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Compositional diversity is a fundamental feature of Earth's granitoids and it has been prevailing on Earth since
the early Archean. Although the exotic mechanisms, like magma mixing, crustal assimilation and contamination,
could place constraints on the diversity, the compositional diversity of common huge batholiths in the field re-
quire intrinsic mechanisms running in the magma itself. This paper highlights the detailed processes from melt-
ing of a given source to subsequent incremental emplacement and differentiation control the diversity of granitic
rocks as we observed on the Earth's surface. The diversity is firstly introduced from the significant heterogeneity
of crustal rocks (in minerals and geochemistry) and the melting behaviors (congruent or incongruent melting),
by which disequilibrium melting of crustal rocks could generate heterogeneous radiogenic isotopes. At the sec-
ond stage, such heterogeneity inherited from source and melting behaviors in different melt batches can be rec-
onciled to some extents during the incremental emplacement of melt batches, self-mixing and differentiation in
magma chambers, which represent a homogenization process in magma system. The homogenization extent de-
pends on temperature, residence time and other parameters of granitic melts. A large amount of published Hf iso-
topic data in zircon from granitic rocks provide us a way to assess the roles of disequilibrium melting and
homogenization process. On the basis of the difference in zircon Hf isotope compositions and the diffusivity of
Hf in granitic melts, we propose a new thermometry for granitic magmatism. Given a certain melt residence
time, the compiled global Hf isotopic ratios in zircon from granitic rocks indicate that the magma temperatures
of intermediate-felsic rocks decreased steadily throughout Earth's history, corresponding to the secular cooling
of Earth's mantle.
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1. Introduction

The occurrence of diverse granitic rocks (or granitoids) is one of the
unique features of the Earth among the planets in the Solar System. How
a huge granitic batholith is produced through a series of process from
melt generation, migration, accumulation, storage, differentiation to
final solidification and how its compositional diversity is formed are
the two fundamental on-going hot topics on granite petrogenesis and
related crustal evolution. Recently-developed high-precision CA-ID-
TIMS (chemical abrasion isotope dilution-thermal ionization mass spec-
trometry) zircon U-Pb dating has revealed the crystallization of a single
batch of granitic melt generally last several hundreds of thousand years
(Schoene et al., 2012), which means a huge batholith does not need a
huge space at one pulse of emplacement. In this regard, the effect of in-
cremental injection of melt into magma chamber and the subsequent
emplacement of melts need to be evaluated carefully. On the other
hand, it is also suggested that a batholith with an area of hundreds
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square kilometers can be accumulated by several intrusions during a pe-
riod of ca. 10 Myr (Coleman et al., 2004), which increases the complex-
ity in evaluating the melt assembly, mixing and differentiation in
magma chambers. In particular, it is still unclear how long a series of
granitic melt can survive at a certain crustal level since zircon U-Pb dat-
ing only record the crystallization history of zircon, which may just rep-
resent the end of the residence time.

Radiogenic isotope systems (e.g., Rb-Sr, Sm-Nd, Lu-Hf, etc.) are pow-
erful tools in tracing magma sources and magmatic processes
(e.g., magma mixing) of granitic rocks. It is commonly believed that
these radiogenic isotopes do not fractionate during crustal melting.
This is common for the Sm-Nd isotopic system because the Sm/Nd
ratio commonly does not change a lot between different minerals and
rock reservoirs (except for some accessory minerals, such as monazite
and titanite) due to the similar cation radius and geochemical behaviors
between the two elements. Even so, the Sm/Nd ratio varies between dif-
ferent rocks types (Zeng et al., 2005). Such inter-mineral variation is
more significant in terms of the Rb/Sr ratio and thus the Rb-Sr isotopic
system. Rb has different valence states from Sr and thus sometimes
there would be evident Rb/Sr fractionations during melting of minerals
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with different Rb/Sr ratios. For example, in situ melting felsic glass
within the crustal xenoliths entrained in volcanic rocks of Central
Andes shows significant Sr isotopic heterogeneity in different locations
of the melts, recording in situ Sr isotopic disequilibrium due to varying
melting minerals with different Rb/Sr ratios (McLeod et al., 2012). In
fact, similar isotopic heterogeneity is theoretically very common during
crustal melting since the crust is very heterogeneous in minerals and
isotopic compositions at a very small scale (centimeter or less; depend-
ing on mineral sizes) as in situ Hf and Sr isotope analyses showed us
(McLeod etal.,, 2012; Tang et al.,, 2014; Yu et al., 2018). However, the ini-
tial disequilibrium could be erased to some extent during subsequent
magmatic processes.

The Lu-Hf isotopic system is more sensitive to disequilibrium melt-
ing than the Rb-Sr isotopic system. This is because that Lu is one of
heavy rare earth elements while Hf is one of high field strength ele-
ments and their significant differences in geochemical behaviors could
generate strong Lu/Hf fractionation between different minerals. This
difference is particularly evident between zircon and garnet since the
former has extremely low Lu/Hf (typically ~0.002; Kinny and Maas,
2003) while the latter has high Kd,uf (>> 1). Therefore, it is expected
to have strong fractionation in Hf isotopic compositions between the
two minerals (up to 200 eHf units after 500 Myr since contemporaneous
formation; Tang et al., 2014). Such a large variation in Hf isotopes was
not found in natural samples, suggesting that other mechanisms could
have also controlled the detected Hf isotopic heterogeneity. Among
them temperature is one of the most important factors and needs to
be evaluated carefully.

Water has been proven by high-temperature and high-pressure ex-
periments to play an important role in driving crustal differentiation to
form granitic rocks (Campbell and Taylor, 1983), since its addition can
significantly decrease the solidus of the melting systems during water-
fluxed or dehydration melting of crustal rocks (Whitney, 1988;
Weinberg and Hasalova, 2015, and references therein) and extend the
crystallization process to facilitate magmatic differentiation. Neverthe-
less, it is difficult to define the melt temperature of a single granitic
pulse in the field. Some approaches have been conducted to explore
the temperatures of granitic melts. Mineral pairs-based thermometers
are helpful but sometimes it is difficult to find appropriate mineral
pairs to yield precise temperature estimates for granitic rocks as what
they do for mantle-derived basaltic magmas. Whole-rock P,05 and
rare earth element thermometers (Green and Watson, 1982; Montel,
1993) also have large uncertainties on the temperature estimates.
Watson and Harrison (1983) proposed a Zr saturation thermometer
for peraluminous granites based on saturation behavior of zircon in
crustal anatectic melts. However, it is based on the degree of Zr satura-
tion and commonly can only give us the lower and upper limits for the
Zr-unsaturated and Zr-oversaturated granitic melts, respectively (Miller
et al.,, 2003) due to the possible excess Zr hosted in inherited zircon or
zircon cores. Later, Watson and Harrison (2005) proposed another ther-
mometer based on Ti concentration in zircon lattice. However, the Ti-in-
zircon thermometer may just define the temperature when zircon crys-
tallizes from melts, since zircon grains from basaltic rocks, kimberlites,
TTG generally show similar results as those from granitic melts (Valley
et al., 2006; Fu et al., 2008; Nutman, 2006). Therefore, it is necessary
to explore more practical ways to estimate the temperature of granitic
melts.

Radiogenic isotopes could offer tools for monitoring melt tempera-
tures because the equilibrium of some radiogenic isotope systems is
closely related to the temperature and timescale of melt activity. In par-
ticular, compared with mantle-derived magmas, isotopic equilibrium is
relatively difficult to be achieved in granitic melts because of their rela-
tively high viscosity, low melt temperature, and the prevailing primary
heterogeneity of mineralogy in the crustal sources. The Lu-Hf isotopic
system, for example, struggles to attain equilibrium in granitic rocks be-
cause of the low diffusivity (Mungall et al., 1999) and extremely differ-
ent geochemical behaviors of Lu and Hf in granitic magmas, and the
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highly variable Lu/Hf ratios found in different rock-forming and acces-
sory minerals in the crust. Hf isotopes (i.e., 1’SHf/!””Hf ratios), some-
times combined with oxygen isotopes, in zircon have been widely
applied to constrain the source features of granitic rocks (e.g., Kemp
etal,, 2007; Wang et al., 2013) because zircon has extremely low Lu con-
centration and is an important Hf reservoir due to its substitution to Zr
in the crystal lattice (Kinny and Maas, 2003). However, cogenetic mag-
matic zircon crystals in individual granitic hand specimens thus com-
monly show a considerable variation in their '7®Hf/!”7Hf ratios,
producing correspondingly varied ey¢(t) values (commonly over 5 epsi-
lon units). This variation is evidently beyond analytical uncertainty
(generally at 1-0.5 epsilon unit) for individual analyses and was ex-
plained by disequilibrium melting in crustal sources (Tang et al., 2014;
Wang et al,, 2018).

In this work, we aim to further explore the role of disequilibrium
melting of crustal rocks and subsequent incremental emplacement
and differentiation process in generating diversity of granitic melts.
Moreover, based on a compilation of available Hf isotope data for igne-
ous zircon, we carry out a modeling to explore a possible Hf isotopic
thermometer for granitic rocks and related crustal evolution of earth.

2. A two-stage process for the diversity of granitic rocks

Previous experimental studies indicate that partial melting of man-
tle peridotite can generate basaltic magmas whose fractional crystalliza-
tion could give rise to some portion of granitic rocks (Nandedkar et al.,
2014), and further multistage partial melting/recycling of the basaltic
rocks is an effective way to produce huge amounts of granitic rocks
(Wolf and Wyllie, 1994; Zhang and Herzberg, 1994). It is questionable
whether widespread granitic rocks can be formed from differentiation
of basaltic magma in collisional and intracontinental settings that are
not favorable for effective ascent of voluminous basaltic magmas
through the deep crustal hot zones (Wang et al., 2021). In addition,
the expected prolonged history of fractional crystallization from basaltic
to felsic in melt compositions will theoretically require a long melt res-
idence time that is not favorable for isotopic heterogeneity. Moreover,
mafic melts do not contain much inherited zircon and other Hf-rich
minerals that may be dissolved to affect the Hf diffusion and equilibrium
in melts. Therefore, the commonly observed Hf isotopic heterogeneity
in granitic rocks provides another line of evidence to support a crustal
origin for these rocks.

Underlying any discussion of partial melting processes in crustal
rocks, it should be noted that continental crust is heterogeneous in
terms of two aspects: rock associations and mineral assemblages.
Firstly, melting of different rocks (e.g., sandstone, shale, gneiss, basalts,
granites, etc. and their metamorphosed counterparts) in a certain area
will undoubtedly generate granitic melts with different geochemical
and isotopic compositions (in particular for the Lu-Hf isotopic system).
Secondly, heterogeneity in mineral compositions will promote the het-
erogeneity in different melt batches throughout the melting processes,
and the accumulation of different melt batches may finally form a com-
posite batholith with heterogeneous geochemical compositions. Previ-
ous studies have shown the influence of disequilibrium melting on Sr,
Nd and Pb isotopic compositions in melts (Farina et al., 2014a; Hogan
and Sinha, 1991; McLeod et al.,, 2012; Zeng et al., 2005). Disequilibrium
melting can also result in large Hf isotopic variations as discussed above,
which will be amplified by the existence of zircon in the magma source
(e.g., clastic sedimentary rocks) because of the dominance of zircon as
reservoir of Hf, and the corresponding impact of its dissolution on the
Hf isotopic composition of a resultant melt (i.e., the “zircon effect” dur-
ing crustal melting) (Tang et al., 2014). The role of inherited zircon in
controlling the Hf isotopic variation in newly crystallized zircon within
granitic melts was also noted by Farina et al. (2014b). Even for crustal
rocks (e.g., mafic sources) that do not contain many zircon grains, differ-
ent minerals are significantly different in their Hf concentrations and
Lu/Hf ratios, which will also induce heterogeneous Hf isotopic
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compositions by disequilibrium melting. But the effect on the isotopic
heterogeneity may be little for a mafic source but more related to later
contamination from wall rocks during emplacement (Wang et al.,
2016). In general, magma sources with more complex mineral assem-
blages will generate more heterogeneous Hf isotopic compositions
which will be enhanced when zircon grains in sources were not dis-
solved to reach equilibrium with other minerals.

The disequilibrium melting has been illustrated by our recent disso-
lution experiments (Wang et al., 2018). Because high-temperature and
high-pressure experiments commonly could not consume enough
starting materials to monitor the disequilibrium melting behavior,
chemical dissolution can give us an alternative way to assess the dis-
equilibrium melting, and it in particular works regarding the dissolution
of the refractory Hf-rich minerals, like zircon that is a dominant mineral
phase to release Hf to the melt/liquid. Our dissolution experiments sug-
gested that along with zircon dissolution, the detected Hf isotopic ratios
of the melt/liquid decrease steadily and finally keep stable after about
48 h (Wang et al., 2018). Although the high acid conditions of the disso-
lution experiments cannot be comparable to the melting conditions of
natural samples, the dissolution experiments informed us that the un-
dissolved minerals (in particular zircon) will undoubtedly affect the Hf
isotopic compositions of resultant melts during melting processes.
This is the primary mechanism (i.e., stage-1) that leads to the detected
large variation in Hf isotopes of many granitic bodies.

Whatever the source constraints on disequilibrium melting, the ob-
served radiogenic isotopic equilibrium in hand specimen is finally con-
trolled by subsequent magmatic processes (i.e., stage-2 in Fig. 1),
including mixing of different melt batches during the processes of
magma convection, evolution (differentiation), and element diffusion.
Since the melts are from the same magma source, the mixing could be
named as “self-mixing”, which is different from the mixing with mafic
magmas or other exotic melts. Temperature, viscosity, and crystalliza-
tion processes are all likely to have exerted some influence in shaping
the stage-2 isotopic homogeneity processes. Less convection occurs in
granitic magmas than basalts due to the higher viscosity and lower tem-
perature of granitic melts, particularly in the granitic ‘crystal mush’
state. Due to this restricted convection, the observed radiogenic isotopic
equilibrium in granitic rocks is mainly controlled by diffusion of the cor-
responding elements in the melt (i.e., Hf isotopic variation depends on
Hf diffusion in the melt). This means that even if the isotopic heteroge-
neity of Hf in a given primary melt is significant, later equilibrium could
be achieved if diffusion is fast and/or the melt is maintained in a hot
state for a long enough time. On this basis, the Hf isotopic geochemistry

/—\/\

:xmg & d:ffus:on

Stage-2

- o
crystal

accumulation

Stage-1
Ll

Partial melting

Fig. 1. A cartoon showing the two-stage processes regarding isotopic disequilibrium of
magmatic rocks. Stage-1 in magma sources is the formation of initial variable Hf isotopic
disequilibrium, while the stage-2 refers to the homogenization processes (including
mixing, diffusion and etc.) from melt ascent to solidification.
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of a normal batch of granitic magma is a function of two processes. The
first stage (stage-1) is the melting in magma source, during which a
large Hf isotope variation could be generated by different degrees of dis-
equilibrium melting via different compositions of sources (Fig. 1), while
the second stage (stage-2) is the magmatic processes (including magma
mixing, advection, etc.) after the melt is separated from its source, dur-
ing which the original Hf isotopic heterogeneity within the melt tends
to be homogenized (Fig. 1). As stage-1 has been discussed in detail by
Tang et al. (2014) and Wang et al. (2018), we focus here on the physical
factors that control the diffusion of Hf in the melt.

3. Diversity in Hf isotope homogenization with compiled data
3.1. Data filtering

Since a lot of Hf isotopic data in zircon have been published in recent
years, we have to filter the published data to avoid interference by anal-
ysis and later Hf isotopic data processing. According to the analytical
processes by MC (multi-collector)-ICP-MS, the artificial factors in Hf
isotopic variation could be resulted from: (1) incorrect targeting (such
as overlapping of different zircon domains, thin zircon rim, tiny inc-
lusions, and etc.); (2) incorrect Yb/Hf correction; (3) inappropriate
data processing when deleting the spikes; and (4) inappropriate use
of U-Pb age for the calculation of initial Hf isotopes (especially for dis-
cordant U-Pb analyses). To avoid such bias, we evaluated the analyses
of every sample from each literature, checked the Yb/Hf correction
and made Gaussian distribution to reject the outliers. These filtering
processes can eliminate the external interference besides the analytical
uncertainties.

3.2. Comparison between different types of igneous rocks

To address the parameters that control the final observed Hf isotopic
variation in granitic rocks, we compiled available Hf isotope data in ig-
neous zircon grains from granitic rocks and few associated other igne-
ous rocks (Supplementary Table S1). Zircon Hf isotope data for gabbro
were also included in this dataset for comparison. The investigated
granitic rocks were grouped into the commonly accepted A-, S-, and
I- types following the traditional classification approach (Chappell and
White, 1974; Whalen et al., 1987). It is clear that zircon from I- and
S-type granitic rocks tends to have larger AcHf [= x¢(t) max = €1e(t) minl
(mainlyintherangesof 1-14and 2-19, respectively), with a few samples
even showing AeHf up to 23 even after data filtering (Fig. 2; Table S1).

200
1804 S-type granite (n=158)
160 - I-type granite (n=288)
Il A-type granite (n=90)
1407 B Diorite (n=16)
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Fig. 2. Distribution of A¢Hf in magmatic zircon from gabbros and different types of granitic
rocks. All of the published data (n = 706) are presented in the compilation of
Supplementary Table S1. AeHf = eye(t)max - €nr(t)min in Magmatic zircon from
individual hand specimens. Data filtering was done for samples with strange or evident
outliers (see text).
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However, A-type granitic rocks and gabbro generally show narrow
ranges in AcHf (lower than 8.4 and 7.1, respectively; Table S1). Generally,
the AeHf variations are not correlated with CaO/Na,O ratios, aluminum
saturation index (ASI), SiO,, or Zr concentrations for granitic rocks
(Fig. 3). It is noted that the highest AeHf values occur in the samples
with SiO, content of ~70 wt%, CaO/Na,0 ratio of ~0.5, Zr of 100-200
ppm and ASI of 0.9-1.2 (Fig. 3). All of these suggest that magmatic differ-
entiation and source composition (e.g., psammatic versus pelitic) may be
not the major factors for controlling Hf isotopic variations in granitic
magmas. However, their influences cannot be fully excluded. Zr/Hf and
Nb/Ta ratios are good parameters to trace magmatic differentiation, but
we do not have enough trace element data to investigate the tendencies.
Alternatively, highly fractionated granitic magmas tend to have high SiO,
contents and low Zr concentrations but correspond to low AeHf (Fig. 3a-
¢), which suggests that a long-time magmatic differentiation is particu-
larly in favor of Hf isotopic homogenization. In addition, it is noted that
most of the high-AeHf samples have high ASI values (1.0-1.3) (Fig. 3d),
corresponding to a peraluminous magmatic composition and possibly a
dominant supracrustal source feature.

The small AgHf in A-type granites and gabbro (including other mafic
rocks) needs to be clarified. A-type granites are commonly believed to
have formed at higher temperatures than the other types of granitic
magmas (King et al., 2001), an interpretation supported by their high
Zr concentrations which commonly imply high-temperature melt
equilibration (Boehnke et al., 2013; Watson and Harrison, 1983). Al-
though alkaline environments can also facilitate dissolution of zircon,
temperature is still the key factor that controls the equilibrium of Hf
within A-type granitic melts because initial Hf isotopic disequilibrium
has been recorded by different melt batches during melting (i.e., the
stage-1 process). The extent of initial Hf isotopic heterogeneity can be
as large as 23 of AeHf in Fig. 2, and the value can be up to 30 if the
data are not filtered. Moreover, the magma temperature for gabbro is
evidently high (commonly >1100 °C), supporting the dominance of
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temperature as a control on initial Hf isotope variation. The late crystal-
lization of zircon in gabbro may facilitate the Hf isotope homogeneity.
However, sometimes it is noted that some gabbro samples can also
have large Hf isotopic variation (Fig. 2; Wang et al., 2016). This could
be explained by crustal contamination at the late stage of magmatic
evolution, which could be possible to provide additional Lu and Hf and
different Hf isotopic components. In addition, some I-type and S-type
granitic rocks can also show AgHf as small as those found in A-type gra-
nitic rocks and gabbro (Fig. 2). This can result from higher temperatures
and/or longer durations of crustal melts, since both factors can signifi-
cantly promote Hf diffusion in the melt. A relative homogeneity in
source may be also possible, but it is a long shot since the mineral as-
semblages in source for S- and I- type granitic rocks are generally
complicated.

4. Modeling based on Hf diffusion
4.1. Problems on timescale of granitic melts

In addition to temperature, another fundamental uncertainty in-
volving granitoid formation is timescale (i.e., residence time of the
melt in the magma chamber) of granitic melts. The timescale is influ-
enced by a range of factors including magma recharge, magma con-
vection, characters (including composition, ambient temperature and
etc.) of country rocks, latent heat, magma volume, and also melt tem-
perature, and the interplay of these factors can be very complex. It has
been shown that a granitic pluton can be composed of incremental
emplacement within a period of up to 10 Myr (Coleman et al.,
2004). We know little, however, about how long it takes for a single
batch or pulse of granitic melt to crystallize. Matzel et al. (2006) pro-
posed an overall duration of ca. 5.5 Myr for the accretion of the Mount
Stuart batholith through at least four incremental episodes of intru-
sion. In this case, each magmatic interval could have persisted for an
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Fig. 3. Variations of AeHf versus whole-rock SiO, contents, CaO/Na,0 ratios, Zr concentrations, and ASI (aluminum saturation index) values. The absence of correlations in these diagrams
suggests that magmatic compositions do not play an important role in controlling Hf isotopic variations in melts.
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average of 1.0-1.5 Myr. Most studies tend to support a short interval
for individual granitic melt episodes (1000 yr to 1 Myr) (Brown,
2013; Petford et al., 2000), and this brevity is also supported by
high-sensitivity CA-ID-TIMS dating for young granitic rocks that can
provide U-Pb ages with precision better than 0.1% (e.g., Cottam
et al,, 2010). This method, however, cannot give suitably precise
ages to establish an equivalent timescale for old (e.g., Precambrian)
granitic plutons, since even uncertainties of 0.1% for such old bodies
are millions of years in absolute terms, exceeding the estimated time-
scales of magmatic activity derived from studies of young plutons. To
resolve this uncertainty, we need to find a way to test whether a sin-
gle melt pulse within an old pluton can be formed within a similarly
short interval.

4.2. Modeling

Given that temperature plays an important role in promoting Hf iso-
topic equilibrium during the stage-2 magmatic processes, it is important
to model Hf diffusion in the melt. Assuming that Hf isotopic variation is
the result of diffusion alone (the homogenization by magma mixing is
also accomplished by diffusion of Hf isotopes), and that the concentra-
tions of Lu and Hf are homogeneous in different parts of the melt (a rea-
sonable assumption, as the composition of a granitic melt is effectively
invariant at a given Hf partition coefficient), Hf isotopic diffusion in
the melt follows Fick's second law and can be expressed as the follow
equation:

2VDt

where C, and C; are the initial Hf isotopic compositions of two endpoints
of the step function, respectively; x is the distance away from the end-
points; tis the time; D refers to the diffusivity constant; and erfis the er-
ror function. The diffusion is accomplished by the gradients of Hf
concentrations and Hf isotopic compositions between two endpoints.
In addition, it could not arise evident Hf isotopic fractionation during
diffusion because of the large mass number of 7®Hf and ”’Hf. The
Eq. (1) can be simiplified to:

Clx,t) = Co + (Cs—Co)- {1—erf <L>} (1)

CS_C(X, t) = (Cs—Co)-eTf <2\;m> (2)

Considering the Hf isotopic variation in granitic melts, C, and Cs can be
regarded as the two endpoints with the minimum and maximum eHf
value, and C(x, t) represents the value at the position x after given t.
We can assume the miximum C; constant and C(x, t) varying from the
C, endpoint. Therefore, the left part can be finally observed maximum
eHf variation and (Cs-C,) represents the original ¢Hf variation for a sin-
gle area of melt. In this regard, the observed AeHf of a single body of
granitoid magma can thus be expressed as:

AeHf = AeHfy-erf (2\‘1/059 (3)

where AgHf, refers to the original A¢Hf inherited from heterogeneous
source melting, D refers to the diffusivity of Hf in the melt (m?/s), t refers
to the residence time of melt before crystallization (s), and d, refers to
the size (m) of the individual primary melt body.

The diffusivity D is considered to be related to melt temperature and,
following Glasstone et al. (1941) can be expressed as:

D = Dg-exp. (;5.“) (4)

where E,, refers to the activation energy for diffusion, Dy refers to a pre-
exponential constant (frequency factor), R represents the ideal gas
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constant, and T refers to the magma temperature. Therefore, the
Eq. (3) can be expressed as:

AGHF — AgHf, - | —— % (5)

2,/Do-exp (Z=)-t

According to the experiments of Mungall et al. (1999), diffusion
characteristics vary only weakly with the composition of granitic melt.
Eq and Dg range from 231.87 kj/mol and 10~*58 m?/s, respectively, for
a melt with SiO, content of 66.6 wt%, up to 238.37 kj/mol and 104>’
m?/s in a granitic liquid with SiO, of 76.8 wt% and H,0 of 3.7 wt%. There-
fore, Dy does not change a lot with the variation of SiO, content. The ef-
fect of water content on zircon solubility has been evaluated by Boehnke
et al. (2013) which improved the whole-rock Zr saturation thermome-
try, and they claimed an insignificant influence. The other parameters
are discussed below.

4.3. Parameters and variables

4.3.1. Initial variation of AeHf (A&Hf,)

The initial variation of AgHf, depends on the (geochemical) variation
of mineral assemblages in the magma source. Since we do not exactly
know the magma source for studied individual granitic intrusions, it is
necessary to define the value as a constant based on available data. As
shown by the published Hf isotopic values for magmatic zircon from
granitoid rocks (Supplementary Table S1), the maximum AgHf, can
reach as high as 23 and it is common at 15. It should be noted that
this value just represents the lower limit for the initial variation in
magma source because of the overprinting of later homogenization pro-
cesses as we indicated above.

The variation of initial AeHf (A&Hf,) also varies with time. If plotting
all the published Hf isotopic data of zircon together with time, there is
an increasing trend with age. It remains within 5 in Hadean era (if we
consider the Jack Hills zircon with similar ages within one group), and
increases to 10 at Mesoarchean. The value keeps overall stable from
late Archean to early Neoproterozoic, but increases significantly during
Phanerozoic era (Fig. 4). The tendency is clear and the proportion of
high AeHf samples is evidently different between Precambrian and
Phanerozoic times. If the stage-2 homogenization for different geologic
stages was controlled by the same/similar magmatic processes, it is in-
teresting what mechanisms resulted in the variation with time. In
other words, maybe the initial AgHf, is different at different time. If
this is correct, it is expected to see the variations of thermal conditions
for partial melting and source compositions with time which, however,
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Fig. 4. Hf isotopic variations in magmatic rocks throughout Earth's history. The source of
the data set can be found in the Supplementary Table S1.
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are not reasonable in particular for post-Paleoproterozoic when the
crustal compositions and plate tectonics were not significantly different
from present (Wan et al., 2020). Therefore, the most possible reason for
the increasing variation with time is the overall decrease of melt tem-
perature of granitic magmas.

Therefore, it is appropriate to set up the AgHf, according to the Hf
isotope data of Phanerozoic granitic rocks. It is noted that the range is
not constant for every granite intrusion worldwide, but the starting var-
iation (whatever 30 or 20) does not change the linearity of the modeling
results (Fig. 5a, b). Here, we set this value at 30, which is higher than the
highest Hf isotope data and might be reasonable if the filtered data are
considered together.

4.3.2. Residence time of melt (t)

The timescale t refers to the duration (residence time) of melt from
its primary formation to the final crystallization. This is essentially un-
defined due to the complexity of granitoid magma evolution through
partial melting, segregation, and ascent (Brown, 2013; Petford et al.,
2000), and the variable duration of residence within a ‘magma chamber’
before crystallization. Petford et al. (2000) and Brown (2013) indepen-
dently concluded that an entire granitic magma cycle can occur within
timescales <1 Myr. Moreover, precise ID-TIMS zircon U-Pb dating has
recently demonstrated that crystallization of a single batch of granitoid
melt may sustain at a period as short as ~300 kyr (Schoene et al., 2012),
which is also similar to the zircon age ranges (averaging 345 kyr) for in-
dividual hand specimens (Schaltegger et al,, 2009). Therefore, we adopt
the average 345 kyr as the timescale of residence of individual melt for
our modeling. Conversely, we can calculate or evaluate the timescale at
other given parameters for specific granitic intrusions.

4.3.3. Size of the individual primary melt (d,)

The size of original homogeneity of a melt can be estimated from the
size of leucosomes in migmatites that may represent the initial melt
source (Brown, 2013). A scale of centimeter to decimeter is very com-
mon for leucosomes according to field observations and our compiled
data. In addition, Petford et al. (2000) proposed that the length scale
of initial separate melts may be in the range of centimeters to decime-
ters. Since magmatic zircon grains from a single hand sample (typically
10-20 cm across) have shown significant variations in Hf isotopic com-
positions as revealed by the compilation, the length scale of a homoge-
neous melt body should be smaller than 0.1 m. From Eq. (1) it is clear
that this parameter (d,) will significantly affect the calculated

Lithos 402-403 (2021) 106255

temperature, and thus we use a minimum size of 0.01 m and a maxi-
mum size of 0.1 m to evaluate the possible temperature ranges for gran-
itoid melts.

5. Modeling results and discussion
5.1. Comparison with previous zircon-related thermometers

Although our estimation on melt temperatures may be not very pre-
cise due to the lack of strong constraints of parameters, it is still helpful
to compare the results with previous thermometers, in particular the Zr
saturation thermometer and Ti-in-zircon thermometer that both have
strong relationships with zircon.

The Zr saturation thermometer (T.) (Watson and Harrison, 1983)
and its improved modeling by Boehnke et al. (2013) is based on satura-
tion behavior of zircon in crustal anatectic melts and has been widely
adopted to estimate the temperature of granitic magmas. However,
this estimate could be biased by the tack of precise dissolved Zr concen-
tration in granitic melt and the occurrence of inherited zircon. For gra-
nitic rocks with abundant inherited zircon grains, the analyzed whole-
rock Zr concentration is overestimated and thus the calculated T,
could only provide the maximum melt temperature (Miller et al.,
2003). In contrast, when granitic melts experience a strong differentia-
tion, Zr is decreased in the residual melt due to the crystal fractionation
of Zr-rich minerals (such as zircon). In this case, the detected whole-
rock Zr concentration is underestimated and thus the calculated T,
could only represent the minimum melt temperature.

The crystallization of zircon takes places within a broad temperature
spectrum (Harrison et al., 2007) with the fractional crystallization of Zr-
poor minerals and thus the Hf thermometer provides another way to
monitor melt temperatures. If plot T, with the results of Hf isotope
thermometer (T4f) of this study, there is no evident correlation and
most analyses deviate from the 1:1 line (Fig. 6). Some analyses have
high T4F relatively to T, (Fig. 6), and this decoupling could have been re-
sulted from underestimation of Zr in the primary granitic melt due to
magmatic differentiation.

For in-situ trace element analyses in zircon, Ti-in-zircon thermome-
ter proposed by Watson and Harrison (2005) is widely used to constrain
the magma temperatures. This thermometer is based on the Ti concen-
tration analysis of individual zircon grains, and it may just give the crys-
tallization temperature for individual zircon. In this regard, the average
value based on Ti-in-zircon (T4") thermometer may just give the aver-
age crystallization temperature of zircon grains from one hand

35

(a)

N N w
o o o

AgHf in melt
>

N
o

equilibrated
area

o

o

LN N B B N N B B N N B B B B NN B N B

550 650 750 850

950
Melt temperature (°C)

1050

1150

] (b) 1
20_ B 8,0, 0,0, 8. S s n e ?’2 :
= ] ]
© 15 i
g 7] ]
£ ] ]
e ]
T 10 .
< 1 > 1
] Z ]
57 equilibrated ]
] area ]
[ s o o o o o o o e B e O
550 650 750 850 950 1050 1150

Melt temperature (°C)

Fig. 5. Modeling showing the relationship between variations of A¢Hf in granitic melts and melt temperatures. The gray area with 0 < A¢Hf < 3 may have equilibrated Hf values, with their
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Fig. 6. Comparison of results between the results of Zr saturation thermometer and Hf
isotopic thermometer.

specimen. Therefore, the TZ" results depend on zircon crystallization be-
haviors in different types of melts and magmatic cooling rate. There is
no evident correlation between calculated TH" and T, results as shown
in Fig. 7a. This could have been resulted from the uncertainty of T, re-
sults and zircon crystallization behavior.

Theoretically, Ti-in-zircon and Hf isotope thermometers are both
from in-situ analyses in zircon and they could give similar results. How-
ever, it is noted that there is only a good correlation between T and THF
when T4" results are higher than 700 °C, while the T4 results deviate
when T4" is <700 °C (Fig. 7b). This suggests that zircon grains with low

Zr values crystallize at low temperatures during magmatic evolution
while the primary melt temperature information was not recorded by
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the Ti concentrations in zircon. This supports the application of Ti-in-
zircon thermometer at temperatures over 700 °C but questions the reli-
ability of <700 °Cresults by Ti-in-zircon thermometers if no solid petro-
logical evidence is provided. Of course, it is noted that this does not
mean that magma temperatures could not be lower than 700 °C. On
the other hand, it is noted that the saturation of zircon takes place at
around 830 °C, following the nearly half crystallization of melts
(Harrison et al., 2007). This may constrain the application of Hf isotope
thermometer for magmas with temperatures over 850 °C or higher but
support the potential of Ti-in-zircon thermometer in the high-
temperature regime. For the samples with low T4 (< 700 °C), it is
noted that they generally have high La/Yb (mostly >18) and Sr/Y
(mostly >20) ratios (Fig. 7c, d) which are typical geochemical features
of adakitic rocks and TTGs. If the Hadean zircon grains all have average
T4 of ca. 700 °C (Watson and Harrison, 2005), it could be deduced that
at least some of them are possibly sourced from TTG-like rocks.

5.2. Making granitic pluton by accumulation of multiple melt batches

Recent high-precision ID-TIMS zircon U-Pb dating has revealed that
crystallization of a single batch of granitoid melt may accomplish within
less than 1 Myr and even at ~350 kyr (Schaltegger et al., 2009; Schoene
etal, 2012). It means that a huge granitic pluton can be formed by dif-
ferent phases of intrusions that is further generated by incremental
growth of different melt batches, which may explain the long-debated
“space problem” of granitic pluton. From this point, it is also question-
able whether there is a magma chamber for single granitic pluton.
Eq. (3) implies that longer melt residence time will promote more ho-
mogeneous Hf isotopes in melts. For example, assuming a batch of gra-
nitic magma can be sustained in melt state for 10 Myr, the resulting
AeHf in zircon crystallize from the melt should be thoroughly homoge-
nized even if the melt temperature is only 700 °C. On the other hand, if
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Fig. 7. Comparison of results by Ti-in-zircon thermometer with those of Zr saturation thermometer (a) Hf isotopic thermometer (b) and other trace element ratios (c and d).
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large variation of Hf isotopes in zircon is observed, long-term (>10 Myr)
magmatic evolution is impossible.

For a huge granitic batholith, accumulation of different bathes of
melt is necessary (Coleman et al., 2004; Cottam et al., 2010; Glazner
et al., 2004), and this accumulation process can be recorded by Hf iso-
topes in magmatic zircon (Tang et al,, 2014; Wang et al., 2018). It is pos-
sible that different batches have different Hf isotopic compositions
when disequilibrium melting happens. The specific Hf isotopes can be
preserved in such single melt batch, and in some cases, mixing of differ-
ent melt batches could lead to the homogenization of Hf isotopic com-
positions of the whole magma cycle. This can explain why some huge
granitic batholiths have variable Hf isotopic compositions in different
parts (disequilibrium melting), and why sometimes different parts
have same Hf isotopic variations (mixing of different batches). Some-
times both mechanisms happen in one single pluton.

5.3. Implications for compositional evolution of continental crust

For a given melt residence time, Hf isotopic variations can be used to
constrain the changes in the melting regimes throughout Earth history.
Hadean zircon grains yield only small Hf isotopic variations although we
do not know whether the grains with the same ages are from the same
intrusions. As aforementioned, since early Archean, felsic intrusive and
volcanic rocks have steadily elevated Hf isotopic variations in zircon
(Fig. 4). This variation cannot be the result of analytical uncertainties,
since internal error for single spot analyses is commonly less than one
epsilon unit. According to our modeling, small Hf isotopic variations
reflect high melt temperatures that correspond to typical high-
temperature I-type granites, rather than S-type granites that are com-
monly formed by partial melting of metasedimentary rocks or other
low-temperature I-type granites that are formed by partial melting of
tonalitic rocks (Chappell et al., 1998; Chappell and White, 2001). In
contrast, large variations require relatively low-temperature melting
of intermediate to felsic crustal rocks (i.e., biotite- or muscovite-
dehydration, or water fluxed melting) at lower to middle crust. In par-
ticular, intermediate to felsic rocks commonly contain abundant zircon,
so that the “zircon effect” in magma source will promote disequilibrium
melting, resulting in large Hf isotopic variations (Tang et al., 2014).
Zircon Hf isotopic variations through time may thus reflect the compo-
sitional variation of lower to middle continental crust in magma source.

Some Archean samples have AcHf values over 5, and a few as high as
15 (Fig. 4), which suggest partial melting of amphibolite and inter-
mediate to felsic rocks at that time. We can thus estimate the relative
contributions of mafic and intermediate-felsic rocks in the source of
contemporary crustal melting, assuming a constant AeHf,,,5. can repre-
sent the melting threshold of mafic rocks in the source. This assumption
is reasonable because (1) the melting of gabbro generally requires high
temperatures than those of intermediate to felsic rocks and the high
temperatures are feasible for subsequent Hf diffusion in melt; (2) the
Archean TTGs that are suggested to be from partial melting of basaltic
rocks (Moyen and Martin, 2012) commonly have small variation of
AeHf (McIntyre et al., 2021; Wasilewski et al., 2021) while the incorpo-
ration of intermediate to felsic crust will generate varied Hf isotopes
(AgHf > 5; Kroner et al., 2013); and (3) the mineral assemblages of gab-
bro are commonly simple relative to the intermediate to felsic rocks in
the lower to middle crust. A threshold of AeHf,,.5c at 4 or 5 does not af-
fect the melting pattern of mafic components (Fig. 8) and, in both cases,
the relative contributions of mafic and intermediate-felsic rocks in the
source of crustal melting remain stable since the early Archean, except
two anomalies during the periods 1600-1500 Ma and 500-400 Ma. If
crustal melting takes place in magma source randomly for each period,
this may suggest that compositions of the lower to middle crust have
not changed substantially since the early Archean. This in turn suggests
that if the present-day continental crust is intermediate in composition,
Archean crust should be similar, and only the Hadean crust was sub-
stantially more mafic because of small variation of Hf isotopes.
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Fig. 8. The calculated percentage of mafic crust in the magma sources for intermediate-
felsic rocks with time. The rectangles of different colors show the approximate age
ranges based on different assumptions on pure contribution from mafic crustal source.
The source of the data set can be found in Supplementary Table S1.

However, if we model the threshold of AeHf,,.5¢ at 6, the early Archean
continental crust is mafic in overall composition, consistent with the
modeling results of Tang et al. (2016). A threshold of AgHf .5 at this
level, however, would imply dominant melting of mafic crust through-
out the main part of Earth's history, which would seem unlikely, espe-
cially for the Phanerozoic period (Fig. 8). It should be noted that this
approximate modeling cannot predict the true composition of conti-
nental crust, but these estimates of the relative contributions of two dif-
ferent crustal components can at least suggest that disequilibrium
crustal melting of intermediate to felsic rocks has predominated since
the early Archean, and that the corresponding disequilibrium Hf isoto-
pic variations have been mostly erased by the relatively high magma
temperatures. This process of erasion tends to weaken progressively
over the course of Earth's evolution, and the steady elevation in AgHf
may suggest that overall Phanerozoic crust-derived magmas (Fig. 4)
were cool relative to those produced in early Archean and Hadean
times. The two spikes in the involvement of mafic rocks in generating
granitic rocks at the periods 1600-1500 Ma and 500-400 Ma may be re-
sulted from sampling bias or suggest the absence of juvenile crust-
forming events in the two periods.

6. Conclusions

Melting of crustal rocks to form granitoid rocks is proposed here to
be initially in disequilibrium with source rocks and within different
melt batches. However, the initial isotopic variations by disequilibrium
melting (Stage-1) could be homogenized by the subsequent magmatic
processes (mixing, diffusion, etc.) (Stage-2). The combination of the
two stages builds the compositional diversity of granitic rocks at given
sources. Hf isotopic variation (disequilibrium) in magmatic zircon of
granitoids records this disequilibrium and is mainly controlled by the
Hf diffusion in magmatic systems. Therefore, the overall Hf isotopic dis-
equilibrium for granitic rocks throughout Earth history can be used to
develop a thermometer to understand granite formation and related
crustal evolution. The temperature and timescale of melt behavior are
the two most important factors controlling Hf isotopic variation in gra-
nitic rocks at a given source. The influence of these factors can be
modeled by using the established diffusion constants for granitic melt.
The increasing Hf isotopic variation with time indicates that the average
temperatures of granitic melts steadily decrease after the Hadean era,
consistent with the cooling of Earth's mantle. The relative contribution
of mafic crust as the source for generating intermediate-felsic rocks,
however, appears to have been generally stable since the early Archean,
suggesting that the composition of lower to middle crust has not
changed substantially since the early Archean.
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