak temperature;

2) Once the melt fraction reaches the critical porosity (¢) (10%
in our case) in the source region, the melt is continuously ex-
tracted from the source by deformation-assisted segregation so
as to maintain a constant porosity (e.g., Sawyer, 1994). The ex-
tracted melt is chemically isolated from the source.
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Fig. 2. Plots of zircon ey¢(t) vs. Th/U. Error bars are 20p,.

3) Whole-rock Zr concentration ranges from 50 to 200 ppm. The
source matrix is initially in equilibrium with zircon at 650 °C;

4) A melt cation ratio M = 1.3 (Watson and Harrison, 1983) was
used in the calculation. The density difference between the
melt and the solid was ignored. The bulk Zr and Hf partition
coefficients are 0.3;

5) During complete equilibrium melting, all phases (except zir-
con) are in equilibrium with the residual melt at all times;

6) All zircons are spherical and are in contact with the melt at all
times.

The melt in the source matrix can start to move once there
is 10% to 20% melt (Sawyer, 1994). Although the porosity used in
our calculation is 10%, the model presented here is fairly insensi-
tive to this parameter (<10% variation by changing porosity from
10% to 20%). The third assumption provides a rough estimate of
Zr distribution between zircon and the matrix. Generally, most Zr
resides in zircon (Miller et al., 2003). The assumption for modal
melting significantly simplifies the situation. However, a more ac-
curate description of disequilibrium melting requires knowledge
of the melting reactions that consider both major and accessory
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Fig. 4. Inter-phase ey differences relative to zircon due to decoupled ingrowth of
radiogenic '76Hf. It is assumed that the initial Hf isotope composition is homoge-
neous and that the Lu-Hf isotope systems remained closed during crustal residence.
Note that such inter-phase Hf isotope differences grow rapidly between garnet and
zircon, of which, garnet controls Lu and thus '7SHf in the bulk system while zircon
holds the budget of the total Hf. Accessory minerals such as apatite and monazite,
which are REE enriched and have high '76Lu/'77Hf ratios (Kinny and Mass, 2003),
are not plotted here. 76Lu/'77Hf ratio in garnet from Anczkiewicz et al. (2007);
176 Lu/"77Hf ratio in amphibole from Wang et al. (2012); 76Lu/"77Hf ratio in clinopy-
roxene from Jagoutz et al. (2007). The 176Lu/"77Hf ratio in zircon is assumed to be
0.001.

phases, which is yet to be obtained. The cation ratio (M) of 1.3
suggested by Watson and Harrison (1983) is a typical value for
peraluminous granite. The model presented below is robust to the
variation of M within a geologically reasonable range. Assumption
(6) may not be true during the early stage of melting because zir-
con may be hosted in other phases such as biotite at that time
(Bea, 1996). Dissolution will not begin until zircon physically con-
tacts the melt. Therefore, this assumption may overestimate the
effective dissolution rate of zircon. The notation used in the model
are detailed in Table 2.

The instant dissolution rate of spherical zircon crystals is given
by Watson’s equation (Watson, 1996):

. 10 — —
ﬂ —U. |:<1.25 10 >e 28380 4 7.24.10% 23Tzso] 10-17 2)
dt r
where
U=Csat—C1, (3)
Csat — D;irrcon/meltcgrrcon’ (4)
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Fig. 5. Hafnium diffusion length in zircon as a function of timescale of anatexis un-
der crustal melting temperatures. Under crustal melting temperatures, Hf essentially
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Table 2

Notation used in modelling.
Variable Description Dimension
T temperature K
To temperature at the onset of melting K
Tp temperature at the thermal peak K
T timescale of partial melting yr
t time s
F maximum melting degree none
f melt fraction none
o initial zircon radius pm
r zircon radius pm
C Zr concentration in the residual melt ppm
Cso initial Zr concentration in the solid without zircon ppm
Cs Zr concentration in the solid without zircon ppm
Cw initial whole-rock Zr concentration ppm
Csat Zr concentration in the melt saturated in zircon ppm
Vi normalized residual melt volume none
Vs normalized solid volume none
Dz; bulk Zr partition coefficient none
Vm normalized melting rate yr!
Ve normalized melt extraction rate yr1
7 porosity none
M melt cation ratio none

zircon/mel 12900
In DZrO et=—3.8—[0.85(M—1)]+T (5)

(Watson and Harrison, 1983).
Zirconium concentration in the residual melt is given by:

d(CV) 4 _d(r/r)? d(CsVs)
== Cw—C ——— —(|Ve.
de 3T a v Ve
For equilibrium melting:
Cs
— = Dz,.
Cl Zr

For complete disequilibrium melting:

Cs =Cs,o-

Based on the first and second assumptions, we have
dlT Tp—To

dt T

and

avi =V — Ve.

dt

(6)

(7)

(8)

(9)

(10)
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Fig. 6. Residual zircon fraction at various degrees of melting. Timescales of partial melting are indicated by the colors of the curves. The results become less sensitive to the
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in this figure legend, the reader is referred to the web version of this article.)
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The melting degree f is related to normalized melting rate v, by:

f=vnt. (11)
When f < ¢,

Ye _o. (12a)
Vi

When f > ¢,

1

Ye (12b)
Vm l1—¢

Boehnke et al. (2013) updated Eq. (5) but the difference is triv-
ial at 750-950°C. Eq. (6) states the mass conservation: the change
in the amount of Zr in the residual melt is determined by zircon
dissolution, mass exchange between the melt and the solid matrix,
and melt extraction. Egs. (2)-(12) were solved numerically.

Fig. 6 shows the evolution paths of residual zircon fractions for
zircons of three initial radii (10, 30 and 50 um) and three ini-
tial whole-rock Zr concentrations (50, 100 and 200 ppm). Three
main conclusions may be drawn from this figure. First, large zir-
con grains dissolve slower than small ones. Such a “size effect”
becomes more important when the melting at the source is fast.
Second, zircon dissolution is significantly affected by initial whole-
rock Zr contentrations. This is because high Zr concentrations at
the source can easily saturate the melt with zircon and zircon
dissolution will stop until more melt is generated to dilute the re-
maining Zr at the source. Third, the melting rate at the source, as
indicated by the timescale of melting, becomes less important with
increasing initial whole-rock Zr concentration. Notice that, under
any of the circumstance considered here, zircons cannot be com-
pletely dissolved at 10% melting when melt extraction occurs. If
the initial Zr concentration of the source is above 200 ppm, even
the smallest zircon can survive the 40% melting of the source.

As the major carrier of Hf, zircon (if present) will control the
Hf budget at the source, and its dissolution may dictate Hf isotopic
evolution in the melt. Undissolved zircon may retain a significant
amount of 77Hf at the source. We now link the relationship be-
tween the Hf isotope composition in the extracted melt and zircon
dissolution by assuming that (1) the source rock has a crustal
residence age of 1 Ga and (2) the bulk eyf is —5 at the begin-
ning of melting. Fig. 7 shows the evolution of eys in the extracted
melt that continuously feeds the magma chamber. These evolu-
tion paths delineate the maximum éey¢ variation that may be cap-
tured by the zircons crystallizing in the magma chamber. In both
cases (i.e., complete disequilibrium and equilibrium matrix melt-
ing) eyr variation increases with increasing initial whole-rock Zr
concentrations. When the initial Zr concentration at the source is
sufficiently high (e.g., >100 ppm), the inter-batch Hf varies from
low-concentration and highly radiogenic to high-concentration and
less radiogenic than the bulk protolith. This may lead to melt ex-
tracted from a single source that evolves from mantle-like at the
early stage to crustal-like after extensive melting. Mixing of mag-
mas from different batches may mimic that of crustal- and mantle-
derived magmas in terms of Hf isotopes. However, when the initial
Zr content is close to or below 50 ppm, or zircon is absent in the
protolith, such variation is limited and may not be recorded.

It has to be pointed out that this model considers only the
two extreme conditions. If diffusive exchange of Hf during melt-
ing is negligible for most phases in the source, a full knowledge
of the melting reactions and dissolution rate of each phase at the
source is required to accurately reproduce the Hf isotopic evolu-
tion path. For example, garnet, if present, is an important reservoir
of radiogenic '76Hf, and the break-down of garnet during high-
temperature dehydration melting (Wolf and Wyllie, 1994) may re-
sult in a sudden release of radiogenic 7®Hf into the melt.

5.6. “Zircon effect” in crustal anatexis: issues and implications

Zirconium is abundant in continental crust with the average
concentrations ranging from 68 ppm in the lower crust to 193 ppm
in the upper crust (Rudnick and Gao, 2003). This means that the
zircon effect, as a result of slow disequilibrium melting of zircon,
may be common during crustal melting. This may give rise to two
issues. First, that the Hf isotope composition recorded in zircons
that crystallize in a frequently recharged magma chamber may be
highly variable. Second, that the Hf isotope compositions in the
early melts may be highly radiogenic due to the retention of 77Hf
by zircon. The average Hf isotope composition recorded in granitic
zircons may significantly deviate from that of the source.

These issues may substantially complicate the application of Hf
isotopes when studying crustal magmatism, and make Hf isotopes
a less reliable tracer especially when the source has a high Zr
concentration or the melting is fast. This may shed light on the
understanding of Hf isotopes in zircons from different types of
granitic rocks due to the source diversity and thus large variation
in Zr concentration at the source. Further work is needed to give
a detailed comparison of zircon Hf isotope heterogeneity in differ-
ent rock types. For the two samples (09JL-6-1 and 09JL-11-1) from
the Jiuling Pluton, their different Hf isotopic heterogeneity may
result from the varying melting conditions at the source e.g., melt-
ing degree, melting rate, etc. Therefore, Hf isotopic heterogeneity
recorded by zircons in granitic rocks does not necessarily indicate
multi-sourced magma mixing e.g., crust-mantle interaction at the
magma source or magma chamber. A full understanding of the ge-
ological context plus careful field and petrographic study may help
to distinguish between single-sourced disequilibrium melting and
multi-sourced magma mixing. Our work suggests that isotopic het-
erogeneity observed in granitic rocks may be explained by disequi-
librium melting as an alternative to multi-sourced magma mixing,
especially when there is lack of clear field evidence of mixing.

The zircon effect may lead to Nd-Hf isotopic decoupling dur-
ing the long-term crustal evolution which includes partial melting
and high-grade metamorphism in the deep crust, and chemical
weathering at the surface (Patchett et al., 1984; Zheng et al., 2008;
Carpentier et al., 2009). Understanding disequilibria in crustal
melting would allow further insights into the granitic magmatism,
radiogenic isotope system evolution and crustal differentiation pro-
cesses.

6. Conclusions

1) The five granitic samples analyzed in this work showed large
variation in zircon eye(t) (> 5 epsilon units), rough zircon
Th/U-T correlation and no Lu/Hf-T correlation. The zircon
euf(t) values do not correlate with the Th/U ratios and is
independent of T in zircons with reverse thermal zonation
(Tyim > Tcore)- These observations suggest that these zircons
likely grew in open systems.

2) Our modeling suggests that zircons may survive during crustal
melting if the source has a relatively high Zr concentration
(>100 ppm) or the melting is rapid (> 10~% yr~!). Residual
zircons may retain a significant amount of 177Hf at the source.
Hf isotopic heterogeneity recorded in magmatic zircons of
granitic rocks may not necessarily indicate magma mixing of
multiple sources. The “zircon effect” during crustal anatexis re-
sults from disequilibrium melting of zircon at the source, and
will lead to the production of isotopically distinct batches of
melts that do not represent the bulk isotope composition of
source.

4) The “zircon effect” may have commonly occurred during
crustal anatexis given the generally high Zr concentration in
crust. This may give rise to the decoupling between Hf and
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Fig. 7. Evolution of Hf isotopic composition in the extracted melt. Note the scale of eys-axis. The dashed lines indicate the eys value of the source prior to melting. The modal
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other radiogenic isotopic systems. In the context of crustal
evolution, these findings may challenge the reliability of this
tracer in at least some cases.
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