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ABSTRACT: There is increasing evidence indicating that melts derived from subducted oceanic crust and
sediments may have played a Kkey role in building continental crust. This mechanism predicts that juvenile
arc crust should have oxygen isotope characteristics ranging from mantle-like to supracrustal, but consistent
mantle-like radiogenic (Nd-Hf) isotopic signatures. Here we present in-situ zircon U-Pb dating, Hf-O isotope
analyses, and whole rock major-trace element and Nd isotope analyses of a granitoid from NW India. In-situ
secondary ion mass spectrometry (SIMS) zircon U-Pb dating yields a weighted mean 27Pb/2%Pb age of 873+6
Ma for the granitoid. It displays mantle-like zircon enr (enfs73 May=+9.3 to +10.9) and whole-rock Nd (end(s73 May=
+3.5) values but supracrustal 3'30 values, the latter mostly varying between 9%o and 10%o. The calculated
whole-rock 3'30 value of 11.3%020.6%0 matches well with those of hydrothermally-altered pillow lavas and
sheeted dykes from ophiolites. The major and trace element composition of the granitoid is similar to petro-
logical experimental melts derived from a mixture of MORB+sediments. Thus, the granitoid most likely rep-
resents the product of partial melting of the uppermost oceanic crust (MORB+sediments). We propose that
the decoupling between Hf-Nd and O isotopes as observed in this granitoid can be used as a powerful tool for
the identification of slab melting contributing to juvenile continental crustal growth. Such isotopic decoupling
can also account for high 6'30 values observed in ancient juvenile continental crust, such as Archean tonalite-
trondhjemite-granodiorite suites.

KEY WORDS: zircon, Hf-Nd and O isotopes, decoupling, slab melting, Neoproterozoic continental crustal

growth.

0 INTRODUCTION: PARTIAL MELTING OF BASAL-
TIC ROCKS AS AN IMPORTANT MECHANISM FOR
GENERATING JUVENILE CONTINENTAL CRUST

A paradox of Earth’s juvenile continental crust is that, alt-
hough its isotopic signatures imply the involvement of large vol-
umes of new material with mantle-like isotopic signatures (e.g.,
Kemp et al., 2007), its major element composition indicates an
insignificant input directly from the mantle (e.g., Hacker et al.,
2011). For instance, the 425-390 Ma Lachlan I-type granitic
rocks in southeastern Australia show a clear decoupling between
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Hf-O isotopes and major element compositions (Kemp et al.,
2007). Zircon Hf-O isotopes indicate that the generation of the
Lachlan I-type granitic melts involved 50 wt.% to 85 wt.% juve-
nile materials, whereas their major element compositions sug-
gest that such a high proportion of juvenile materials could not
have been derived directly from Earth’s mantle (e.g., Chappell,
1996). Such a decoupling may therefore imply an indirect mantle
input mechanism, through remelting of basaltic rocks shortly
after their extraction from the mantle. Evidence from the Central
Asian Orogenic Belt (CAOB; e.g., Kroner et al., 2007), the
Greater Tibetan Plateau (Niu et al., 2013 and references therein),
and modern oceanic arcs (Jagoutz and Schmidt, 2012) shows
that the juvenile continental crust is characterized by mantle-like
Sr-Nd isotopic ratios, but its major element composition is un-
like basaltic mantle melts. The observed decoupling between
radiogenic isotopes and major element compositions in juvenile
continental crust requires a process whereby not only must it
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preserve mantle-like radiogenic isotope signatures but also pro-
duce andesitic to felsic melts (Niu et al., 2013; Jagoutz and
Schmidt, 2012). Partial melting of a mixture of mid-ocean ridge
basalt (MORB)-derived amphibolite and biotite-rich metagrey-
wacke at temperatures of 1 000—1 200 °C and pressures of 1.5—
2.0 GPa can produce melts that strongly resemble andesitic arc
crust (Castro et al., 2010). Thus, partial melting of mantle-
derived basaltic rocks and metasediments shortly after their ex-
traction from the mantle can account for the paradox of Earth’s
continental crustal composition (e.g., Castro et al., 2013, 2010;
Niu et al., 2013).

Oceanic crust covers about sixty percent of Earth’s surface
and is a product of predominantly mantle melting (Klein, 2003).
The resulting basaltic rocks are either recycled into the con-
vecting mantle, or involved in building juvenile arc crust shortly
after extraction from their mantle source (<200 Ma; e.g., Castro
et al., 2013, 2010; Niu et al., 2013; Spandler and Pirard, 2013;
Jagoutz and Schmidt, 2012; Kelemen, 1995). This short resi-
dence time ensures that resultant melts can inherit the mantle-
like radiogenic isotopic signatures of subducted oceanic crust.
Experimental results have shown that melts of subducted oceanic
basalts, plus minor terrestrial sediments at intermediate melt
fractions, have chemical compositions similar to those of Ar-
chean TTGs and their Phanerozoic equivalents, the tonalite-
trondhjemite-dacite suite (including adakites and Na-rich granit-
oids; Castro et al., 2010 and references therein). Thus, melting
of subducted oceanic slabs may have played a key role in build-
ing arc crust (e.g., Behn et al., 2011).

The relationship between Hf and O isotopes is thus im-
portant for fingerprinting the contribution from slab melts in the
growth of continental crust (see Wang et al., 2016 for a review).
Oxygen isotopes are sensitive to surface water-rock interaction
(e.g., Wangetal., 2011; Bindeman et al., 2005; Eiler, 2001; Eiler
et al., 1998). With rare exceptions, the oxygen isotopic ratio of
130/10 (usually expressed as the 3'80 value, reported relative to
Vienna Standard Mean Ocean Water, VSMOW) is remarkably
homogeneous in the mantle and in unaltered basaltic rocks, hav-
ing a value of 5.3%0+0.3%o and this has remained so throughout
Earth’s history (Valley et al., 1998; Mattey et al., 1994). In con-
trast, supracrustal materials or their recycled components have
highly variable 8'0 values, commonly ranging between -10%o
and +30%o (Bindeman et al., 2005; Valley et al., 2003; Eiler,
2001; Eiler et al., 1998). Low-temperature alteration produces
high 8'%0 values, whereas high-temperature alteration produces
low 830 values (Bindeman et al., 2005; Eiler, 2001; Eiler et al.,
1998). Hydrothermal alteration of the upper part of the oceanic
lithosphere (pillow lavas, sheeted dykes, and gabbros) results in
8'30 values varying from about 2%o to 16%o (e.g., Yamaoka et
al., 2012; Miller et al., 2001). Thus, juvenile continental crust
derived from a mixture of subducted oceanic basalts and sedi-
ments is expected to possess mantle-like radiogenic (Hf and Nd),
but supracrustal oxygen isotope signatures.

Identifying the reasons for the decoupling between mantle-
like Hf and supracrustal oxygen isotopes in juvenile continental
crustal rocks is crucial for understanding how they were gener-
ated. Granitic rocks have played a key role in building continen-
tal crust and are ideal for testing the predicted decoupling signa-
tures. In this work, we conducted whole-rock major and trace
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elements, Nd isotope, and in-situ zircon U-Pb dating and Hf-O
isotope analyses on a Neoproterozoic granitoid from NW India
(Fig. 1a). The sample has a mantle-like whole-rock Nd and zir-
con Hf isotopic composition, but a supracrustal zircon O isotopic
signature. Our work demonstrates that decoupling between
mantle-like radiogenic and supracrustal oxygen isotopes can be
used as a diagnostic feature for the presence of slab (oceanic
basalts+sediments) melts in juvenile continental crust.

1 GEOLOGICAL BACKGROUND AND SAMPLE LO-
CATION

The granitoid sample (RJ06) was collected from the north-
western Indian Block, near Sindreth/Sirohi (Fig. 1). The NW
Indian Block consists of an Archean basement (the 3.3-2.5 Ga
Banded Gneiss Complex, Pandit et al., 2003 and references
therein) and two Proterozoic supracrustal sequences, the Ara-
valli (Paleoproterozoic) and Delhi (Mesoproterozoic) super-
groups, which uncomfortably overlie the basement. The
Aravalli-Delhi fold belt (ADFB) can be traced over more than
750 km as a NE-trending linear orogenic belt (Fig. 1a). The
ADFB underwent multiple deformation and metamorphism up
to amphibolite facies. The western margin of the ADFB is
marked by a suture along which the western Marwar terrane col-
lided with the Aravalli craton at ca. 1.0 Ga (Deb et al., 2001).
The suture zone is defined by the Phulad ophiolite zone (Volpe
and Macdougall, 1990; Fig. 1a). The collision caused juxtaposi-
tion of arc remnants (Sendra-Ambaji arc terrane; Fig. 1a) and
metasediments of the Delhi Basin (quartzites and calcsilicates)
with granulite facies terranes (the Mangalwar and Sand Mata ter-
ranes; Fig. 1a) in the southern segment of the ADFB by east-
verging thrusting and stacking (Pandit et al., 2003; Deb et al.,
2001). The 968+1 Ma calc-alkaline Sendra granitoids (Pandit et
al., 2003) and 990+6 and 987+6 Ma rhyolites (Deb et al., 2001)
constrain the age of the Sendra-Ambaji arc terrane (Fig. 1a).
Crustal convergence also initiated ophiolite obduction (the
Phulad Ophiolite; Fig. 1a) onto the arc. This continental collision
is also recorded by 0.97-0.90 Ga metamorphic events in the
high-pressure granulite facies Mangalwar and Sandmata terranes
(Buick et al., 2010 and references therein).

The late stage of the orogenic event is defined by several gra-
nitic intrusions parallel to the trend of the ADFB and in the region
further to the west. These intrusions, loosely termed the Erinpura
granites, are variably deformed, with texture varying in outcrop
from phaneritic granite to gneiss and have been proposed to repre-
sent a syn- to late orogenic phase of magmatism formed during the
Delhi orogeny (Just et al., 2011; Pandit et al., 2003; Deb et al.,
2001; Naik, 1993; Choudhary et al., 1984). Subduction/orogeny
may be related to the global Grenvillian event resulting in amal-
gamation of crustal blocks to form the supercontinent Rodinia.

These granitoids, as noted above, are conventionally re-
garded as manifestations of late thermal events related to the 1
Ga Delhi orogeny, although available age data on the Erinpura
granites are scarce. Conventionally, the whole-rock Rb-Sr date
of 830 Ma for granites at Erinpura and 820 Ma for granitoid at Pali
(Fig. 1b), as well as the U-Pb TIMS ages, including 836+7/-5 Ma
for the Siyawa granite and 800+2 Ma for the Pali granite (Just et
al., 2011; van Lente et al., 2009 and references therein), have
been considered to define the age of the granitoid. Van Lente et



1214 Xuan-Ce Wang, Qiuli Li, Simon A. Wilde, Zheng-Xiang Li, Chaofeng Li, Kai Lei, Shao-Jie Li, Linlin Li and Manoj K. Pandit

al. (2009) also reported a discordant U-Pb zircon TIMS age of
873+3 Ma for a small tonalite body from the Pali area (Fig. 1b).
Recent studies of monazites from the Erinpura granitoids indi-
cate protolith crystallization at 863+£23 Ma and recrystallization
and formation of new Th-poor monazite at 775+26 Ma during
shearing (Just et al., 2011). Solanki (2011) obtained a ca. 870 Ma
zircon U-Pb age on granitic gneiss from the Erinpura granite and
848.1+7.1 Ma on the Ranakpur quartz syenite. All available data
suggest that these rocks were generated during the assembly of
the Rodinia supercontinent (Pandit et al., 2003). However, the
inter-relationship between these magmatic events is currently
unclear and the tectono-thermal history of the Erinpura granites
is still poorly constrained.

The most extensive thermal event in the region surrounding
the Erinpura granites resulted in the formation of the 770-750
Ma Malani igneous suite (MIS; Fig. 1a) (Ashwal et al., 2013 and
references therein), predominantly composed of felsic rocks that
occur as isolated outcrops extending over more than 50 000 km?.
The Malani rocks are undeformed and unmetamorphosed (gen-
erally A-type or I-type granites) and are quite distinct from the
predominantly S-type characteristics and variably-deformed and
metamorphosed nature of the Erinpura granites (Ashwal et al.,
2013). Some exposures of crudely-foliated granodiorite and gra-
nitic gneiss are present in a small area around Harsani, along the
western margin of the MIS (Fig. 1b). These are clearly distinct
from the MIS rocks in terms of mineralogy and deformation/
metamorphic history and were initially referred to as ‘unclassi-
fied granites’. Pandit et al. (1999) conducted the first detailed
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study on them and described them as pre-Malani granitoids, con-
sisting of an older trondhjemitic gneiss and a younger granodio-
rite. The granodiorite was dated at 827+9 Ma (zircon U-Pb, Pra-
dhan et al., 2010) and is therefore coeval with some of the Erin-
pura granites. In this study, we sampled the older trondhjemitic
gneiss from near Sindreth/Sirohi (sample RJ06; Fig. 1b). It oc-
curs as an exposure within interdunal depressions and shows
well-defined NNE to NW trending foliations. Petrographic ex-
amination has identified Na-plagioclase (sericitized oligoclase)
and K-feldspar, with flattened quartz grains and biotite defining
the foliation. Minor microcline occupies interstitial spaces,
whereas zircon, titanite and apatite occur as accessory phases.
These rocks were described as metaluminous I-type granite by
Pandit et al. (1999).

2 SAMPLE PREPARATION AND ANALYTICAL
TECHNIQUES
2.1 Whole-Rock Geochemistry

Sample RJ06 was sawn into slabs and the fresh central parts
(>200 g) were used for bulk-rock geochemical analysis. The
sample was crushed into small fragments (<0.5 cm in diameter)
and powdered in a corundum mill. Bulk-rock major element
analyses were carried out at the Guangzhou Institute of Geo-
chemistry, Chinese Academy of Sciences. Whole-rock major el-
ement oxides were analyzed using a RigakuRIX 2000 X-ray flu-
orescence spectrometer (XRF) with determined uncertainties of
<3% for SiO2, Al20O3, Fe203, MgO, CaO, Naz0, and K0, and
<5% for TiO2, MnO, and P20s.
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Figure 1. (a) Simplified terrane map showing major units in the NW Indian Block (adapted from Just et al., 2011; van Lente et al., 2009; Roy and Jakhar, 2002).

The inset shows the location of the area in India and the rectangle indicates the location of Fig. 1b. (b) Geological map showing the distribution of the Malani

Igneous Suite and Erinpura granite in NW India (adapted from Roy and Jakhar, 2002). Data source for cited ages: V09. van Lente et al., 2009; DO1. Deb et al.,

2001; J11. Just et al., 2011; Zr. zircon; MZ. monazite.
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Whole-rock trace element and Nd isotope analyses were
conducted at the Institute of Geology and Geophysics, Chinese
Academy of Sciences (IGGCAS) in Beijing. Trace elements
were analyzed using inductively coupled plasma mass spectrom-
etry (ICP-MS, Perkin-Elmer Sciex ELAN 6100). Sample pow-
ders (about 40 mg) were dissolved in high-pressure Teflon
bombs using a HF-HNOs mixture. An internal standard solution
containing the single element Rh was used to monitor signal
drift during analysis. A set of USGS standard rocks including
BHVO-2, AGV-1, GSR-1, GSR-2, GSR-3, W-2, G-2, SY4, and
SARM-4, was chosen as external standards for calibrating
element concentrations. The analytical uncertainty precision for
most trace elements analysed was <2% (RSD). Reproducibility,
based on replicate digestion of samples, is better than 10%
(RSD) for most analyses. The overall analytical uncertainty is
determined by the investigation of the main sources of uncertain-
ties of the mass spectrometric technique. The relative standard
deviation (RSD) was employed to evaluate the stability of the
whole analytical method, including sample digestion and instru-
ment measurement. The general laboratory reported uncertainty
is the repeated analytical deviation of standard samples as deter-
mined by long-term analysis of the standard materials. Analyti-
cal accuracy is estimated by the relative deviation between the
average value of duplicate analyses of the standards in the long
term and published reference values. Regarding the unknown
samples, their values are dependent on many factors, including
sample homogeneity, sample digestion, instrument stability, and
the number of analyses. As the experimental conditions (digestion,
sample homogeneity, sample size, instrument parameters, correc-
tion method), were uniform, we consider that the unknown samples
are also at the same level of analytical accuracy. Analytical accu-
racy reflects the statistical dispersion of measurement, whereas the
analytical uncertainty reflects the deviation of measurement rela-
tive to the recommended value (regarded as the ‘real’ value).

Rock powders for Sm-Nd isotopic analysis were dissolved
in Savillex Teflon screw-top capsules after being spiked with
mixed “Sm-!5'Nd tracers prior to HF+HNO3+HCI1O4 dissolu-
tion. Sm and Nd were separated using classical two-step ion ex-
change chromatographic methods and measured using a Triton
Plus multi-collector thermal ionization mass spectrometer at
IGGCAS. The whole procedural blank was lower than 100 pg
for Sm-Nd. Nd isotopic ratios were corrected for mass fraction-
ation by normalizing to '*Nd/'*Nd=0.721 9. The JNdil inter-
national standard sample was employed to evaluate instrument
stability during the period of data collection and the measured
value was "¥Nd/"*Nd=0.512 115+0.000 010 (n=5, 2SD). USGS
reference material BCR-2 was measured to monitor the accuracy
of the analytical procedures, with the following results:
3Nd/"Nd=0.512 634+0.000 009 (n=3, 2SD), which matched
well with the recommended value of 0.512 637+0.000 013
(Jweda et al., 2016). The whole-rock major-trace element and
Nd isotope data are presented in Table S1.

2.2 In-situ Zircon U-Pb-Hf-O Isotope Analysis

Zircon concentrates were separated from ca. 2 kg of rock
sample using standard density and magnetic separation tech-
niques. Zircon grains were handpicked and mounted, together
with zircon standards TEMORA 2 and BR266, in epoxy mounts
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that were then polished to section the crystals in half. All zircon
grains were imaged in transmitted and reflected light, as well as
by cathodoluminescence (CL), to reveal their internal structures.
The mount was vacuum-coated with high-purity gold prior to
secondary ion mass spectrometry (SIMS) analysis.

Measurements of U, Th and Pb isotopes were undertaken us-
ing a CAMECA IMS-1280 large-radius SIMS at IGGCAS. Oper-
ating and data processing procedures in this study are similar to
those described by Li et al. (2010). The O, primary ion beam was
accelerated at 13 kV, with an intensity of about 8 nA. The ellipsoi-
dal spot was about 20x30 um in size. Positive secondary ions were
extracted with a 10 kV potential. Oxygen flooding was used to in-
crease the Oz pressure to about 5% 107 Torr in the sample chamber,
enhancing the secondary Pb" sensitivity to a value of about 25
cps/nA/ppm for zircon. In the secondary ion beam optics, a 60 eV
energy window was used, together with a mass resolution of about
7 000 (50% peak height), to separate Pb™ peaks from isobaric in-
terferences. The field aperture was set to 7 000 pm, and the transfer
optic magnification was adjusted to 200. Each measurement con-
sisted of 7 cycles, and the total analytical time was about 12 min.
A long-term uncertainty of 1.5% (1RSD) for 2%Pb/23¥U measure-
ments of the standard zircons was propagated to the unknowns (Li
etal., 2010), even though the measured 2°°Pb/?**U error during the
course of this study was ~1% (1RSD) or less. Data reduction was
carried out using the Isoplot/Ex v. 3.0 program (Ludwig, 2003).
The external uncertainties of SIMS U-Pb measurements were
monitored by inter-calibration of standard zircons BR266 and
TEMORA-2. SIMS U-Pb zircon data are listed in Table S2.

The '®0/'O ratio in zircons was also measured using a
CAMECA IMS-1280 at the IGGCAS. The primary ion beam of
133Cs* was accelerated at 10 kV, with an intensity of ~2 nA. A
focused beam of ~10 pm diameter was rastered over 20-30 um
to produce a ~20x20 pum analyzed area. Negative secondary ions
were extracted with a -10 kV potential. The normal incidence
electron gun was used for charge compensation. Two isotopes of
oxygen ('*0 and '°0) were detected simultaneously using the
multi-collector mode with two off-axis Faraday cups (fixed exit
slit #2, corresponding to a mass resolution of 2 200). The instru-
mental mass fractionation was standardized to Vienna Standard
Mean Ocean Water composition (VSMOW; 80/1°0=0.002 005 2)
and is reported in standard per mil notation. The internal preci-
sion of '80/'°0 ratios is better than 0.2%o (2SE) from 20 cycles
of measurements. The external reproducibility of '%0/'°0 ratios
by repeated measurements of standard zircon TEMORA-2 is bet-
ter than 0.4%o (2SD).

Hafnium isotopic compositions of zircon grains were meas-
ured using a ThermoFinnigan Neptune MC-ICP-MS equipped
with a GeoLas-193 laser ablation system at the IGGCAS. The
analytical conditions include an ablation pit of 63 um diameter
(47 pum for small grains), an ablation time of 26 s, a repetition
rate of 10 Hz and a laser beam energy density of 10 J-cm. Laser
ablation sites for Hf isotope analysis were centered as close as
possible to the spots for previous U-Pb and O isotope analysis,
such that the regions of the zircon analysed for both Hf and O
isotopes were almost identical in terms of their CL structure.

Calculation of ens(¢) values was based on the Hf chondritic val-
ues of Bouvier et al. (2008) and the U-Pb ages of the dated zircon
grains. The depleted mantle '"°Hf/'7’Hf growth line was calculated
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assuming present-day '7Hf/'7"Hf=0.283 25, '7°Lu/'"""Hf=0.038 4
(Griffin et al., 2002) and a decay constant of 1.867x10!" yr! for
176Ly (Soderlund et al., 2004). The in-situ zircon Lu-Hf isotope ra-
tios and en(¢) values are presented in Table S3.

3 RESULTS
3.1 Whole-Rock Chemical and Nd Isotopic Compositions
Sample RJ06 displays relatively high SiO2 and K20
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contents (Table S1) and plots in the granodiorite field of the
high-K calc-alkaline series on the TAS (K20+Na2O vs. SiO2)
and K»O vs. SiOz diagrams (Figs. 2c, 2d). It is characterized by
high K20 (4.5 %) and ALl2Os (15.1%) contents. As shown in Fig.
2, the Erinpura granite data, together with experimental melts,
define negative correlations of CaO, TiO2, MgO, and Fe203T
with SiOz and mol ratios of K/(K+Ca) are also negatively corre-
lated with MgO.
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Figure 2. Comparisons of experimental melts derived from a mixture of MORB+sediments (Castro et al., 2010) and the studied granite (RJ06, red star). (a) K,O
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In Fig. 2, the red hexagon indicates the average value of
Erinpura granodiorite that was estimated from the 40 samples
analysed by Naik (1993). The other Erinpura granodiorite data
are from Solanki (2011). Xs indicates the fraction of sedimen-
tary component in the mixture of MORB+sediments. The con-
tributions of melting temperature, pressure and source region
were estimated using alpha MELTS (Smith and Asimow, 2005),
as shown by blue and light pink areas and solid and dashed
lines. The blue and light pink areas indicate the effect of melting
temperature on melt compositions. The modelling results show
that the controlling factors are melting temperature and source
heterogeneity. Melting pressure contributes less to the compo-
sition of the calculated melts. The contributions of source re-
gion and melting pressure to melt compositions are also shown
by solid (P=2.0 GPa) and dashed (P=1.5 GPa) lines at H20=1.0
wt.%—2.0 wt.%. White, grey, and black solid and dashed lines
indicate calculated melts for starting materials of 0.7SMORB+
0.25sediment, 0.5MORB+0.5sediment, and 0.25MORB+0.75
sediment, respectively.

The granite shows a LREE-enriched chondrite-normalized
REE pattern with Lan=243, Ybn=28.9, and Lan/Ybn=8.1 and a
strong negative Eu anomaly (Ew/Eu*=(Gdn)"%/[(Smn)"?x(Gdn)"?]
=0.48; Fig. 3a). This pattern is typical of magmatic rocks devel-
oped in an arc environment (Condie and Baragar, 1974). The
presence of a strong negative Eu anomaly indicates that crystal
fractionation of feldspars may have played a significant role in
its magmatic evolution. This is consistent with depletion of Sr
(Fig. 3b) in the primitive mantle-normalized incompatible trace
element spidergram, which also reveals enrichment in Rb, Ba,
Th, U, and LREE and depletion in Nb and Ta.

The sample has mantle-like **Nd/'**Nd and '¥7Sm/'*Nd
isotope ratios of 0.512 041 and 0.124 7, respectively, corre-
sponding to an enp(f) value of +3.5 (Table S1).

3.2 Zircon Dating and Hf-O Isotopic Analysis

Zircon grains used for U-Pb dating are mostly euhedral to
subhedral, ~100 to 250 pm long, with length to width ratios of
3:1to5: 1. Twenty analyses were conducted on 20 grains
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(Table S2) and recorded high U (405 ppm—8 569 ppm) and Th
(91 ppm—1 003 ppm) contents, which can be divided into rela-
tively low-U (405-973) and high-U subgroups (>1 000 ppm, up
to 8 569 ppm). Oscillatory zoning is common in most grains
(Fig. 4) and, together with high Th/U ratios (0.12-0.48), indicate
a magmatic origin. With the exception of high common lead in
spot #1 (3.4% 2%4Pb; Table S2) and spot #4 (high-U and large
degree of discordance; Table S2), the other eighteen analyses
yield a weighted mean 20Pb/>¥U age of 893+6 Ma
(MSWD=0.72, 95% confidence interval). With the removal of
only the high common lead analysis spot #1, the other nineteen
analyses yield a weighted mean 27Pb/?%Pb age of 873+6 Ma
(MSWD=0.66, n=19), which is similar to the concordia
207pb/2%Pb age of 886+6 Ma (MSWD=14) considering the ana-
lytical uncertainty (Fig. 5).

The twenty sites used for U-Pb dating were also measured
for 8'80 and they vary from 8.1%o to 10.3%o. The 8'30 values
record two populations, with a dominant peak at +9.9%o and a
minor peak at +8.9%o (Fig. 6a and Table S3). The twenty anal-
yses have uniform "Hf/'7°Hf isotope ratios of 0.282 482 to
0.282 526. Because no inherited zircon grains were recognized
in this study and the zircons all contained high concentrations of
U, we used the weighted mean 27Pb/2%Pb age (873 Ma) to calcu-
late the initial Hf isotopes with enfs73 Ma=19.3 to +10.9 (Fig. 6b).

4 DISCUSSION
4.1 Effect of U-Pb Disturbance and High U Concentrations
on Zircon U-Pb Age and Oxygen Isotope

As shown in Fig. 5, the analysed zircon grains show slight U-
Pb reverse discordance, due to the high U content of the zircon
grains. It is widely-known that high-U zircon grains commonly
yield apparently older U-Pb ages (White and Ireland, 2012) and
lower oxygen-isotope values (Booth et al., 2005) in ion microprobe
analyses. Thus, high-U zircon grains maybe variably depleted in
180 (Booth et al., 2005). Therefore, before using zircon U-Pb-O
data to investigate the petrogenesis of the granitoid, we evaluated
the effects of U-Pb disturbance and high-U concentrations on ap-
parent zircon U-Pb ages and oxygen isotopic composition.

- - — 1 000
300 Compiled Erinpura granitoids Compiled Erinpura granitoids
—e— Rj06 with 69% SiO —sk—Rj06 with 69% SiO,
—&—Melt-1 in garnet-present assemblages (1 050 °C, 1.5 GPa) —8—Melt-1 in garnet-present assemblages (1 050 °C, 1.5 GPa)
—0—Melt-2 in garnet-free assemblages (1 100 °C, 1.5 GPa) —0—Melt-2 in garnet-free assemblages (1 100 °C, 1.5 GPa)
Melt-3 in garnet-present assemblages (1 100 °C, 2.0 GPa) —¥—Meli-3 in garnet-present assemblages (1 100 °C, 2.0 GPa)
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Figure 3. (a) REE-chondrite normalized patterns and (b) primitive mantle-normalized incompatible trace element spidergram for granite sample RJ06 and exper-

imental melts: normalization values are from Sun and McDonough (1989). Experimental melt data are from Castro et al. (2010) and the other Erinpura granodiorite

data are from Solanki (2011).
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Figure 4. Cathodoluminescence (CL) images of typical zircons from granitoid sample RJ06. The small blue and red ellipses represent the sites of SIMS U-Pb

and O isotope analyses, respectively; the large black circles represent the sites of LA-MC-ICPMS Hf isotope analyses. The numbers in blue, red, and black are

the U-Pb dates (Ma), '%0, and &u(?), respectively.

The apparent 2°°Pb/238Pb ages are broadly positively corre-
lated with D (percentage discordance, %) values (Fig. 7a). Fur-
thermore, spots #4, #7, and #20, the three high-U zircon grains
(analysis spot #1 was already discarded due to its high common
lead) display older 2°Pb/?3®Pb ages (inset in Fig. 7b), whereas
low-U zircon grains show no change (Fig. 7b). Therefore, the
207pb/20Pb ages are considered more reliable. Thus, the
weighted mean 20’Pb/?Pb age of 87346 Ma (MSWD=0.66,
n=19) represents the best estimate of the crystallisation age of
the granite.

As shown in Fig. 7c, there is no meaningful correlation be-
tween the measured zircon §'30 values and the degree of U-Pb
discordance (D values), although there is a distinct separation
into two populations with minimal overlap. The lack of correla-
tion implies that high-U radiation damage did not have a signif-
icant effect on the zircon oxygen signatures. Neither do the low-
U (<1 000 ppm) or high-U (=1 000 ppm) zircon grains display
any correlation between measured zircon 3'80 values and U con-
centrations (Fig. 7d). This suggests that radiation damage be-
cause of high U concentration did not result in lower oxygen-
isotope values. Although the highest-U grain (#spot#4) displays
a low 8'%0 value, no change in oxygen isotope composition is
distinguishable in the remaining set of 19 zircons, considering
the 0.5%o of external standard error (2¢ for in-situ SIMS zircon
oxygen analysis (Fig. 7d). This likewise implies that the zircon
oxygen isotopes are not disturbed. Thus, the high zircon §'%0

value is a primary feature of the granite.

2 Weighted mean “"Pb/Pb age of
0.160 g %00 873,3+6.4 Ma (MSWD=0.66, 1=19)
= 880 1IN
0.15615 860/ T TTTTIT T 1111
=
i 840
0152 *
£
B
£ 0.148-
0,144
Concordia age=886.0+4.9 Ma
0.140 (28, decay-const.errs included)
MSWD (of concordance)=14
0‘136 1 1 | 1 1 1
1.26 1.30 1.34 1.38 1.42 1.46 1.50
Z(l?pb/ﬂiiu

Figure 5. U-Pb concordia diagram for granitoid sample RJ06. Ages are in
Ma and ellipses have lo errors. Inset figure shows data used to define the
weighted mean?’’Pb/?°Pb age. Percentage discordance D is defined as
(6/1235><T7/6_ 1 )>207Pb/235Um D:((eAZSSXH/é_ 1 )_207Pb/235Um)2+((61238><7’7/6_1 )_
206Pb/23SUm)O‘5/((207Pb/235Um)2+(206Pb/238Um)2)0‘5, or D= _((6/1235 xT7/6__ 1 )_
207Pb/235Um)2+((eA238x T7/6_ 1 )_206Pb/23SUm)O.S/((207Pb/235Um)2+
(2%Pb/?8U,,)?)°3, where m and 77/6 indicate measured values and 2Pb/%Pb age,
respectively. The decay constant is: 1235=9.848 50x107'?, 1238=1.551 25x1071°,
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Figure 6. (a) Histogram of zircon §'%0 values and (b) eu(?) vs. 8'30 values for the ca. 873 Ma granite sample RJ06.
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4.2 Hf-Nd Isotopic Systematics

The most prominent feature of the granite data is the de-
coupling between radiogenic Hf-Nd and O isotopes. Zircon
grains show high positive and homogenous enfs73ma) values of
+9.3 to +10.9, plotting along the new continental crustal growth
curve as defined by modern island arc basalt (Fig. 8). This is
consistent with the mantle-like whole-rock Nd isotope composi-
tion with an ends73 Ma) value of +3.6. The average zircon enfs73
Ma) and whole-rock ends73 Ma) values also plot on the juvenile
modern arc array in the enr-ena diagram (Fig. 9a). This implies
that the granite has juvenile Nd-Hf isotopic compositions, and
thus represents addition of juvenile materials to the continental
crust (Fig. 9). However, its zircon grains show high §'%0 values
of 8.1%o to 10.3%o, significantly higher than that of the pristine
mantle zircon value of 5.3%0+0.3%0 (Valley et al., 1998). The
whole-rock §'%0 values were calculated as 9.8%o to 11.9%o, with
an average of 11.3%0+0.6 %o, based on SiO2 contents and using

the equation of 3'80wr=8'%0zi+0.061 2 (wt.% Si02)—2.5 (Val-
ley et al., 2005). The calculated whole-rock values straddle the
range in 3'%0 values of typical I-type (3'80=6%0—10%o) and S-
type (8'%0=10%0—14%o; Eiler, 2001) granites. Such a high §'%0
value is generally a supracrustal signature (Valley et al., 2005)
and can be either attributed to crustal contamination or to a
source region that contains hydrothermally-altered surface com-
ponents. Contributions from supracrustal rocks that show high
3'80 values varying from 10%o to 35%o (Bindeman et al., 2005)
have the potential to significantly increase the §'%0 value of
parental magmas. However, the supracrustal zircon O isotope
signature requires >30% sediment contribution in the source
(sediment end-member with §'*0=20%o and parental magma
with §'%0=6%o). The input of such a high proportion of sedi-
ments should significantly modify both the Hf and Nd isotope
compositions of the resultant magma. This may also result in the
presence of abundant xenocrystic zircon grains and generate a
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large range of zircon Hf isotope values. This is inconsistent with
the observation of homogeneous, mantle-like zircon Hf isotopes,
the absence of xenocrystic zircon grains and mantle-like whole-
rock Nd isotope composition of the Erinpura granite. This im-
plies that the observed decoupling between mantle-like Nd-Hf
and supracrustal O isotopes most likely reflects a source region
that contained, or was dominated by, hydrothermally-altered ju-
venile components.

4.3 Decoupling between Zircon Oxygen and Hafnium
Isotopes: Implication for Melting of Subducted Oceanic Bas-
alts and Sediments Leading to Juvenile Crustal Growth

The decoupling between Nd-Hf and O isotopes can be gen-
erated by partial melting of metasomatized sub-arc mantle or
hydrothermally-altered upper oceanic crust. Plate subduction
continuously transports crustal materials with high-3'%0 values
down into the mantle wedge, where high-6'%0 features may be
transferred to mantle peridotite by dehydration and partial melt-
ing processes (Liu et al., 2014; Eiler et al., 2007). High-8'%0
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values ranging from 8.8%o to 11.3%o have been documented in
silica-rich glass/melt inclusions entrained in peridotite xenoliths
from island arcs (Eiler et al., 2007), which have been interpreted
as low-degree melts from refractory mantle metasomatized by
slab-derived fluids/melts. Recent identification of high §'%0 val-
ues (88 0olivine=8.03+0.28%o) in the Sailipu mantle xenoliths from
southern Tibet demonstrates that some portions of the sub-arc lith-
ospheric mantle have §'30 values significantly higher than the up-
per mantle (Liu et al., 2014). Thus, partial melting of high-5'%0
sub-arc mantle has the potential to produce the observed decou-
pling between Hf-Nd and O isotopes. However, because such
mantle reservoirs have refractory compositions (Liu et al., 2014),
melting requires high water influx and the resultant melts are high
in magnesium and compatible trace elements and relatively low in
silica, with basaltic to andesitic composition, such as boninite and
high-Mg andesite. This is inconsistent with the low magnesium
and granitic major element composition of the granite in this study.

The Hf-Nd isotope composition of the studied granite is
similar to young arc magmas, as evidenced by its plotting on the
arc array defined by modern to Late-Mesozoic arc magmas in
Hf-Nd isotope space (Fig. 9a). Its Nd isotope, trace element
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ratios (Sm/Nd, Sm/Yb, La/Sm and Nb/La) and major elements
(e.g., Si0y) also show strong affinities with young arc magmas
(Figs. 9b-9f). This is consistent with the geological constraint
that the Erinpura granitoids represent the syn- to late orogenic
phase of magmatism formed during the Delhi orogeny, corre-
sponding to the final assembly of the supercontinent Rodinia.
This is supported by the variations in the deformation from pris-
tine igneous to gneissic (Just et al., 2011; Pandit et al., 2003; Deb
etal., 2001; Naik, 1993; Choudhary et al., 1984). Thus, the Erin-
pura granitoids have been widely proposed to be produced in an
Andes-type subduction environment. The Erinpura granitoids
are also closely associated in space and time with an active con-
tinental margin related to subduction. As shown in Fig. 10,
young arc magmas are characterized by large ranges in whole-
rock 8'80 values, varying from about +4%o to >+12%.. Further-
more, some young juvenile arc crust with SiO2<60 wt.% and
ena(£)>0 displays strongly supracrustal §'%0 signatures (>+7%o).
This implies that the decoupling between Nd-Hf and O isotopes
observed in the granite can be produced within an arc environ-
ment. In summary, the lines of evidence presented in this study
suggest an arc setting for the origin of the Erinpura granitoids.
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Experimental (Behn et al., 2011; Castro et al., 2010), nu-
merical modelling (Castro et al., 2013; Zhu et al., 2013) and
geochemical (Niu et al., 2013; Gomez-Tuena et al., 2008; Kele-
men, 1995) studies indicate that melting of the slab and associ-
ated diapirism may be the rule rather than the exception beneath
the arc front in most subduction zones (Behn et al., 2011), and
that this mechanism can produce melts that strongly resemble
andesitic arc magmas (Castro et al., 2010). Recent four-
dimensional numerical modelling proposes that melts derived
from subducted oceanic crust and sediments could contribute up
to 15 vol.%—50 vol.% to arc crust (Zhu et al., 2013).

Surface water-rock interaction mainly modifies the O iso-
topes and has little effect on the radiogenic (Hf-Nd) isotope
compositions of oceanic crust. Additionally, the short residence
time ensures that melts derived from subducted oceanic crust
have mantle-like radiogenic (Hf-Nd) isotope compositions.
Therefore, juvenile continental crust formed by partial melting
of upper oceanic crust (a mixture of MORB+sediments) should
possess mantle-like Hf-Nd and a supracrustal O isotope signa-
ture. Hence, the observed decoupling between Hf-Nd and O
isotopes may indicate that the source of the studied granite from
NW India was hydrothermally-altered upper oceanic crust and
sediments. This is consistent with the calculated whole-rock §'%0
values of 11.3%0+0.6%0, which matches that of hydrothermally-
altered upper oceanic crust (generally ranging from 7%o to 15%o;
Eiler, 2001), and the peak value observed from pillow lavas and
sheeted dykes from ophiolites (Fig. 11). Moreover, the whole-
rock major element composition of the granite is comparable to
experimental melts derived from a mixture of MORB-derived
amphibolite and sediments at temperatures of 1 000—1 200 °C
and pressures of 1.5-2.0 GPa (Figs. 2, 3). Trace element distri-
bution patterns of the granite are similar to those of experimental
melts in garnet-free assemblages at a somewhat lower pressure
(1.5 GPa), but display relatively higher heavy rare earth element
(HREE) contents than those of melts of garnet-present assem-
blages (Fig. 3). Taken together with the decoupling between Nd-
Hf and O isotopes, the parental magma of the granite was most
likely generated by partial melting of a mixture of MORB+
sediment at a relatively low pressure (1.5 GPa).

The published data for the Erinpura granitoids, including
sample GJ06, share similar trends with experimental melts, char-
acterised by negative trends of CaO, MgO, TiOz, and Fe>Os3 ver-
sus SiO2, and MgO vs. mol. ratio of K/(K+Ca) (Fig. 2). Both
natural samples and experimental melts plot within or along the
mixing trend defined by MORB and sediments. Partial melting
simulation results by alpha MELT (Smith and Asimow, 2005)
show that melting temperature and source heterogeneity are con-
trolling factors for melt composition. The least controlling factor
for melt composition is melting pressure. When water content in
the source region is not more than 1.0 wt.%, its contribution can
be ignored. As shown in Fig. 2, simulation results suggest that
partial melting of a mixture of MORB plus variable sediment at
temperatures of 1 000—1 200 °C and pressure of 1.5 GPa with
H20=1.0 wt.%—2.0 wt.% can produce the features observed in
the Erinpura granitoid suite. This is also supported by the exper-
imental results (Figs. 2, 3) and the presence of garnet in the res-
idue (Fig. 12).

The Erinpura granodiorites exhibit a wide spectrum of REE

patterns from strongly fractionated to unfractionated. Some
granodiorites plot in the garnet-free region of the diagram,
whereas many others appear to be produced from a source in
equilibrium with garnet. In general, the REE distribution patterns
(Fig. 3) and contents (Fig. 12) for the Erinpura granitoids can be
compared to those of melts of a mixture of MORB and sedi-
ments. The difference between natural samples and experimental
melts may be partially attributed to the variation in pressure
and/or temperature of partial melting (Castro et al., 2010). Be-
cause the experimental results show that melts developed at
higher temperature have a greater probability of being generated
in a garnet-free environment compared with lower temperature
melts, the more depleted HREE patterns are therefore expected
to be the result of fractionation at lower melting temperature
from the same source. The variability of subducted oceanic crust
(igneous crust end-member+sediment end-member) would also
contribute to the difference between the natural samples and ex-
perimental melts.
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Figure 11. Histograms of whole-rock §'30 values of (a) sediments, (b) pillow
lavas, (c) sheeted dykes, (d) gabbro, and (e) peridotite from the Corsican and
Oman ophiolites. The range of calculated whole-rock 8'%0 matches well with
the majority of pillow lavas and overlaps with the highest value for the
sheeted dykes. The data were compiled from Miller et al. (2001) and
Yamaoka et al. (2012).
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Figure 12. Comparing Cen/Yby vs. Yby of experimental melts with the Erin-
pura granodiorite. Two model lines correspond to a mixture with a fraction of
sediments (Xs) of 0.25 and 0.5 and show the progressive depletion in HREE
(dashed line) in the melt as a function of the amount of garnet (Grt) in the system
(Castro et al., 2010). Numbers on the evolution lines indicate the fraction of garnet
left in the residue. Subscript N indicates chondrite-normalized values. The mod-
elling results and experimental melts are from Castro et al. (2010). Green dots

indicate the additional Erinpura granodiorite data, which are from Solanki (2011).

According to the results of our numerical modelling and
comparison with experimental melts, partial melting of a mixture
of basalt and sediment at a temperature of 1 000—1 200 °C and a
pressure of 1.5 GPa with moderate H20O of 1.0 wt.%—2.0 wt.%
can generate the Erinpura granitoids. Because the tectonic set-
ting of the Erinpura granitoids is from the late-stage of the Delhi
orogeny (Grevillian orogenic event) to the earliest phase of the
breakup of Rodinia (Wu et al., 2018; Lyu et al., 2017), this stage
likely corresponds to the earliest phase of mantle upwelling that
initiated the breakup (Wang et al., 2016), thus providing a mech-
anism to melt mixtures of basalt plus sediment to produce juve-
nile continental crust (cf. Castro et al., 2013, 2010).

The above observations show that decoupling between Hf-
Nd and O isotopes in high-silica magmas is a diagnostic feature
for identifying a contribution from subducted upper oceanic
crust in generating juvenile continental crust. It is widely ac-
cepted that the growth of continental crust during the Archean
involved relatively large contributions from slab melts (e.g.,
Martin et al., 2005; Rapp et al., 2003; Foley et al., 2002). Ar-
chean tonalite-trondhjemite-granodiorite (TTG) suites represent
preserved early juvenile continental crust (3.8-2.5 Ga) and are
the most plausible candidates for these slab melts and their dif-
ferentiation products in the Archean (Moyen and Martin, 2012;
Martin et al., 2005; Rapp et al., 2003). Zircon grains from Ar-
chean TTG display high §'%0 values of 6.5%0—7.5%o, which were
interpreted to result from interaction of the amphibolite protolith
with surface waters at low temperature, followed by melting or
contamination to create mildly elevated magmas that host the
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zircons (Valley et al., 2005). Thus, the co-existence of juvenile
Nd-Hf isotopes and high 8'%0 values in Archean TTG suites pro-
vides the key evidence for slab melting during early continental
crustal growth.

5 CONCLUSIONS

A ca. 870 Ma granitoid from NW India displays mantle-
like zircon Hf (enfs73 Ma-19.3 to +10.9) and whole-rock Nd (exd
(873 Ma)=13.5) characteristics, but supracrustal zircon §'%0 values,
mostly ranging from 9%o to 10%o. The observed decoupling be-
tween radiogenic and oxygen isotopes indicates that the protolith
was juvenile material modified by surface water-rock interaction
under low temperature conditions. Furthermore, the major-trace
element composition of the granite is similar to that of experi-
mental melts produced by partial melting of a mixture of
MORB-+sediments. Thus, the decoupling between mantle-like
radiogenic Nd-Hf isotopes and supracrustal O isotopes may be
used as a key diagnostic feature for the identification of contri-
butions from subducted oceanic crust to juvenile crustal growth.
Our results therefore suggest that partial melting of subducted
oceanic basalts (plus sediments) may have played an important
role in early continental crustal growth.
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