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Abstract

Zircon is an important accessory mineral for studying the crust-mantle interaction and crustal growth through time
because zircon crystals not only allow precise dating but also record initial Hf isotope ratios of the host magma. Our study
on a suite of gabbronorite, mafic diorite cumulate, diorite and granite from the Kekeli Batholith in the North Qilian Orogenic
Belt, Northern Tibetan Plateau, shows (1) a significant Hf isotope discrepancy between zircon and their bulk rocks; and (2)
bulk-rock Nd-Hf isotope decoupling. These observations thus demonstrate that zircons do not always capture the full history
of magmatic system. The significant positive correlation between bulk-rock Hf isotope ratios and TiO2 content (R2 = 0.94)
indicates that Ti-rich minerals (e.g., ilmenite, amphibole) are likely important Hf hosts. The early-formed Ti-rich minerals
possibly record different Hf isotopes from those of zircons crystallized subsequently, thus causing discrepancy between zircon
and bulk-rocks and leading to bulk-rock Nd-Hf isotope decoupling. Correlations between bulk-rock TiO2 content, Mg iso-
topes and Hf isotopes indicate a mixing process, with granite and gabbronorite representing two compositional endmembers.
Because Ti minerals have higher crystallization temperatures than zircons, when the mixing melts have contrasting isotopes
(or from heterogeneous sources/have a strong crustal contamination), the bulk-rock and zircon Hf isotope discrepancies
reflect mineral crystallization sequence during mafic and felsic magma mixing. It is thus imperative to consider early formed
minerals such as Ti-rich minerals and the bulk rock composition, not just zircons, when using Hf isotopes to track melt evo-
lution and precisely constrain mantle contribution to granitoid petrogenesis.
� 2019 Elsevier Ltd. All rights reserved.

Keywords: Hf isotope discrepancy between zircons and their bulk-rocks; Nd-Hf isotope decoupling; Ti-rich mineral; North Qilian; granitoids
1. INTRODUCTION

Quantitative understanding of petrogenesis and crust-
mantle evolution has advanced greatly in recent years
because of increased routine analysis of zircon in-situ Hf
isotopes. Zircon grains in common crustal rocks host a
large amount of Hf in the rock and zircon Hf isotopes
https://doi.org/10.1016/j.gca.2019.05.031
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can thus be used to constrain the initial Hf isotopes of
the bulk magma at the time of crystallization due to the
very low Lu/Hf ratios in zircons (Patchett, 1983; Vervoort
and Blichert-Toft, 1999; Schmitz et al., 2004; Li et al.,
2010; Chu et al., 2011). Because of its advantage to unfold
the timing and magnitude of different endmember input,
and because of the advances in the LA-MC-ICP-MS tech-
nique, zircon (vs. bulk rock) Hf isotope composition
becomes much easier to acquire, in situ Hf isotopic compo-
sition of zircons, rather than bulk rock samples, has thus
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been widely used to reveal the petrogenesis of igneous rock
in the same way as the bulk rock Nd isotopes.

However, increasing studies have shown that zircon Hf
isotopes do not necessarily reflect the isotope composition
of their source. Given the very low Lu/Hf ratios in zircons,
zircon Hf isotopes are less radiogenic over time than non
zircon phases. Disequilibrium melting of zircons would pro-
duce apparent variations of Hf isotopes in the melt (Gerdes,
2012; Tang et al., 2014; Wang et al., 2017). In mafic mag-
matic systems, zircons appear on the liquidus at a late stage
(basaltic-andesite stage) and their Hf isotope compositions
are, therefore, controlled by open-system magma chamber
processes (crustal assimilation/contamination) as well as
parental magmas (Dickinson and Hess, 1982; Hanchar
and Watson, 2003; Zheng et al., 2006; Boehnke et al.,
2013). This has been observed in post-collisional mafic
magmas with zircons biasing towards crustal signatures
(Couzinie et al., 2016). On the other hand, Ti minerals
can host a significant portion of Zr in rocks, and are also
major hosts of Hf due to the nearly identical Zr-Hf geo-
chemical behavior. For example, ilmenite in highly frac-
tionated intrusions contains 200–1400 ppm of Zr (Jang
and Naslund, 2003) and in mafic dykes contains up to
3850 ppm of Zr (Pearce, 1990) while the Zr/Hf ratio in ilme-
nite generally remains chondritic (37–40, Jang and
Naslund, 2003; Bea et al., 2006). Amphibole also contains
significant amounts of Zr and Hf (Bea et al., 2006). It is
possible that Ti-rich minerals and zircons have different
Hf isotope compositions if they derive from different
batches of magma or crystallize at different stages in an
evolving open-system chamber. All these observations
require caution in using zircon Hf isotopes to discuss
sources and processes of magmatism.

Hafnium isotopes have often been used together with Nd
isotopes to discuss the petrogenesis of magmatic rocks. Neo-
dymium isotopes generally behave similarly to Hf isotopes
in terrestrial rocks (eHf �1.5 * eNd, Vervoort and Blichert-
Toft, 1999; Chauvel et al., 2008), and thus a correlated
Nd-Hf isotope variation would probably reflect relatively
simple processes dominated by magmatism controlled by
the relatively less incompatible behavior of the radioactive
parents (Sm, Lu) over the radiogenic daughters (Nd, Hf),
i.e., Kd (Sm/Nd) > 1 and Kd (Lu/Hf) > 1. Studies have dis-
covered Nd-Hf isotope decoupling in continental litho-
spheric mantle rocks (Salters and Zindler, 1995; Griffin
et al., 2000; Pearson and Nowell, 2003; Nowell et al.,
2004), mantle-derived basalts (Chen et al., 2009; Hoffmann
et al., 2010; Rizo et al., 2011; Zeng et al., 2011) and lower
crustal granulites (Schmitz et al., 2004), reflecting important
yet poorly understood processes. By contrast, Nd-Hf iso-
tope relationship in granitoids is relatively less discussed,
largely because that the large variation of zircon in situ eHf

values is common. Huang et al. (2017) discussed a special
case for granites from the Qilian Jinfosi Batholith with
decoupled bulk rock Nd-Hf isotopes interpreted as being
produced by reworking of ancient garnet-bearing residue.
If Hf isotopes in zircons and bulk rocks do not always equal,
it is important to understand the origins of Hf isotope
discrepancies between them before using Nd-Hf isotopes
to discuss the petrogenesis of the granitoids under study.
In this paper, we report bulk-rock major and trace ele-
ment compositions, zircon geochoronology, zircon Hf iso-
topes and Sr-Nd-Pb-Hf-Mg isotope geochemistry for a
granitoid sample suite in the Qilian Orogenic Belt, on the
northern Tibetan Plateau. Our results suggest that the likely
scenario responsive for Nd-Hf isotope decoupling is that
Ti-rich minerals can buffer Hf isotopes of bulk rocks. Pre-
vious studies suggest that Ti-rich cumulates have heavier
Mg isotopic compositions than normal igneous rocks
(Wang et al., 2014), probably because Ti-rich minerals, such
as ilmenite, have extremely heavier Mg isotope composi-
tions than silicate minerals (Chen et al., 2018). Thus, Mg
isotopes are also applied to better understand the petroge-
nesis of the sample suite. The significant discrepancy
between zircon and bulk-rock Hf isotopes, and the decou-
pling between bulk-rock Nd and Hf isotopes indicate that
zircons do not always trustfully capture the full magmatic
history of igneous rocks that evolved in an open system
involving interactions between isotopically contrasting
magmas, in which case, Hf isotopes of early formed miner-
als (e.g., Ti-rich minerals) and/or bulk rocks are needed
when discussing the petrogenesis of granitoids.

2. GEOLOGICAL BACKGROUND

The North Qilian Orogenic Belt (NQOB) is regarded as
a typical oceanic suture zone on the northernmost margin
of the Greater Tibetan Plateau (Fig. 1). It contains ophio-
lite sequences, metamorphic rock assemblages and mag-
matic rocks. The magmatic rocks are largely arc related
volcanic rocks and I-type granitoid plutons dated from
516 Ma to 446 Ma (Wang et al., 2005; Chen et al., 2014).
The subduction-related high pressure (HP) metamorphic
rocks structurally coexist with magmatic rocks (Wu et al.,
1993; Zhang et al., 1997, 2007; Liu et al., 2006; Song
et al., 2004, 2006). HP rocks in the NQOB include low-
grade blueschist rocks and high-grade blueschist assem-
blages (Song et al., 2013). Metamorphic P-T conditions
for the low-grade blueschist rocks are 250—375 �C and
0.6–1.1 GPa (Song et al., 2009; Zhang et al., 2009). P-T con-
ditions for the high-grade blueschist rocks are 445–530 �C
and 2.15–2.5 GPa (Song et al., 2007; Yu et al., 2009). Meta-
morphic ages for the high-grade blueschists range from
463 Ma to 489 Ma whereas the low-grade blueschists are
much younger (Lin et al., 2010).

From south to north, the NQOB is subdivided into
southern ophiolite belt, middle arc magmatic belt and
northern back-arc ophiolite-volcanic belt (Fig. 1) (Song
et al., 2013). Mantle peridotites, mafic-ultramafic cumulates
and basalts are found within the southern ophiolite belt,
indicating seafloor spreading at �560–500 Ma (Shi et al.,
2004; Tseng et al., 2007; Song et al., 2009, 2013). The mid-
dle arc magmatic belt consists of boninite, arc-volcanic
complex and granitoids. The boninite complex was pro-
duced from continuous melting of a mantle wedge during
�517–487 Ma (Xia et al., 2012). The arc-volcanic complex
consists of mostly felsic rocks with a small amount of inter-
mediate to mafic rocks of �500–450 Ma (Wang et al., 2005;
Song et al., 2013). The northern back-arc sub-belt consists
of �490–449 Ma ultramafic rocks, cumulates and basalts,



Fig. 1. Schematic map showing major tectonic units of West China and the North Qilian Orogenic Belt after Song et al., (2013) and Huang
et al., (2017).
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indicating a back-arc extension setting (Song et al., 2009,
2013; Xia and Song, 2010; Xia et al., 2012).

The Kekeli batholith is located within the southern
ophiolite belt of the North Qilian Orogenic Belt, intruding
the Precambrian meta-volcanic, pelitic and clastic rocks.
This batholith is mostly diorite-granodiorite with minor
plagiogranite (Wu et al., 2010), and is characterised by
the presence of a large amount of mafic magmatic enclaves
(MMEs) (Fig. 2). The contacts between MMEs and host
rocks are gradational and some of them show interaction
with the host rock. Wu et al. (2010) report an age of
501 Ma for the granodiorite and an age of 512 Ma for the
plagiogranite from the Kekeli Batholith. They suggest that
the granodiorite was derived from subducted oceanic crust
while the plagiogranite was produced by partial melting of
gabbro based on the age constraint and petrologic
observations.

3. PETROLOGY

Samples from the Kekeli batholith include gabbronorite,
mafic diorite cumulate, host diorite and granite, of which
gabbronorite and cumulates occur as enclaves in the host
diorite (Fig. 2). Sample details and mineral assemblages
are given in Table 1. Mineral assemblages were obtained
by point counting. The textures under microscope show
that samples are not affected by metamorphism except
one sample with greenschist mineral overprint (see below).

The granite has a mineral assemblage of plagioclase (Pl),
K-feldspar (Kfs), quartz (Qtz) and biotite (Bt) (Fig. 2) with
accessory minerals of apatite and zircon. The granite has no
enclaves. The diorite contains a large number of mafic
enclaves (Fig. 2). The enclaves are fine-grained and darker
than the host. They are rounded or ovoid, but some are
irregular, commonly 10–50 cm in diameter. Their contacts
with the host can be sharp, gradational or in jigsaw shape
(Fig. 2). The enclaves include two types of MMEs: mafic
diorite and gabbronorite. The mafic diorite has cumulative
and heteradcumulate textures and contains dominantly
amphibole and plagioclase as well as various quartz and
K-feldspar as interstitial phases (Fig. 2). Overprint of
greenschist facies metamorphism is apparent in one sample
(QL10-27; tremolite, actinolite, epidote, chlorite, etc.). The
cumulate textures in the mafic diorite and the same miner-
alogy as in their host indicate that the mafic diorite is the
cumulate crystallized from their host magma (Niu et al.,
2013; Huang et al., 2014; Chen et al., 2016). The gab-
bronorite also appears as an enclave in the host and much
rare than the mafic diorite. It is �20 cm in diameter and has
a gradational contact with the host showing increasing
modal pyroxene. This transitional rind is about 2–3 cm
wide. The gabbronorite has a mineral assemblage of
orthopyroxene (Opx), clinopyroxene (Cpx), plagioclase
(Pl), ilmenite (ilm) (�4% modal abundances) and accessory
minerals (Table 1, Fig. 2). Pyroxene (Px, include Cpx and
Opx) is characterized by replacement rims of amphibole
(Amp) and biotite (Bt) (Fig. 2). Accessory minerals such
as apatite and zircon are also present. The gabbronorite
has different minerals from the host diorite and shows no
cumulative texture, indicating its non-cumulative origin.



Fig. 2. Field photos of the Kekeli Batholith and photomicrographs under plane polarized light of the representative granite, diorite, cumulate
and gabbronorite.
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4. METHODS

Each sample was cut into 3 splits for thin section,
bulk-rock powder and zircon selection, respectively. For
geochemical analysis, all the rock chips were fresh with
weathered surfaces and pen/saw marks removed and
then cleaned in 5% HCl and Milli-Q H2O ultrasonic bath
before powdering in agate mills in an clean environment



Table 1
Sample location and brief description of samples Kekeli, the North Qtzilian Orogenic Belt.

Sample Age (Ma) GPS position Mineral assemblage

QL10-14 501 N38�24045.70’ E99�25038.10 0 Granite, Bt13%, Pl30%, Kfs15%, Qtz42%
QL10-15 501 N38�24045.70’ E99�25038.10 0 Granite, Bt/Chl22%, Kfs11%, Pl20%, Qtz46%
QL10-20 N38�23049.30’ E99�20007.70’ Cumulate, Amp50%, Pl26%, Kfs10%, Qtz10%, Ep2.5%, ilm1.6%
QL10-21 503 N38�23049.30’ E99�20007.70’ Cumulate, Amp62%, Pl23%, Kfs, Qtz13%, Ep0.75%
QL10-22 N38�23049.30’ E99�20007.70’ Cumulate, Amp80%, interstitial Pl, Kf, Qtz, cumulate texture
QL10-23 502 N38�23049.30’ E99�20007.70’ Diorite, Amp27%, Pl44%, Kfs10%, Qtz16%
QL10-24 500 N38�23049.30’ E99�20007.70’ Diorite, Amp24%, Pl36%, Kfs25%, Qtz15%
QL10-25 500 N38�23049.30’ E99�20007.70’ Cumulate, Tremolite (Amp) 64%, Pl34%,Kfs0.5%.Qtz 1.75%
QL10-26 500 N38�23049.30’ E99�20007.70’ Gabbronorite, Pyroxene28%, Bt10%, Amp12%, Qtz18%, Pl18%, Kfs:9%, Fe-Ti

oxides: 4.2%
QL10-27 500 N38�23049.30’ E99�20007.70’ Diorite, tremolite34%,Pl 25%, Qtz 30%, Kfs10%

H. Huang et al. /Geochimica et Cosmochimica Acta 259 (2019) 17–36 21
(see Huang et al., 2014). Zircons were extracted using heavy
liquid and magnetic separation methods.

4.1. Bulk rock major and trace elements

Bulk-rock major element analysis was done using X-ray
fluorescence (XRF) on fused glass disks in the Tianjin Insti-
tute of Geology and Mineral Resources, China following
the method of Li et al. (2011). Trace element analysis was
done using acid digestion in bombs and inductively coupled
plasma mass spectrometer (ICP-MS, Thermo Scientific X
seriesII) in the Tianjin Institute of Geology and Mineral
Resources. The precision on standards (GSR-1, GSR-3,
GSR-8, GSR-9) was better than 3% and mostly better than
0.5%. Zircons were selected and mounted under a binocular
microscope. Cathodoluminescence (CL) images were taken
to document the internal structures of zircon crystals. All
the zircon grains are �100–300 mm.

4.2. Bulk rock Sr-Nd-Pb-Hf isotope analysis

The bulk-rock Sr-Nd-Pb-Hf isotopes were measured
using Neptune multicollector inductively coupled plasma
spectrometry (MC-ICP-MS) at the Arthur Holmes Isotope
Geology Laboratory at Durham University, UK. About
100 mg of sample powder was dissolved in distilled 29 M
HF and 16 M HNO3 mixtures in screw-top Savillex Teflon
beakers on a hotplate for 1–5 days and occasionally put
into ultrasonic bath to promote complete dissolution. Sr,
Pb and Nd-Hf fractions were separated using Sr-spec resin
columns to obtain pure Sr, Pb fractions and Nd-Hf bearing
fractions. The Nd-Hf fraction was then separated by Hf-Nd
cation exchange resin (Bio-Rad AG50X-8) column follow-
ing the Hf-Ti anion exchange columns to remove any Ti
that may have remained in Hf fraction. The international
rock standard BHVO-1 and blank samples were processed
simultaneously with samples from weighing till final analy-
sis per sample batch during the analytical session.

All the isotope fractions from ion-exchange columns
were evaporated to white paste dryness, dissolved in 6N
HCl, heated to dryness and then Sr, Nd, and Pb fractions
were taken up in 1 mL 3% HNO3 solution and Hf fractions
were taken up in 0.5 ml 3% HNO3–1NHF. Sr, Nd, and Pb
samples were introduced into instrument using an ESI
PFA-50 microflow nebuliser and a dual cyclonic-Scott
Double Pass spraychamber. With this sample introduction
set up, the H skimmer cone was used. Hf fractions were
introduced into an ESI PFA50 nebulizer together with a
Cetac Aridus desolvator. With this sample introduction
set up, the high sensitivity X skimmer cone was used and
the sensitivity for Hf on the Neptune was 400 V/total Hf
ppm. For each element, the analysis was based on the aver-
age of 50 measurement cycles with an integration time of 4
seconds per cycle. Sample uptake rates were 100 ll/min.
Details of instrument operating conditions are presented
in Nowell et al. (2003) and Dowall et al. (2003). The
long-term performance of the Durham Neptune for the
Sr-Nd-Hf isotopes is given in Nowell et al. (2003). The
international standards NBS987, J&M, NBS981 and
JMC475 were analysed every five samples to monitor the
instrument drift and data quality for Sr, Nd, Pb and Hf iso-
tope analyses, respectively.

The Sr standard NBS987 yielded average 87Sr/86Sr of
0.710277 ± 0.000020 (2SD, n = 39). All the data were nor-
malized to the accepted 87Sr/86Sr ratio for NBS 987 of
0.71024 (Thirlwall, 1991). Total analytical blanks for Sr iso-
topes were <100 pg. The average 143Nd/144Nd for both pure
and Sm-doped J&M was 0.511107 ± 0.00012 (2SD, n = 47)
with all data normalized to the accepted 143Nd/144Nd ratio
for J&M of 0.511110 (Thirlwall, 1991). The 143Nd/144Nd
ratio for international rock BHVO-1 was 0.512988
± 0.000008 (2SD, n = 5) which is in agreement with
0.512986 ± 0.000009 by Weis et al. (2005). Total analytical
blanks for Nd isotopes were below 37 pg. For Pb isotopes,
mass bias was corrected for using 205Tl/203Tl ratios and an
exponential law. The best fit ratio for all the Pb ratios was
determined for each analytical session by minimizing the
difference in offset between all the Pb ratios and the Galer
(1999) values. 205Tl/203Tl ratio in this analytical session
for mass bias was 2.38854. The average ratios for
NBS981 were 206Pb/204Pb = 16.941 ± 0.001, 207Pb/204Pb =
15.497 ± 0.001, 208Pb/204Pb = 36.716 ± 0.002. The
206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb ratios for
BHVO-1 were 18.689, 15.576 and 38.366, in agreement with
the GEOREM accepted value (206Pb/204Pb = 18.692
± 0.008, 207Pb/204Pb = 15.572 ± 0.006, 208Pb/204Pb =
38.355 ± 0.022). Total blanks for Pb isotopes were below
90 pg.
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For Hf isotopes, instrumental mass bias was corrected
using a 179Hf/177Hf ratio of 0.7325 and an exponential
law. Corrections for isobaric interferences from 176Yb and
175Lu on 176Hf were made by monitoring 172-173Yb and
175Lu. The average 176Hf/177Hf for Hf standard JMC475
was 0.282145 ± 0.000008 (2SD, n = 37). Data were normal-
ized relative to the accepted 176Hf/177Hf ratio for JMC475
of 0.282160 (Nowell et al., 1998). The 176Hf/177Hf of the
international rock standard BHVO-1 was 0.283105
± 0.000002 (2SD, n = 5), in agreement with Weis et al.
(2007) (0.283106 ± 0.000012). Total analytical blanks for
Hf isotopes were below 55 pg. The potential problem about
Hf isotope analysis using Teflon-beaker dissolution method
may come from the incomplete dissolution of zircons.
Therefore, reproducibility was checked by analysing one
or two replicates of the same samples on different powders
in each sample batch with sample SiO2 ranging from 48.4
wt% to 72.5 wt% (given in supplements). The reproducibil-
ity is <66 ppm and <92 ppm for Nd and Hf isotopes (in
supplements), respectively. Analytical artifacts are highly
unlikely in this study because granite samples have reason-
ably consistent zircon eHf(t) and bulk-rock eHf(t) values
while the gabbronorite has a big contrast between them,
which conflicts with outcomes of incomplete dissolution
(see Discussion 6.1).

4.3. Mg isotope analysis

Mg isotopes were measured on a Nu Plasma II MC-
ICP-MS at University of Washington, Seattle, following
Teng et al. (2015). Three standards, Kilbourne Hole (KH)
olivine, San Carlos (SC) olivine, and seawater, were pro-
cessed together with samples for each batch of column
chemistry. 26Mg, 25Mg and 24Mg were measured simultane-
ously with the standard-sample bracketing protocol. Mag-
nesium isotopic results are reported in d notation in per
mil relative to DSM-3: d26Mg (‰) = [(26Mg/24Mg)sample/
(26Mg/24Mg)DSM-3–1] � 1000. Three in-house standards:
KH olivine, SC olivine and seawater, yielded average
d26Mg values of �0.25 ± 0.03 (n = 3), �0.25 ± 0.04
(n = 3), and �0.84 ± 0.03 (n = 6), respectively, which agree
with previously reported values (Teng et al., 2015).

4.4. Zircon U-Pb isotope dating and Rare Earth Element

Zircon U-Pb isotope compositions and trace elements
were simultaneously measured on an Agilent 7500a Q-
ICP-MS equipped with a GeoLas 2005 at China University
of Geosciences, Wuhan (CUGW) and on an Agilent 7500a
Q-ICP-MS equipped with a UP-193 solid-state laser at
China University of Geosciences, Beijing (CUGB). Proce-
dures are similar to those by Liu et al. (2008a,b, 2010)
and Song et al. (2010). At CUGW, a small amount of nitro-
gen was added into the argon + helium make-up gas in
order to improve the precision and decrease the detection
limit. The laser beam was set 32 lm. Each analysis incorpo-
rated 20–30 s of background acquisition and 50 s of data
acquisition. Off-line integration of background and peak
signals, drift correction, quantitative calibration for trace
element analysis and U-Pb dating were performed using
in-house software ICPMSDataCal provided by the lab
(Liu et al., 2010). Trace element concentrations were cali-
brated using internal standard free method. The average
analytical error ranges from ±10% for light rare earth ele-
ments (LREE) to ±5% for other trace elements. Zircon
91500 was used as the external standard and analysed twice
every 5 samples throughout the analytical session. Standard
silicate glass NIST SRM 610 was run every ten samples to
correct for instrumental sensitivity drift and mass discrimi-
nation for the trace elements. Age calculations and Concor-
dia plots were made using Isoplot (Ludwig, 2003). The
obtained mean 206Pb/238U ages for 91500 and GJ-1 are
1062.4 ± 0.8 Ma (2r, n = 129) and 599.8 ± 0.6 Ma (2r,
n = 79), respectively. These results are consistent with the
recommended values (Wiedenbeck et al., 1995; Jackson
et al., 2004). At CUGB, the procedure of laser sampling
is 5 s pre-ablation and 45 s sampling ablation. The counting
time for U, Th, Pb is 20 ms, and is 15 ms for other elements.
Isotopic ratios and element concentrations of zircons were
calculated using GLITTER (ver. 4.4, Macquarie Univer-
sity). Zircon standard 91500, TEMORA and NIST 610
were used during the analytical session. The obtained mean
206Pb/238U ages for 91500 are 1062.6 ± 3.3 (2r, n = 22).
Temora yielded apparent 206Pb/238U ages of 417.7
± 2.4 Ma (2r, n = 8), consistent with the recommended
value (416.75 ± 0.24 Ma, Black et al., 2003). Concordia
ages and diagrams were obtained using Isoplot/Ex (3.0)
(Ludwig, 2003).

4.5. Zircon Hf isotopes

Zircon in situ Hf isotope analysis was done directly on
top of the same pits as for U-Pb age dating using a Neptune
MC-ICP-MS equipped with a 193 nm laser, at the Institute
of Geology and Geophysics, Chinese Academy of Sciences
in Beijing, following Wu et al. (2006). Zircons with <10%
discordancy between 207Pb/235U and 206Pb/238U were anal-
ysed for Hf isotopes. The interference of 176Yb on 176Hf
was calculated by measuring the weighted mean mass bias
(bYb) for the same spot with 176Yb/172Yb = 0.5887 in order
to obtain precise correction for Yb interference on Hf (Wu
et al., 2006). The laser beam size was set 44 mm. Zircon
standard GJ-1 and Mud Tank were measured every ten
samples to monitor the instrument stability. The analyses
for GJ-1 (0.281998 ± 0.000016, 2r, n = 62) and Mud Tank
(0.282497 ± 0.000028, 2r, n = 60) agree with the recom-
mended values within 2r error (GJ-1, 0.282015
± 0.000019, Elhlou et al. (2006); Mud Tank, 0.282507
± 0.000006, Yuan et al., 2008). The reference zircon
Temora with high 176Yb/177Hf ratios (0.036 ± 0.020, 2r,
n = 12) gave 0.282685 ± 0.000032 (2r, n = 12), which are
identical to 0.282680 ± 0.000031 by Woodhead and Hergt
(2005) and Wu et al. (2006).

5. RESULTS

5.1. Major and trace element compositions of bulk rocks

Major and trace element data are given in Table 2.
Granite samples have high SiO2 (70–72.5 wt%), low TiO2



Table 2
Major and trace elements of Kekeli samples.

QL10-014 QL10-015 QL10-023 QL10-024 QL10-027 QL10-020 QL10-021 QL10-022 QL10-025 QL10-026
Granite Granite Diorite Diorite Diorite Cumulate Cumulate Cumulate Cumulate Gabbronorite

SiO2 70 72.5 55.9 60.1 60.8 47.1 51.1 45.2 46.6 48.4
TiO2 0.45 0.33 0.78 0.64 0.73 1.29 0.92 1.91 1.1 3.02
Al2O3 14.1 13.6 17.3 15.5 15.8 11.4 16.1 10.6 15.45 15.2
Fe2O3 0.66 0.59 2.55 1.49 1.31 4.22 3.65 5.48 2.54 3.97
FeO 2.32 1.64 4.87 4.57 4.65 9.8 5.72 11.3 7.48 8.76
MnO 0.053 0.044 0.13 0.11 0.093 0.29 0.19 0.31 0.16 0.21
MgO 1.52 1.2 3.07 3.27 3.1 6.44 4.22 7.25 11.4 4.38
CaO 1.74 1.67 7.12 4.21 2.95 12.1 8.93 11.9 8.88 7.54
Na2O 2.9 2.56 3.25 2.8 3.78 1.78 2.82 1.11 2.23 3.19
K2O 4.53 4.17 2.62 4.73 3.77 1.06 3.31 1.15 0.9 2.72
P2O5 0.1 0.082 0.52 0.4 0.5 2.21 1.01 0.92 0.17 1.2
LOI 1.39 1.39 1.37 1.62 1.93 1.14 1.34 1.59 2.23 0.4
Total 98.37 98.39 98.11 97.82 97.48 97.69 97.97 97.13 96.91 98.59
A/CNK 1.10 1.15 0.82 0.89 1.01 0.44 0.66 0.43 0.74 0.69

1.56 1.63 0.81 1.69 1.00 0.60 1.17 1.04 0.40 0.85
Li 34.6 44.8 6.53 15.4 18 8.1 6.22 6.37 10.6 17.5
Sc 9.47 8.47 17.5 16.3 18.1 26 22.2 42.7 25.1 28.4
Cr 27.4 15.9 16.8 36.8 37.2 22.9 17.8 48.1 50.6 13.8
Co 5.69 2.86 17.6 16.2 14 34.2 24.6 36.9 55.6 26.8
Ni 10.1 9.21 7.14 9.13 6.9 15.7 11.5 14.6 23.5 10.4
Ga 19.7 17.2 21.6 19 19.5 25 21.1 27 15.4 23.5
Rb 207 186 89.1 168 165 24.2 97.2 21.1 36.3 94.2
Sr 98.2 81.9 866 607 450 450 860 461 214 430
Y 44.3 40.8 28.8 24.8 32.6 71.7 38.1 83.6 21.4 55.5
Zr 237 159 232 276 274 834 311 512 103 209
Nb 19.7 13.1 16.2 17 19 25 14.9 53 6.92 21.9
Ba 612 470 1010 1270 1010 101 2010 91 275 2000
La 49.4 32.7 40.1 57.4 101 318 122 265 12.2 62.6
Ce 99.8 64.5 98.1 110 178 589 229 439 27 134
Pr 12.5 7.97 14 13.6 20.6 65.1 28 50.3 3.92 18.5
Nd 46.7 29.4 58.1 51.6 75.1 225 109 184 17.6 78.7
Sm 9 6.01 10.9 9.42 12.9 32.6 19.2 32.7 4.09 15.5
Eu 1.05 0.98 2.59 2.29 2.86 7.34 3.75 6.37 1.29 4.33
Gd 8.24 5.83 8.9 7.79 10.5 26.5 15.5 26.5 4.11 13.7
Tb 1.39 1.14 1.23 1.06 1.39 3.24 1.93 3.69 0.68 2.04
Dy 8.06 7.24 6.06 5.11 6.82 14.8 8.69 18 4.09 11.5
Ho 1.59 1.47 1.04 0.91 1.15 2.56 1.41 3.09 0.83 2.16
Er 4.42 4.21 2.69 2.37 3.06 6.9 3.48 8.1 2.27 5.67
Tm 0.67 0.66 0.38 0.34 0.44 1 0.47 1.15 0.34 0.79
Yb 4.28 4.29 2.45 2.19 2.77 6.72 2.99 7.49 2.19 4.98
Lu 0.63 0.64 0.38 0.34 0.41 1.07 0.47 1.09 0.33 0.75
Hf 7.84 5.26 6.24 7.24 7.29 20.7 7.92 14.5 3.13 5.88
Ta 1.72 1.27 0.85 1.12 1.2 1.56 0.67 4.69 0.43 1.22
Pb 27.1 21.4 26.4 52.2 17.8 46.1 64.2 17.2 7.06 9.77
Th 25.8 12 6.79 18.2 27.8 82.8 17.3 72.6 2.51 4.6
U 5.12 2.84 3.66 4.53 4.94 21.5 5.13 13.1 0.61 0.89
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(0.45–0.73 wt%), and high K2O/Na2O (1.56–1.63). Negative
Eu anomalies are significant (0.37–0.50, Fig. 3a) and nega-
tive Sr and Ti anomalies are the largest among all samples
(Fig. 3b). Diorites have lower SiO2 (55.9–60.8 wt%), higher
TiO2 (0.64–0.78 wt%), and lower K2O/Na2O (0.81–1.69).
Eu-Pb-Ti anomalies in the diorite are smaller than in the
granite (Fig. 3b). Compared to granite and diorite samples,
the cumulates have lower SiO2 (45.2–51.1 wt%), higher
TiO2 (0.92–1.91 wt%), and lower K2O/Na2O (0.40–1.17).
Eu-Pb-Ti anomalies in the cumulates are small (Fig. 3c,
d). The gabbronorite exhibits to some extent dual
signatures characterized by enrichment in both compatible
and incompatible elements. It has high contents of
FeOT + MgO (16.71 wt%), TiO2 (3.02 wt%), K2O + Na2O
(5.91 wt%), LREEs and HFSEs (Fig. 3c, d) and low con-
tents of Ni and Cr (e.g. Ni:10.4 ppm, Cr:13.8 ppm, Table 2).
These features indicate that the gabbronorite precipitated
from an evolved magma.
5.2. Sr-Nd-Pb-Hf-Mg Isotope compositions of bulk rocks

Bulk-rock Sr-Pb-Nd-Hf-Mg isotope data are given in
Table 3. In the following discussion, ISr, Pb(i), eNd(t) and
eHf(t) refer to the age (500 Ma) corrected values, whereas
eNd and eHf refer to the present-day values.



Fig. 3. Chondrite-normalized (Sun and McDonough, 1989) rare earth element (REE) (a, c) and primitive mantle-normalized (Sun and
McDonough, 1989) multi-element (b, d) patterns for Kekeli samples.
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The gabbronorite has the most depleted Hf isotope com-
positions with eHf(t) of +25.7 at eNd(t) of �1.8, thus Nd and
Hf isotopes are significantly decoupled. The cumulates have
less decoupled Nd-Hf isotopes with eHf(t) values of +5.2 to
+8.0 at eNd(t) values of +0.2 � +0.6. The host diorite has
eNd(t) values of +0.2 � +0.7 and eHf(t) values of +3.6 �
+5.6, overlapping the cumulate values. The granite samples
have the lowest eNd(t) values (�5.9 � �6.6) and the lowest
eHf(t) values (�5.0 � �2.0) (Table 3). The cumulates and
host diorites have similar ISr values (0.707–0.708). The gab-
bronorite has slightly radiogenic Sr isotopes (ISr of 0.710)
and the granite has the most radiogenic Sr isotopes (ISr of
0.733–0.740). All the samples have similar and radiogenic
Pb isotopes (206/204Pb = 18.497–19.477). Overall, bulk-
rock eHf(t) values define a broad negative trend with SiO2

(and broad positive correlations with FeO, MgO and
MnO) with the granite being slightly negative and other
samples largely positive (Fig. 4a). Importantly, the bulk-
rock eHf(t) defines a tight positive correlation with TiO2

(R2 = 0.94, Fig. 4b). The entire sample suite exhibits vary-
ing degrees of bulk-rock eHf(t) � eNd(t) decoupling, increas-
ing from the granite to the gabbronorite (Fig. 4c).

The d26Mg values range from �0.29‰ to �0.12‰, with
the gabbronorite and cumulates having relatively heavier
Mg isotopic compositions than the granite (Fig. 5a). The
d26Mg values display positive trends with Hf isotopes and
TiO2, but have a negative trend with SiO2 (Fig. 5).
5.3. Zircon trace elements and geochronology

Zircon U-Pb age data, rare earth elements (REE), in situ

Hf isotopes and standard data are reported in the
supplements.

5.3.1. Granite

The granite samples contain magmatic zircons as well as
inherited cores with magmatic overgrowth rims (Fig. 6).
They exhibit various internal structures (Fig. 6). Some of
them display magmatic oscillatory zoning while others
show homogenous, core-mantle-rim texture, planar band-
ing, patchy, fir-tree or radial sector zoning. The magmatic
zircons display a typical zircon REE pattern (Fig. S1),
e.g., the steeply-rising slope from LREE to HREE with a
positive Ce-anomaly and negative Eu-anomaly is consistent
with an igneous origin. Whereas some grains show LREE
enrichment, decreased Ce anomaly or flat HREE patterns
(Fig. S1). Enriched LREEs are typical for hydrothermal zir-
cons (Hoskin, 2005) or the analysis of apatite inclusion.
Hydrothermal alteration can cause Pb loss or Lu loss in zir-
con without affecting 176Hf/177Hf ratios. It affects calcu-
lated initial 176Hf/177Hf values because of the lowered Lu/
Hf ratios (Gerdes, 2009); however, this influence is negligi-
ble due to the very low Lu/Hf ratios in zircon. To avoid
potential problem in comparing zircon Hf isotopes to whole
rock Hf isotopes, we filtered zircons by using zircon REEs:



Table 3
Bulk-rock Sr-Nd-Hf-Pb-Mg isotopic data and zircon weighted-mean eHf(t) of samples in Kekeli. Age corrected to 500 Ma.

QL10-14 QL10-15 QL10-23 QL10-24 QL10-27 QL10-20 QL10-21 QL10-25 QL10-26
Granite Granite Diorite Diorite Diorite Cumulate Cumulate Cumulate Gabbronorite

176Lu/177Hf 0.011 0.017 0.008 0.007 0.008 0.007 0.008 0.015 0.018
176Hf/177Hf 0.282520 0.282489 0.282675 0.282689 0.282646 0.282763 0.282695 0.282796 0.283364
2r 0.000005 0.000007 0.000009 0.000008 0.000007 0.000006 0.000009 0.000007 0.000009
eHf(t) �2.0 �5.0 4.4 5.6 3.6 8.0 5.2 6.7 25.7
Zirocn average eHf(t) �5.9 �6.5 �1.2 �0.4 �0.7 N/A �2.7 5.4 1.8
Ti-in-zircon (�C)* 782 783 693 744 751 733 736 715
Zr-WR temperature (�C)** 822 795 747 787 805 656 712 636 679

147Sm/144Nd 0.116938 0.124039 0.113837 0.110773 0.104227 0.087916 0.106882 0.141007 0.119506
143Nd/144Nd 0.512067 0.512057 0.512371 0.512359 0.512365 0.512286 0.512369 0.512483 0.512289
2r 0.000011 0.000014 0.000007 0.000007 0.000008 0.000011 0.000009 0.000009 0.000005
eNd(t) �5.9 �6.6 0.2 0.2 0.7 0.2 0.6 0.6 �1.8

d26Mg (DSM3) �0.27 �0.29 �0.23 �0.24 �0.17 �0.12 �0.25 �0.24 �0.16
2r 0.06 0.06 0.10 0.10 0.10 0.10 0.10 0.10 0.10

87Rb/86Sr 5.97 6.43 0.29 0.78 1.04 0.15 0.32 0.48 0.62
87Sr/86Sr 0.77537 0.78554 0.70999 0.71295 0.71428 0.70929 0.71036 0.71171 0.71441
2r 0.00007 0.00010 0.00009 0.00009 0.00009 0.00010 0.00006 0.00008 0.00008
ISr 0.733 0.740 0.708 0.707 0.707 0.708 0.708 0.708 0.710

206Pb/204Pb 19.960 19.608 19.362 19.142 20.837 21.051 18.888 19.195 19.106
2r 0.001 0.001 0.001 0.002 0.001 0.002 0.001 0.001 0.002
207Pb/204Pb 15.712 15.688 15.688 15.673 15.773 15.783 15.661 15.672 15.668
2r 0.001 0.001 0.001 0.001 0.001 0.002 0.001 0.001 0.001
208Pb/204Pb 39.795 38.678 38.503 38.730 40.418 41.175 38.534 39.101 39.229
2r 0.004 0.004 0.004 0.004 0.004 0.005 0.003 0.004 0.003
208Pb/204Pbi 38.30 37.80 38.10 38.18 37.96 38.35 38.11 38.54 38.49
207Pb/204Pbi 15.66 15.65 15.65 15.65 15.69 15.65 15.64 15.65 15.64
206Pb/204Pbi 19.03 18.96 18.68 18.72 19.48 18.77 18.50 18.77 18.66

Ti-in-zircon (�C)*: Ferry and Watson, 2007 CHUR: 176Hf/177Hf = 0.282785, 176Lu/177Hf = 0.0336, 143Nd/144Nd = 0.512630, 147Sm/144Nd = 0.1960, Bouvier et al. (2008);
k176Lu = 1.867E-11 yr�1, Söderlund et al. (2004); k147Sm = 6.54E � 12 yr�1, Lugmair and Marti (1978); k87Rb = 1.42
E � 11 yr�1, Steiger and Jäger, 1977; k238U = 1.55 � 10–10 yr�1, k235U = 9.85 � 10–10 yr�1, k232Th = 4.95 � 10–11 yr�1, Jaffey
et al., 1971.

Zr-BR temperature (�C)**: Miller et al., 2003
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Fig. 4. Bulk-rock (BR, solid symbols) and zircon (open symbols)
Hf isotope variation against SiO2 (a) and TiO2 (b), showing
significant positive correlation of bulk-rock ƐHf(t) and TiO2(-
R2 = 0.94); (c) bulk-rock and zircon Hf isotope variation against
bulk-rock Nd isotopes, showing bulk-rock Hf-Nd isotope decou-
pling, but zircon Hf isotopes are coupled with bulk-rock Nd
isotopes. Error bars for bulk rock values are smaller than symbols.

60%70%

Fig. 5. Bulk-rock d26Mg variation against SiO2, TiO2 and ƐHf(t).
(b, c) The samples plot along the apparent mixing trend with the
granite and the gabbronorite as two endmembers.
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those having high LREEs were not analysed for Hf iso-
topes. The varying features indicate complex histories or
origins of these zircons. Th/U ratios range from 0.1 to
1.61 with the metamorphic cores having Th/U < 0.1
(Table S1).



Fig. 6. Zircon cathodoluminescence (CL) images. Dash circles represent zircon U-Pb dating. Solid circles represent Hf isotope analysis.
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Zircon rims with oscillatory zoning yielded the crystal-
lization age of 500.7 ± 2.1 Ma and 502.4 ± 4.0 Ma for
granite samples QL10-14 and QL10-15, respectively. Two
grains in QL10-14 with blurry zones and flat heavy-REEs
yielded a coherent U-Pb age of �501 Ma (Table S1). Two
grains in QL10-15 with similar CL images and flat HREEs
also yielded coherent U-Pb ages of �501 Ma. Seven inher-
ited zircon cores in QL10-15 plot along or close to the Con-
cordia, yielding 207Pb/206Pb ages of 1317 to 2634 Ma. Such
varying features in the zircon morphology and REE pat-
terns indicate an anatexic origin for the granite.

5.3.2. Diorite and enclosed cumulates

The diorite and cumulate samples contain abundant
magmatic zircons as well as minor inherited grains similar
to those in the granite (Fig. 6). They are mostly fragments,
homogenous or have oscillatory bands (Fig. 6), exhibiting
the smallest Eu anomaly (QL10-25 Fig. S1), consistent with
a small Eu anomaly in the bulk-rock REE pattern (Fig. 3).
The diorite sample QL10-27 exhibits a low-grade metamor-
phic mineral assemblage (see above), which is reflected in
the zircon REE pattern with some grains having enriched
LREEs without a Ce anomaly (Fig. S1). Some zircons plot
slightly off the Concordia, but the zircon populations still
define a well constrained concordant age of �500 Ma.
The other diorite and cumulate samples yielded discordant
ages ranging from 530 Ma to 1000 Ma overlapping those in
the granite (Fig. 7). Th/U ratios range from 0.30 to 1.09 in
the diorite zircons and from 0.27 to 1.59 in the cumulate zir-
cons (Table S1).

5.3.3. Gabbronorite

Zircons in the gabbronorite are mostly fragments of
>100 lm size and exhibit oscillatory zoning or planner
banding (Fig. 6). All the grains have consistent and typical
magmatic REE patterns with the steeply-rising slope from
LREE to HREE, a positive Ce-anomaly and negative Eu-
anomaly (Fig. S1). They give a concordant age of 500.1
± 1.9 Ma. Notably, there are no old inherited ages found
in the gabbronorite (Fig. 7). The Th/U ratios in the gab-
bronorite zircons range from 0.27 to 1.59.

5.3.4. Summary

The granite contains abundant metamorphic zircons
inherited from the granulite or eclogite component. The
diorite and enclosed cumulates have zircon populations
comparable to those in the granite. Zircons in the gab-
bronorite exhibit oscillatory zoning typical of magmatic
rocks. Zircons in granite, diorite, cumulates and gab-
bronorite have Th/U ratios dominantly >0.2 (supplements),
consistent with a magmatic origin (Hoskin and Schaltegger,
2003). All the samples have identical ages within error:



Fig. 7. Zircon U-Pb Concordia Plots. Data in red were obtained at CUGW. Data in blue were obtained at CUGB.

Fig. 8. Box and whisker plot for zircon ƐHf(t) values.
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�500 Ma, representing the emplacement age of the
batholith.

5.4. Zircon in situ Hf isotopes

Zircons with >90% concordance and typical magmatic
REEs were analyzed for Hf isotopes. The two granite sam-
ples yielded the eHf(t) range of �9.2 to �2.4 and �8.9 to
�2.1, respectively, with the old core having eHf(t) of
�21.6 (Table S2). They define the lowest weighted mean
values of �6.2 ± 1.8 and �5.6 ± 0.8 (Fig. 8), slightly lower
than their bulk-rock eHf(t) values (�5.0 to �2.0). Given the
obvious inherited cores with very negative eHf(t) values and
spread discordant ages, we consider that the eHf(t) in the
zircons and their bulk-rock are reasonably consistent. It
also suggests that the inherited zircon cores contribute little
to the bulk-rock Hf isotopes. The three diorite samples gave
the eHf(t) range of �8 to +1.3, �0.9 to +1.6 and �6.7 to
+1.7, respectively, yielding higher weighted mean values
from �0.8 ± 2.2 to +0.1 ± 0.66 (Fig. 8). These zircon Hf
isotope compositions differ from their bulk-rock eHf(t)
range (+3.6 to +5.6) (Fig. 9a). The entire range of eHf(t)
values for the cumulate gave �6.3 to +1.3 and +4.0 to



Fig. 9. (a) Showing the discrepancy between zircon and bulk-rock
Hf isotopes. If they are consistent, they should plot on the y = x
line. (b) Showing zircon Hf content increases whereas bulk-rock Hf
content remains constant with increasing bulk-rock SiO2.
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+6.5, with weighted mean of �2.4 ± 1.6 and +5.7 ± 0.6,
overlapping their bulk rock eHf(t) values (+5.2 to +8.0)
and similar to those of the diorite (Figs. 8, 9a). The gab-
bronorite has a range of �1.1 to +6.0 in zircon eHf(t) with
the average of +1.8 ± 1.6, which differs significantly from
its very high bulk-rock value (+25.7) (Fig. 9a).

The average zircon eHf(t) values yield a broad negative
trend with SiO2 (Fig. 4a). Most of the average zircon eHf(t)
values shift towards lower values than their corresponding
bulk-rock eHf(t) values (Fig. 4a, 9a). While the zircon eHf(t)
averages show coupling with the bulk-rock eNd(t), the bulk-
rock eHf(t) values are mostly decoupled from the bulk rock
eNd(t)s (Fig. 4c). The discrepancy between zircon in situ

eHf(t) values and bulk rock eHf(t) values generally increase
from the granite (reasonably consistent) to the gab-
bronorite (large contrast) (Fig. 9a), which is apparently
not resulted from incomplete dissolution of zircons in felsic
rocks (as discussed below).

6. DISCUSSION

The data demonstrate significant Hf isotope discrepan-
cies between bulk rocks and their constitute zircons and
pronounced bulk rock Nd-Hf isotope decoupling. Before
we investigate the possible mechanism that may produce
the discrepancy, we first validate the discrepancy and dis-
cuss variations in zircon Hf isotopes. The implication of
this study is evaluated at the end.

6.1. Discrepancy between bulk-rock eHf(t) and zircon eHf(t)

The discrepancy between bulk-rock and zircon Hf iso-
topes may reflect several scenarios: (1) incomplete bulk-
rock sample dissolution; (2) inaccurate interference correc-
tion; and (3) zircon disturbance or re-opening of the Lu-Hf
system in whole rock samples. However, none of them can
account for the observation in this study.

Blichert-Toft et al. (2004) compared bomb-dissolved
and beaker-dissolved solutions and found that the later
has much lower Hf contents than the former. This is consid-
ered that some Hf-rich minerals are not dissolved in beaker-
dissolved solutions, e.g., zircon or baddeleyite. Tappe et al.
(2007, 2008) later compared two methods and found that
identical Hf isotopes were obtained in both beaker-
dissolved solutions and bomb-dissolved solutions. The
potential effect of incomplete digestion of zircons has been
examined by Huang et al. (2014) and is further evaluated
here. Beaker digestion method for isotope analysis cannot
digest zircons completely and leave the zircon-rich granites
more suspect than the mafic gabbronorite. As zircon has
very low Lu/Hf ratio, it thus has unradiogenic Hf isotopes
than the non-zircon phases in the rock. Incomplete diges-
tion would theoretically produce more radiogenic Hf iso-
tope compositions and low Hf concentration in the
solution. This is essentially the same process as zircon dise-
quilibrium melting (Gerdes, 2012; Tang et al., 2014; Wang
et al., 2017). If more zircons are dissolved, low 176Hf/177Hf
and high Hf contents in melts are theoretically expected
while high 176Hf/177Hf should associate with low Hf con-
tents when less zircons are dissolved (Farina et al., 2014).
But measured 176Hf/177Hf ratios do not correlate with Hf
contents in this study (see Fig. S2 in supplements). Impor-
tantly, digestion using Teflon beakers can dissolve zircons
to some extent, and thus the Hf in the dissolved portions
of zircons will enter the solution accordingly especially
given much smaller rock powder particle size, which allows
zircon fragments in the rock-powders well exposed with
enhanced surface areas and facilitated digestion and disso-
lution (Huang et al., 2014). Moreover, inherited/captured
zircons in the granites are usually overgrown by newly
formed rims whose composition represents that of the
magma. Incomplete digestion of these zircons should have
yielded consistent results because zircon rims would have
the same or similar Hf isotopes as the melt (approximated
by the bulk-rock). Despite all the above, the good repro-
ducibility of bulk rock Hf isotopes for samples having
SiO2 in the range of 48.4–72.5 wt% (in supplements)
demonstrate that these data are reliable. Moreover, the
granite with abundant zircons has reasonably consistent
Hf isotopes in zircons and bulk rocks while gabbronorite
with less zircons has a big contrast between them (see
above). This also rules out analytical artifact due to incom-
plete dissolution.
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The concerns regarding the accuracy of correction for
the isobaric interference of 176Yb on 176Hf for in situ zircon
Hf isotopes can also be ruled out. Our samples have
176Yb/176Hf ratios generally between 0.002 and 0.07 with
90% of them <0.036 (73% of them <0.02 and 92% of them
<0.04). Among the three reference zircons (GJ-1, Mud
Tank 1 and Temora), only Temora has high 176Yb/176Hf
ratios (0.036 ± 0.020, comparable to the values in these zir-
cons. The standard Temora analyses in the lab throughout
the session during which we analyzed samples yielded
176Hf/177Hf ratio of 0.282685 ± 0.000032, agreeing well
with the published value 0.282680 ± 0.000031 (Wu et al.,
2006). Notably, any under- or overcorrection for Yb inter-
ference on 176Hf would produce correlations between
176Yb/177Hf and 176Hf/177Hf (Fisher et al., 2014; Farina
et al., 2014). Such correlations are not observed in this
study. Besides, zircon Hf isotopes and whole rock Nd iso-
topes plot along the terrestrial array (Fig. 4c). This is
important as such a correlation is geologically real and can-
not be explained by analytical artifact. Therefore, our data
cannot be explained by isobaric interference.

Non-zero-aged Pb loss in zircons or re-opening of Lu-Hf
systems can also cause the discrepancy. But this is unlikely
here. Lead loss can affect the determined zircon ages with-
out changing measured zircon Hf isotopes hence can affect
calculated eHf values because of the great time-dependence
of CHUR values (Guitreau et al., 2012). The problem
resulting from Pb loss can be avoided by analysing Hf iso-
topes only using zircons with >90% Concordance and sub-
sequently consistent Hf isotopes in whole rock and
constitute zircons are obtained (Guitreau et al., 2012). In
this study only zircons with >90% concordant ages were
analysed for in situ Hf isotopes. A few grains in the granite
have Th/U < 0.1 but contain similar Hf isotopes to others
(Table S2). Hence, the influence of Pb loss is ruled out. Fur-
thermore, the biggest discrepancy is observed in the gab-
bronorite in which all zircons are perfectly concordant
(Fig. 7) and all have Th/U ratios in the range of 0.2–1.87
(Table S1), consistent with the global magmatic zircon
Th/U values (Kirkland et al., 2015). Therefore, the distur-
bance in zircons, if any, cannot account for the discrepancy
in this study. Lu-Hf system re-opening at the whole rock
scale without affecting zircon Hf isotopes is also a possible
factor to cause the discrepancy. This can be readily ruled
out. Although the NQOB experienced multiple metamor-
phic events in the region (see above), the samples in this
study are fresh, except some diorite show low-grade meta-
morphic mineral overprint. No evidence in the field or
under microscope shows these samples were metamor-
phosed. Also, the low-grade metamorphism as observed
in the diorite is not expected to have reset the Lu-Hf system.

6.2. Variations in zircon Hf isotopes

Zircon eHf(t) variations in some samples are restricted (2
epsilon units), but quite large (9 epsilon units) in other sam-
ples (Fig. 8). These observations could be caused by dise-
quilibrium melting during the crustal anatexis (Tang
et al., 2014). But disequilibrium melting is difficult to
explain isotopic variations on hand-specimen scales because
it assumes rapid melt extraction from the source. In this
case, how zircons with varying Hf isotopes from different
melt batches managed to juxtapose in a small hand speci-
men is a question. Disequilibrium melting is also expected
to produce a correlation between Hf isotopes and Hf con-
tent, which is again not observed in this study (see Sec-
tion 6.1, supplements). Moreover, it cannot explain
generally less radiogenic Hf isotopes in zircons than that
of the whole rock in our samples. It is more likely that
the variation in zircon Hf isotopes reflect the heterogeneity
resulting from an open magmatic system.

6.3. Significant Hf in non-zircon phases

As discussed above, the discrepancies between whole
rocks and their constitute zircons are real. They have three
important features: (1) zircon eHf(t) values are dominantly
<0, whereas bulk-rock eHf(t) values are generally >0
(Fig. 4a); (2) bulk-rock eHf(t) values are decoupled from
bulk-rock eNd(t) while zircon eHf(t) values are coupled
(Fig. 4c); (3) bulk-rock eHf(t) values define a tight positive
correlation with TiO2 (R

2 = 0.94, Fig. 4b). Previous studies
have suggested positive, though broad, correlations
between initial Hf isotope ratio and Ti contents in zircons
as a result of the increasing crustal assimilation-related
cooling (Heinonen et al., 2010; Pankhurst et al., 2013).
Our samples do not have such correlations.

It is important to note that bulk-rock Hf concentrations
remain almost unchanged from mafic cumulates to felsic
granites (Fig. 9b), whereas average Hf contents in zircons
increase with increasing bulk rock SiO2 because of increas-
ing Kd’s with increasing SiO2 in the melt (Green, 1994).
Assuming mafic lithologies contain less or even equal
amounts of zircons as felsic lithologies, mass balance
requires that mafic cumulates have additional phases host-
ing significant amounts of Hf compared to felsic hosts. Sim-
ple calculations show that 20–44% of the bulk-rock Hf is
hosted in non-zircon phases (Table S3), which agrees with
the estimate by Xiong et al. (2014) that zircons in some
mafic rocks in Qilian area host �30% Hf.

Potential minerals apart from zircons hosting significant
Hf should be those rich in Ti. Charge and size dependent
‘‘Lattice Strain” model (Onuma et al., 1968; Wood and
Blundy, 1997) predicts that Zr4+ and Hf 4+ should behave
similarly to Ti 4+ because of their same charges. Partition
coefficients show that Hf is compatible in Ti-rich minerals
(KdIlm = 3.1, Nash and Crecraft, 1985; KdAmp = 1.87,
Hilyard et al., 2000). Zr contents in Ti-rich minerals
decrease from thousands of ppm in ilmenite or titanite with
generally consistent Zr/Hf ratios (37–40) to a few hundreds
of ppm in amphibole with varying Zr/Hf ratios of 15–40
(Bea et al., 2006). Given the distinct mineralogy in different
samples, possible Ti hosts may vary. For example, gab-
bronorite has up to 4.2% modal ilmenite hosting Hf.
Although Cpx also contains Hf (Salters and Zindler,
1995), the leverage of Cpx on the bulk rock Hf isotopic
composition is much smaller than Ilm (e.g. <1 ppm Hf in
Cpx (Salters and Zindler, 1995) vs. >40 ppm Hf in Ilm
(Nowell et al., 2004; Bea et al., 2006)). While in cumulates,
the abundance of ilmenite is less than in the gabbronorite
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and amphibole becomes the dominant Ti-rich mineral host-
ing Hf apart from zircons.

6.4. Ti minerals have different Hf isotope composition from

zircon: magma mixing

The major mineral assemblage in the gabbronorite indi-
cates a high crystallization temperature. Pyroxene crystal-
lizes at >1050 �C and ilmenite crystallizes at �1100 �C
(Dick et al., 2000; Niu et al., 2002). By constrast, Ti-in-
zircon temperature gives low T of 715 �C for the gab-
bronorite (Ferry and Watson, 2007). As for the cumulate
samples, amphibole is the dominant mineral and has a crys-
tallization temperature above 850 �C (Bogaerts et al., 2006),
and Ti-in-zircon thermometer gives the highest tempera-
tures of 693 �C (Table. 3). Given the observation that the
discrepancy between zircon and bulk-rock Hf isotopes
decreases from the gabbronorite to the granite (Fig. 9a),
which corresponds to the decreasing contrast of crystalliza-
tion temperature between Ti-rich minerals and zircon, zir-
cons in the more mafic samples are out of equilibrium
with Ti-rich minerals, e.g., zircons precipitated later at
lower temperatures than Ti-rich minerals.

During magma evolution, zircon does not reach satura-
tion at the time when ilmenite begins to crystallize. DeLong
and Chatelain (1990) have inferred according to experi-
ments, geochemistry and petrography that ilmenite crystal-
lizes at 1100 �C from a liquid with about 4% TiO2 and
300 ppm Zr while zircon does not precipitate until the
magma cools down to 840 �C and Zr reaches 700 ppm. Fur-
thermore, recent experiments require extremely high abun-
dance of >3000–5000 ppm Zr to directly crystallize zircons
in basaltic melts (Dickinson and Hess, 1982; Hanchar and
Watson, 2003; Boehnke et al., 2013). Therefore, any zircon
in mafic rocks should have actually crystallized from an
evolved magma (Zheng et al., 2006; Boehnke et al., 2013).
When abundant non-zircon minerals on the liquidus
already crystallized, much of Zr and Hf has been parti-
tioned into these minerals, especially Ti-rich minerals, and
thus less Zr and Hf is available for zircons to form subse-
quently. The emplacement of the hot basaltic magma in
the lower crust level can cause lower crustal melting and
magma mush zone formation. While the basalt evolves, at
the point of ilmenite and clinopyroxene starts crystalliza-
tion, the equilibrium melt evolves towards felsic composi-
tion due to oxide fractionation/crystallization (Niu et al.,
2002). These more felsic melts could be trapped, expelled
out or modified by subsequent melt replenishment. When
the early crystallized mafic silicates and ilmenites are still
plastic before complete solidification (maybe after millions
of years), they can be easily disturbed by the granitoid
magma replenishment. The early formed clinopyroxene
could react with the later intermediate/felsic magma as
demonstrated by the amphibole-biotite rims around the
crystals (Fig. 2). If the basaltic and granitic magmas are dif-
ficult to mix due to their contrasting viscosity, the relatively
felsic melt resulting from ilmenite and clinopyroxene frac-
tionation should be readily mixed with the felsic magma
derived from partial melting of the lower crust because of
smaller viscosity difference. In this case, zircons in the gab-
bronorite could actually have crystallized from the later
melt mixtures and would not equilibrate in terms of iso-
topes with the former crystallized minerals. Hence, the dis-
crepancy of Hf isotopes between bulk rocks and zircons
could result from different timing of crystallization between
Ti minerals and zircons in an open magmatic system. The
discrepancy decreasing from the gabbronorite to the granite
is consistent with the magma mixing processes and also is
consistent with the decreasing Zr contents from the ilme-
nite, amphibole to biotite (thousands of ppm to a few
ppm, Bea et al., 2006). We are unable to map Hf isotopes
of all the possible minerals given the limited amount of
samples we have at the moment, but this is our work under
consideration.

The positive correlations between Mg isotope values and
major elements and Hf isotopes, as shown in Fig. 5 support
the mixing hypothesis. The granites have mantle-like d26Mg
values, similar to other I-type granites (Liu et al., 2010).
The diorite, cumulate and gabbronorite have variably
higher d26Mg values than the granites, in accordance with
their relatively higher TiO2 values. Wang et al. (2014) also
reported heavier Mg isotopic compositions for Ti-rich gab-
bro cumulates from the Dabie orogen. This enrichment of
heavy Mg isotopes in high-Ti rocks could result from accu-
mulation of Ti minerals in these rocks, as the recent study
found that Ti minerals such as cumulus ilmenite has extre-
mely high d26Mg values compared to silicate minerals
(Chen et al., 2018). For example, cumulus ilmenites in gab-
bros (with whole rock TiO2 = 1.5–8) from the Baima intru-
sion in China have d26Mg values as high as +1.9 (Chen
et al., 2018). Whether or not the ilmenite has been isotopi-
cally equilibrated with coexisting silicate minerals is
unknown, but accumulation of these high-d26Mg ilmenites
in the gabbronorite provides the best explanation for the
observed heavy Mg isotopic signature (Fig. 5). Our samples
fit well on a mixing curve using the granite and gab-
bronorite as two endmembers with intermediate composi-
tions between them (Fig. 5b, c), thus highlighting the
important role of Ti-rich minerals in creating Hf-Mg iso-
topic heterogeneity during magma mixing.

6.5. Extremely high eHf(t) of the Ti-rich endmember?

The above mixing model suggests that the eHf(t) of some
samples are very high and decoupled from the eNd(t)
(Fig. 4c). The gabbronorite has the largest discrepancy in
Hf isotopes between zircons and bulk-rock and biggest
bulk-rock Nd-Hf isotope decoupling. To compensate the
discrepancy, eHf(t) of non-zircon phases would need to be
+28 � +84.5, which are conservative values assuming 30–
100% Zr resides in zircon in mafic lithologies. Other more
felsic samples are also significantly depleted in Hf isotopes
for non-zircon phases (Table S3) because of more Zr hosted
in zircons.

So far extreme Nd-Hf isotope decoupling with extreme
high eHf at a comparably unradiogenic eNd have only been
observed in the lithospheric mantle where eHf in Cpx or Grt
could be as high as +200 � +2500 at eNd of �20 � +30
(Salters and Zindler, 1995; Bedini et al., 2002;
Schmidberger et al., 2002; Simon et al., 2002, 2003;
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Pearson and Nowell, 2003). The distinct sub-vertical array
above the mantle Nd-Hf isotope array is unique to subcon-
tinental lithospheric mantle (SCLM), thus Hf isotopes are a
powerful tracer of lithospheric source regions in magmas
(Pearson and Nowell, 2003). However, basalts with anoma-
lous Hf isotopes derived from the SCLM have not been
reported, most likely because SCLM is too refractory to
melt again. Niu (2005, 2014) proposed a basal hydration
weakening model to explain the eastern China lithosphere
thinning in which the deeply subducted slab transported
tremendous amount of water to the base of the SCLM
and eventually converted SCLM to convective astheno-
sphere while producing basalt with enriched signature
(Niu, 2005 and reference therein). The very limited data
for lithospheric mantle underneath the Qilian Orogenic belt
show that the Archean subcontinental lithospheric mantle
had multiple refertilization and metasomatism events
(Xiong et al., 2014; 2015). Garnets in pyroxenite have enor-
mously high eHf (>+200) and reconstructed bulk rock eHf

(500 Ma) values for such pyroxenite are +14.5 to +22.4
at eNd(500 Ma) of �3.8 to �3.7 (Xiong et al., 2014). The
mantle could have obtained the decoupled Nd-Hf isotopes
via heavy metasomatism by which the slab-derived fluids
modified the Sr and Nd isotopes without changing the Hf
isotopes and simultaneously caused the enrichment of
LREEs and depletion in HFSE (Xiong et al., 2014). The
gabbronorite has similar Nd and Hf isotopes to these
pyroxenites (eNd(500) = �1.80, eHf(500) = +25.7) as well
as radiogenic initial Sr isotopes (ISr = 0.710 vs
ISr = 0.709–0.718 at 500 Ma for pyroxenites, Xiong et al.,
2014). The gabbronorite also has arc-like enriched LREEs
and Nb-Ta-Ti anomalies, indicating an origin of metasom-
atized lithospheric mantle. This interpretation is highly
plausible although the exact mechanism is yet to be con-
strained with more data available in the future. Neverthe-
less, studies of the NQOB tectonic evolution history show
that subduction of the Qilian Ocean began at �520 Ma
and completed at �445 Ma (Song et al., 2013). Significant
amount of the slab must have subducted to great depths
to provide the needed water to weaken the SCLM and
the ultimate emplacement of the Kekeli batholith (500 Ma).

The gabbronorite is characterised by high TiO2 (3.02 wt
%). High concentration of TiO2 in the more evolved melts is
a natural consequence of basaltic magma evolution (Dick
et al., 2000; Niu et al., 2002). When ilmenite and pyroxenes
crystallized from an evolved magma of SCLM origin at
>1000 �C, they carry the SCLM isotopic composition with
decoupled Nd-Hf isotopes. After the Ti-rich minerals crys-
tallized, the remaining magma mixed with a granitic magma
that carries the enriched un-decoupled Nd-Hf isotopes.
This granitic magma could be derived from lower crust
due to the underplating of the above-mentioned basaltic
magma. With mixing/homogenising proceeding, the hybrid
magmas progressively reached intermediate/andesitic com-
position and crystallized diorites with intermediate isotopic
compositions. Compared to the intermediate hybrid
magma from which the zircon crystallized, amphibole and
plagioclase crystallized from a more mafic hybrid due to
the relatively insufficient mixing thus carry the isotope sig-
nature closer to the mafic component or overlap those of
host diorites, subsequently producing the discrepancy in
Hf isotopes between zircon and bulk rock. As for the gab-
bronorite, ilmenite and pyroxene crystallized earlier from
the parental basaltic magma, whereas zircon precipitated
from a later hybrid granitic magma, thus having the largest
Hf isotope discrepancy.

6.6. Implication

Zircon has been traditionally used to constrain the
growth and differentiation of the continental crust due to
its resistance, dating convenience and little radiogenic
176Hf over time (because of relatively low Lu/Hf). Zircon
Hf isotope analysis has become a powerful approach for
understanding magmatic rocks (Patchett, 1983; Vervoort
et al., 1996; Amelin et al., 2000; Kemp et al., 2007;
Belousova et al., 2010; Iizuka et al., 2017). Indeed, Kemp
et al. (2007) demonstrated that zircon Hf-O isotopes can
be effectively used to trace the crust-mantle interaction. In
the old orogenic belts where juvenile continent crust was
possibly produced and preserved (Mo et al., 2008; Niu
et al., 2013, Huang et al, 2014), the involvement of ancient
lithologies is highly likely as evidenced by inherited zircon
cores yet contribution of the mantle input requires quanti-
tative modelling by means of isotopic mixing. Although zir-
con has been shown to have the advantage over the bulk
rock compositions to unfold the timing and magnitude of
mantle input in granitoids (Kemp et al., 2007) and most
granites do not show discrepancy between zircon and whole
rock Hf isotopes as observed in Kekeli Batholith, caution is
necessary in using zircon alone as we show in this study.

Our study highlights the large discrepancy between zir-
con Hf isotopes and bulk rock Hf isotopes with the bulk
rock having radiogenic Hf isotopes while zircons mostly
have unradiogenic Hf isotopes. Although we did not anal-
yse the Hf isotopes of Ti-minerals directly, it is likely that
Ti-minerals have radiogenic Hf isotopes that caused the dis-
crepancy between zircon and bulk rocks. During the open
system process, mantle contribution to igneous rocks is thus
substantially larger than recorded by zircons. Therefore,
mantle magmas contribute more significantly to continental
growth. This information is more preserved in the bulk
rock, which is likely due to Ti-minerals, as we proposed
above. Meanwhile, these samples also have bulk rock eHf(-
t) compositions that decouple from their bulk-rock eNd(t)
while zircon eHf(t) compositions do not. Pronounced Nd-
Hf isotopic decoupling as well as the nature and the magni-
tude of the juvenile mantle input could be overlooked or
underestimated if only zircon Hf isotopes were considered,
which could mislead our quantitative understanding of the
mantle contribution (vs. recycled, re-worked, old crustal
materials) and hence the models of continental crustal
growth. Thus, zircon Hf in such mixed magmas should
not be used to define the evolution of mantle reservoirs.
Therefore, cautions are needed before using zircon Hf iso-
topes to discuss the petrogenesis of igneous rocks that zir-
cons do not always capture the full magmatic history of
igneous rocks. By saying this, we do not oppose zircon to
Ti-minerals but propose integrating zircon Hf isotopes with
Hf information from Ti-minerals. This would help better
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understand the petrogenesis and evolution of magmatic
process that evolved in an open system involving interac-
tion between isotopically-contrasting materials (different
sources and/or different degrees of crustal contamination).

7. CONCLUSION

We present a range of new geochemical and isotope
data for a sample suite from the Kekeli Batholith in the
North Qilian Orogenic belt, Northern Tibetan plateau.
Substantial discrepancy exists in the Hf isotope composi-
tion between bulk rocks and their constituent zircons.
Bulk rock Nd-Hf isotopes exhibit pronounced decoupling
whereas zircon Hf isotopes couple with bulk rock Nd iso-
topes. It is highly likely that early-formed Ti-rich minerals
have different isotope signatures than those of later crys-
tallized zircons from the same evolving and complex open
magmatic systems. The following step to test this model is
to analyse Hf isotopes of Ti-rich minerals directly. Our
current findings propose that mantle input to igneous
rocks formed by open system process is significantly larger
than recorded by zircon and in such a case zircon Hf iso-
topes should not be used to define the evolution of the
mantle reservoirs. We must realize that not all zircons
yield unambiguous results. A better approach, in our view,
is to simultaneously present Hf isotopes of whole rock or
Ti-rich minerals as well.
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