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Abstract

Zircons from 71 diverse rocks from the Qinling-Tongbai-Dabie-Sulu orogenic belt in east-
central China and, for comparison, 8 from adjoining areas in the South China and North China blocks,
have been analyzed for in situ ®0/*°O ratio and/or U-Pb age to further constrain the spatial
distribution and genesis of Neoproterozoic low-5"0 magmas, i.e. 8®0(zircon) < 4% VSMOW. In
many metaigneous rock samples from Tongbai-Dabie-Sulu, including high-pressure and ultrahigh-
pressure eclogites and associated granitic orthogneisses, average 'O values for Neoproterozoic
“igneous” zircon cores (i.e. 800 to 600 Ma) vary from —0.9%o to 6.9%o, and from —9.9%o. to 6.8%o for
Triassic metamorphic rims (i.e. 245 to 200 Ma). The former extend to values lower than zircons in
primitive magmas from the Earth’s mantle (ca. 5%o to 6%o). The average A0 (metamorphic zircon —
“igneous” zircon) values vary from —11.6%o to 0.9%o. The large volume of Neoproterozoic low-5"°0
igneous protoliths at Tongbai-Dabie-Sulu is matched only by the felsic volcanic rocks of the Snake
River Plain hotspot track, which terminates at the Yellowstone Plateau. Hence, the low-8'%0 values at
Tongbai-Dabie-Sulu are proposed to result from shallow sub-caldera processes by comparison with
Yellowstone, where repeated caldera-forming magmatism and hydrothermal alteration created similar
low-5"0 magmas. However, the possibility of involvement of meltwaters from local continental
glaciations, rather than global Neoproterozoic glaciations, cannot be precluded. Our data indicate that
Neoproterozoic low-8"20 magmas that are either subduction- or rift-related, are present locally along
the western margin of the South China Block (e.g. Baoxing Complex). It appears that Neoproterozoic
80-depletion events in the South China Block as the result of hydrothermal alteration and magmatism

affected a much larger area than was previously recognized.

Keywords
Zircon, Oxygen isotopes, Ultrahigh-pressure metamorphism, Qinling-Tongbai-Dabie-Sulu orogenic

belt, South China Block
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INTRODUCTION

Zircon may preserve pristine igneous structures and compositions even in highly
metamorphosed or hydrothermally altered rocks including: oscillatory zoning as revealed by scanning
electron microscopy — cathodoluminescence (SEM-CL) imaging, magmatic ages and chemical and/or
isotopic compositions (e.g. Ti, REE — rare earth elements, Hf, Th, U, O). Thus zircons provide unique
information (e.g. age, fluid-rock interaction, temperature, and source) about the protolith or host rocks
and their tectonic environment. For instance, the measured 50 values of igneous zircons commonly
represent the oxygen isotope composition during crystallization of the magma (e.g. Lancaster et al.
2009; Fu et al. 2012). Post magmatic exchange is retarded due to the slow diffusion of oxygen
isotopes at crustal temperatures and recrystallization as a result of metamorphism can be evaluated by
U-Pb geochronology (e.g. Valley et al. 1994; Watson and Cherniak 1997; Valley 2003; Zheng et al.
2004; Page et al. 2007a; Bowman et al. 2011). Furthermore, oxygen isotope zoning within single
igneous zircons (e.g. core-rim structure) provides critical evidence to decipher complex overprinting
events of magmatism and hydrothermal alteration (e.g. Bindeman et al. 2008a; Chen et al. 2011). A
rapidly growing number of in situ oxygen isotope studies of zircons with ages from 4.4 Ga to <1 Ma
in diverse rock types have been carried out by ion microprobe (secondary ion mass spectrometry,
SIMS) to determine the evolution of the early Earth and later magmatism and metamorphism (e.g.
Cavosie et al. 2005; Kemp et al. 2007; Trail et al. 2007; Harrison et al. 2008; Ickert et al. 2008;
Grimes et al. 2011; Chen et al. 2011; Dai et al. 2011; Jeon et al. 2012).

Zircons in granitic orthogneisses associated with high- and ultrahigh-pressure (HP/UHP)
eclogites from the Dabie-Sulu orogenic belt, eastern China, have a wide range in average §'°0 values
from —9.0%o to 6.2%0 VSMOW (e.g. Rumble et al. 2002; Zheng et al. 2004; Tang et al. 2008a,b). Low
8'80(Zrn) in these rocks has been attributed to high-temperature exchange between Neoproterozoic
igneous protoliths and isotopically light glacier melt-water during the Neoproterozoic glacial events
(i.e. including the “snowball Earth”) (e.g. Rumble et al. 2002; Zheng et al. 2004, 2008). SIMS
analyses of “igneous” zircon cores and so-called “metamorphosed” zircons in the eclogites and

granitic orthogneisses indicate that 3'°0(Zrn) varies from 0.1%o to 10.1%o (e.g. Chen et al. 2003,
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2011). As discussed in detail by Wu et al. (2007), high-temperature hydrothermal alteration of the
Middle Neoproterozoic igneous rocks at Dabie resulted in low and negative 50 values for rock-
forming minerals, and some of the altered rocks were locally melted to generate low-8'*0 magmas.
Furthermore, the '®0-depletion events took place at 780-740 Ma and so they clearly predate the
“snowball Earth” events (i.e. Sturtian & Marinoan) between 720 Ma and 635 Ma (Zheng et al. 2007a,
2008 and references therein). Alternative explanations have also been discussed by Wang et al.
(2011a) and Bindeman (2011). Thus, it appears that the occurrence of low-5"20 magmas in the South
China Block during the Neoproterozoic may be unrelated to global glaciation events.

Numerous U-Pb zircon ages obtained by ID-TIMS (isotope dilution — thermal ionization mass
spectrometry), SIMS and LA-ICP-MS (laser ablation — inductively coupled plasma mass
spectrometry) for rocks from the Tongbai-Dabie-Sulu orogenic belt have been published and many of
the U-Pb zircon age data were summarized in Zheng et al. (2003, 2008, 2009). In this contribution, we
employed CAMECA IMS-1280 ion microprobes, combined with SIMS/LA-ICP-MS U-Pb dating, in
order to obtain precise and accurate in situ analyses of oxygen isotope ratios in igneous and/or
metamorphic zircons in diverse rocks obtained throughout the Tongbai-Dabie-Sulu orogenic belt,
east-central China; we also included samples from adjacent areas in the South China and North China
blocks for comparative purposes. The goal of this study was to further constrain the spatial
distribution and genesis of low-3'°0 magmas in the Tongbai-Dabie-Sulu orogenic belt, and to
determine its tectonic, magmatic, and hydrothermal history prior to the Triassic HP/UHP eclogite-

facies metamorphism.

GEOLOGICAL SETTING AND SAMPLE DESCRIPTIONS

The Triassic continental collision between the North China Block and the South China Block
in east-central China has generated the most extensive HP/UHP metamorphic province in the world.
These rocks are exposed in the southern and eastern parts of the Qinling-Tongbai-Dabie-Sulu
orogenic belt in a terrane extending >1500 km from west to east (inset of Fig. 1a). The most notable

terranes are, from west to east, Tongbai, Hong’an (West Dabie), Dabie and Sulu, which were
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disrupted by three major NNE-SSW trending faults, the Dawu and the Shangcheng-Macheng faults
(DF & SMF; Fig. 1b) and the Tancheng-Lujiang or Tan-Lu Fault (TLF; Figs. 1a & 1b). These terranes
expose a coherent sequence of subducted continental crust and cover now exhumed at the surface.
The Hong’an, Dabie and Sulu terranes contain both HP and UHP units, which were intruded by
massive post-orogenic Cretaceous granites and minor mafic-ultramafic complexes. The UHP units
consist of abundant ortho- and paragneiss, schist, marble, jadeite/kyanite quartzite and minor eclogite
lenses and garnet-bearing ultramafic complexes. The HP units mainly consist of gneiss, amphibolite,
and eclogite. Coesite inclusions have been reported in zircons obtained from eclogites, particularly
from associated gneisses (e.g. Ye et al. 2000; Liu et al. 2002; Liu and Liou 2011).

The Sulu terrane is bounded to the northwest by the Jiaobei terrane of the North China Block
along the Wulian-Yantai Fault (WYF) and to the southeast by the South China Block along the
Jiashan-Xiangshui Fault (JXF) (Fig. 1a). Rocks of the HP unit in the Sulu terrane occur sporadically
south-east of the UHP unit. The Precambrian basement in the Jiaobei terrane consists of Archean
tonalite-trondhjemite-granodiorite (TTG) and supracrustal rocks including banded iron formation
(BIF), and Palaeoproterozoic amphibolite and granulite (Tang et al. 2007; Zhou et al. 2008 and
references therein).

The Dabie terrane is divided into five lithotectonic units by E-W-trending faults, including the
Xiaotian-Mozitan Fault, the Wuhe-Shuihou Fault (shear zone), the Hualiangting-Mituo Fault and the
Taihu-Shanlong Fault (XMF, WSF, HMF & TSF in Fig. 1b; Liu et al. 2007). From north to south,
these units are (Zheng et al. 2008 and references therein): (1) the Beihuaiyang low-T/low-P
greenschist-facies unit; (1) the North Dabie high-T/UHP granulite-facies unit; (111) the Central Dabie
middle-T/UHP eclogite-facies unit; (I\V) the South Dabie low-T/UHP eclogite-facies unit; and (V) the
Susong low-T/high-P blueschist-facies unit (Fig. 1b).

In the Hong’an terrane, there are six lithotectonic units from north to south (Liu et al. 2004):
(A) the Nanwan meta-flysch unit; (B) the Balifan mélange; (C) the Huwan HP unit; (D) the Xinxian
UHP unit; (E) the Hong’an HP unit; and (F) the Mulanshan blueschist unit (Fig. 1b). The Nanwan
flysch unit is composed of Devonian bedded quartz sandstone, pelite and greywacke and all the rocks

are metamorphosed to greenschist or epidote-amphibolite facies. The Balifan tectonic mélange unit
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consists of augen mylonite, mylonitized quartzofeldspathic schist and epidote amphibolite with many
large metagabbro blocks. The Huwan HP unit compromises augen gneiss, mylonite,
quartzofeldspathic schist, graphite schist and marble with numerous eclogite blocks. The Xinxian
UHP is a structural dome composed of granitic to granodioritic gneiss and minor supracrustal rock
with abundant eclogite lenses or pods. The Hong’an HP unit consists of quartzofeldspathic schist,
granitic orthogneiss, marble, quartzite and graphite schist with layered garnet amphibolite, as well as
eclogite and ultramafic blocks or lenses. The Mulanshan blueschist-greenschist unit is mainly
composed of felsic and mafic volcanic rocks associated with metasedimentary phosphorite, graphite
schist and quartzite in the lower part, and metapelite and marble in the upper part.

The Tongbai terrane represents the middle segment of the Qinling-Tongbai-Dabie-Sulu
orogenic belt. It is separated from Qinling in the west by the Nanyang Basin, and from Hong’an in the
east by the Dawu Fault. The terrane comprises six collision-related lithotectonic units, separated by
large-scale shear zones (Liu et al. 2008, 2010a). From northeast to southwest, they are: (1) the
Nanwan flysch, (2) the Balifan tectonic mélange, (3) the northern eclogite zone, (4) the Tongbai
Complex, (5) the southern eclogite zone, and (6) the blueschist-greenschist zone (Fig. 1c¢). A coesite-
bearing eclogite zone is however absent. Eclogites from the two eclogite zones commonly occur as
lenses or blocks of a few to several hundreds meters in size in quartzofeldspathic gneisses, mica
schists and marbles. The Tongbai Complex is dominated by coarse-grained gneissic granites. Most of
these rocks were strongly deformed and commonly converted to augen gneisses and mylonites. The
enclaves in the gneissic and weakly foliated granites comprise fine-grained dioritic-trondhjemitic
gneisses and minor amphibolites, paragneisses, calc-silicates and marbles. The dioritic-trondhjemitic
gneisses are layered and commonly show granitic and pegmatitic veins. Amphibolites occur as
interlayers or lenses within the dioritic-trondhjemitic gneisses.

The Baoxing Complex is located in the southern Longmen Shan, while the Pengguan and
Xuelongbao complexes lie to the north, between the Tibet Plateau and the Sichuan Basin in
southwestern China (Fig. 1d). It consists mainly of highly deformed mafic to felsic (gabbroic, dioritic,
tonalitic, granodioritic and monzogranitic) gneisses. The Neoproterozoic igneous rocks were

emplaced into the Yanjing Group that is composed of an intermediate-acidic to alkaline volcanic
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complex, pelitic clastic rocks, and carbonates (BGMRSP 1991). The cover sequences in this area
include a thin, incomplete succession of Neoproterozoic to Middle Triassic shallow-marine and
nonmarine sedimentary rocks (Burchfiel et al. 1995). All the Precambrian basement rocks and the
cover sequences were folded/deformed and metamophised to greenschist to amphibolite-facies during
the early Mesozoic. The massive tonalitic gneiss consists mainly of plagioclase, quartz, biotite and
minor amphibole and K-feldspar.

Zircons from 71 samples were chosen for analysis (Fig. 1): 17 samples from Sulu; 10 from
Dabie; 18 from Hong’an; 23 from Tongbai; and 3 from South Qinling (e.g. Hannan Massif). The
majority of the investigated samples are metaigneous rocks, including metagabbro, HP/UHP eclogite,
garnet amphibolite and granitic (or dioritic/trondjiemitic/quartzofeldspathic) orthogneiss from
different lithotectonic units in the four terranes of the Tongbai-Dabie-Sulu orogenic belt.
Metasedimentary rocks including paragneiss, schist, quartzite and felsic granulite that may contain
detrital zircons, as well as pre-orogenic intrusions, syn-orogenic (Triassic) pegmatitic dikes (Wallis et
al. 2005) and post-orogenic Cretaceous intrusions (Liu et al. 2010a; Cui et al. 2012) were selected for
comparison (Electronic supplementary materials or ESM S1). In addition, 6 samples from southern
Longmenshan (Baoxing Complex) and Yichang (Huangling Granitoid) in the South China Block and

2 samples from the southern margin of the North China Block were also analyzed.

ANALYTICAL METHODS

For some samples, oxygen isotope analyses of garnet, amphibole, zoisite and/or quartz were
performed in bulk on 1-2 milligram-size samples using laser fluorination (A = 10.6 um, BrFs) and gas-
source mass-spectrometry at the University of Wisconsin — Madison (Valley et al. 1995). The *0/*°0
ratios are reported in & notation relative to Vienna Standard Mean Ocean Water (VSMOW). All §**0
values were corrected using the accepted values of the standards employed: 5.80%o for UWG-2, Gore
Mountain garnet standard (Valley et al. 1995) and 9.59%. for NBS-28 quartz standard, and they are
tabulated in Electronic ESM S2. All the data are reported here with uncertainty within 2 standard

deviations (2 SD) or at the 95% confidence levels (c.l.).
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Zircon separates were obtained by standard crushing, magnetic, and heavy liquid techniques,
and were then handpicked under a binocular microscope. Unknown zircon (and quartz) grains
together with zircon standards (KIM-5, CZ3, Temora-2, and/or PleSovice) (and quartz standard,
UWQ-1) were cast in epoxy, ground, and polished to expose the midsection of the grains. Nine 25mm
round zircon grain mounts were prepared, together with 11 other mounts previously prepared for in
situ U-Pb zircon dating by ion microprobe (Liu et al. 2004, 2008, 2010a; Wallis et al. 2005; Cui et al.
2012; Hu et al. 2012); some of the mounts were face-mounted with KIM-5 or PleSovice in the center
and many of the previous geochronology pits were ground off.

Secondary electron and cathodoluminescence imaging of the zircons was conducted using a
Hitachi S-3400N scanning electron microscope at the University of Wisconsin — Madison or a Philips
(FEI) XL30 ESEM (environmental SEM) at the University of Melbourne, both equipped with a Gatan
CL detector. Representative CL images of the zircons of interest are shown in Fig. 2 and indicate that
many zircons display core—rim structures: Zircon cores commonly exhibit oscillatory zoning in CL,
whereas zircon rims tend to be weakly zoned or featureless.

lon microprobe analyses of **0/*0 ratios in zircons were conducted using 10-15 micron
spots on a CAMECA IMS-1280 ion microprobe with multi-collector Faraday Cups (FC) at the
WiscSIMS center at the University of Wisconsin — Madison (Kita et al. 2009). lon microprobe
analyses of *0/*®0 ratios in zircons and quartz grains were also performed on a CAMECA IMS-1280
ion microprobe at the University of Western Australia; analytical procedures and data reduction were
similar to those reported in Kita et al. (2009). All oxygen isotope results on samples and standards
including KIM-5 (5'%0 = 5.09+0.12%o; Valley 2003), Plesovice (8.19+0.08%o; J.W. Valley
unpublished data), Temora-1 (7.93+£0.08%o; Valley 2003; Black et al. 2004); and Temora-2
(8.20£0.02%o; Valley 2003; Black et al. 2004) as well as UWQ-1 (quartz, 12.33+0.14%o; Kelly et al.
2007), are listed in order of analysis in ESM S3. Optical microscope photographs of the oxygen
isotope SIMS spots were taken and digitized and/or post-analysis SEM imaging of many of the SIMS

spots was performed to evaluate the reliability of in situ ion microprobe data.
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After grinding off previous SIMS spots for **0/*0 ratio, the U, Th, and Pb compositions and
U-Pb isotopic ratios for some of the zircons were obtained from newly-polished, gold-coated zircon
grain mounts using a SHRIMP 11 ion microprobe at the John de Laeter Centre of Mass Spectrometry,
Curtin University, Perth. The operating conditions and analytical protocols using seven-cycle runs
through the mass stations are essentially the same as described by Williams (1998). The SHRIMP
spots were ca. 25 um in diameter. The Pb/U calibration was performed using the in-house CZ3
standard zircon (**°Pb/***U age = 564 Ma; Pidgeon et al. 1994), which was analyzed repeatedly
throughout each session. All raw SIMS data files were reduced using the Squid program (Ludwig
2001a), and relative probabilities plotted using Isoplot/Ex (Ludwig 2001b). Apparent ages include
uncertainty in the Pb/U calibration, and all errors are quoted at 2 SE (standard error) precision (ESM
S4). Four zircon grains from sample 26 (Mount G72) were analyzed for U-Th—Pb isotopes using a
SHRIMP 11 ion microprobe at the Institute of Geology, Chinese Academy of Geological Sciences,
Beijing (cf. Liu et al. 2004).

Laser ablation U-Th-Pb isotope analyses of many of the studied zircons were carried out at
the University of Melbourne, using a 193 nm excimer laser-based HELEX ablation system equipped
with a Varian 810 quadrupole ICP-MS described in Woodhead et al. (2004, 2007) and Paton et al.
(2010) and also using an Agilent 7700 ICP-MS. U-Th-Pb isotopic abundances were analysed using a
32 um spot size. All data manipulation was done offline using the locally developed lolite software
package (Hellstrom et al. 2008) with the U-Th-Pb data reduction module of Paton et al. (2010). The
results were calibrated with the 91500 zircon (Wiedenbeck et al. 1995) as the primary standard and
are tabulated in ESM S5, and the weighted mean 2°Pb/?®U ages obtained from two secondary
standard zircons Temora-2 (415.9 + 1.1 Ma, n=54; 419.2 +1.4 Ma, n=68) and PleSovice (338.8 + 0.9
Ma, n=33; 339.4 £ 0.7 Ma, n=90) in two sessions and are well within £1.0% of the accepted ages
(416.8 Ma & 337.1 Ma: Black et al. 2004; Slama et al. 2008).

The initial common Pb isotopic composition of the analyzed zircons from different rocks was
estimated using the two-stage terrestrial Pb evolution model of Stacey and Kramers (1975) at a given

age; however, only radiogenic “’Pb/*®Pb ages for zircons older than 1.2 Ga are presented.
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OXYGEN ISOTOPE COMPOSITIONS

Laser Fluorination Bulk Analyses

Mineral separates analyzed by laser fluorination are from HP/UHP eclogites and jadeite
quartzite at Dabie-Sulu (ESM S2). Garnet from the HP/UHP eclogites has a large range in 80 from
—8.1%o0 to 9.4%o.

Coexisting minerals were analyzed in order to determine the extent of isotopic disequilibrium
and fluid-‘buffered’ open system exchange (i.e. Valley 2001; Zheng et al. 2003). For an individual
rock sample, compared to garnet, the coexisting omphacite, amphibole and zoisite commonly have a
slightly higher 820 value, as evident by positive A"*O(Min — Grt) values, ranging between 0.17%o
and 0.86%o (Fig. 3). Here, A"O(Min — Grt) = 3**0(Min) — 5'®0(Grt) and Min stands for omphacite,
zoisite, or amphibole and Grt for garnet. Oxygen isotope fractionation between omphacite (diopsideo
- jadeiteg), zoisite or amphibole (glaucophane) and garnet at T = 700°C (or higher) using the
calibrations of Zheng (1993a,b) is estimated to be ca. 1%o or less. Within the accuracy of these
estimates, the small oxygen isotope fractionations measured between these minerals suggest that the
value for high temperature isotopic equilibrium has been attained and preserved at peak-HP/UHP
metamorphic conditions (e.g. Yui et al. 1995; Zheng et al. 1996, 1998a, 2003; Baker et al. 1997;

Rumble and Yui 1998).

lon Microprobe Spot Analyses

Results of all SIMS spot analyses of unknown zircons are shown in Fig. 4 and individual §'®0
data for all the investigated samples are summarized in ESM S1. Nine analyses of 7 quartz grains
from one granitic orthogneiss sample (#6) that are not shown in Fig. 4 give a narrow range in 5'°0
from —1.9%o to —1.3%o, averaging —1.6+0.4%o.

The lowest 820 value for zircon is —10.8%o from one UHP eclogite sample (#2), and the
highest '%0 value is 13.8%o from one HP eclogite sample (#47) and one Paleoproterozoic pelitic

schist sample (#50).
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Zircons from some metaigenous or igneous rock samples, especially from Hong’an and
Tongbai (e.g. #33, #40 & #69), have a narrow range in 8*®0, varying by only 0.2%o to 0.8%o (Fig. 4).
This indicates °0/*®0-homogeneity in zircons at hand specimen scale. The intergrain variability can
also be evaluated by a 2 SD value of average §'®0(Zircon) or §*0(Zrn) for some invididual rock
samples (e.g. £0.1%o to £0.5%0; ESM S1), comparable to the analytical precision of +0.4%.. On the
other hand, §'®0 in zircons from some other granitic orthogneiss/eclogite samples, notably from
Dabie and Sulu (e.g. #2), can be highly variable by up to 20.4%o. The 2 SD value of the average
8®0(Zm) for the metaigneous rocks is as high as +7.0%o (#47) and £9.1%o (#20). It is noted that the 2
SD value of the average 5'°0(Zrn) for most invididual samples other than eclogites and orthogneisses
is £2.2%o or less. Many zircons from metaigenous rocks have much higher 3'*0 values in the core
than the rim (Figs. 2a to c). Since the distinction between “igneous” zircons and “metamorphic”
zicons is not always straightforward, intragrain and intergrain variability in 0 was based on CL
images and U-Th-Pb results and is assessed in the Discussion section.

Average §'0(Zrn) values for the investigated rocks at Qinling-Tongbai-Dabie-Sulu vary
from —7.4%o to 13.3%o (ESM S1). In detail, average 5'°0(Zrn) values for metaigneous rocks can be
highly variable: 3.6%o0 and 4.7%o for metagabbros; from —7.4%o to 10.0%o for eclogites; from 3.0%o to
6.7%o for garnet amphibolites; and from —3.7%o to 5.4%o for orthogneisses, including one leucosome
sample (#53). In contrast, there is a narrow range in 8'0(Zrn) for the granitic intrusions: from 3.5%o
to 4.5%o for pegmatites and from 5.0%o to 5.6%o for granites and granodiorites. Zircons in
paragneisses, quartzites, felsic granulites and pelitic schists have average 5'°0 values between 5.3%o
and 13.3%o. Overall, zircons have average 5'°0 values, from —7.4%o to 6.8%o for the 17 samples from
Sulu; from —3.6%o to 7.5%. for the Dabie samples (10); from —3.3%o to 10.0%o for samples from
Hong’an (18); and —1.1%o to 13.3%o for the Tongbai samples (23). Average 3'®0(Zrn) values for three
samples (#70-72) from South Qinling vary from 6.8%o to 8.5%o.

By comparison, many zircons in samples (#73-77) from the Baoxing Complex of southern
Longmenshan in the South China Block are characterized by oscillatory zonation typical of igneous

zircons as revealed by CL imaging. Some zircons in sample #76 display core-rim structure and the
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zircon rims are featureless. Spot analysis of twenty-three zircon grains in four metagranite samples
(#74-77) indicates a large variation in 5'%0 of between 1.9%o and 9.9%o (Fig. 4). Average 5'°0 values
for the Baoxing samples range from 4.0%o to 6.7%o0 (ESM S1). One metarhyolite sample (#73) from
the Yanjing Group in the same area has an average 5'°0O(Zrn) value as low as 3.9+0.9%o. Zircon §'°0
for one sample (#78), also from the Huangling granitoid in the South China Block, varies from 6.6%o
to 8.8%o, averaging 7.9+1.8%o.

Zircons in two samples (#18 & #79) from the North China Block have an average 5'%0 value

of 5.7+0.5%o0 and 5.9+0.4%o, respectively (ESM S1).

IN SITU U-Pb GEOCHRONOLOGY

Sixty-four out of 65 SIMS U-Th-Pb analyses of selected zircons from 19 samples from
Dabie-Sulu indicate that there are two major 2°Pb/?*®U age populations (Fig. 5a & ESM S4): (1) at
205 to 246 Ma (n=22) for metamorphic zircon rims (Th/U < 0.3) and (2) 606 to 797 Ma (n=27) for
igneous zircon cores (Th/U > 0.3).

U-Th-Pb analysis of zircons from 49 samples by LA-ICP-MS was carried out in two separate
sessions (ESM S5) to determine the (re-)crystallisation age of the zircons and data for 5 representative
samples were plotted on concordia diagrams (Figs. 5b to 5f). At Tongbai-Dabie-Sulu, zircons in 8 out
of 10 eclogite samples give Neoproterozoic ages for the igneous protoliths, and Triassic ages for the
rims that resulted from syn-orogenic HP/UHP metamorphism. Zircons in one UHP eclogite sample
(#19) from Dabie give discordia intercept ages of 1924+17 Ma and 231+15 Ma (Fig. 5b), whereas
metamorphic zircons in one HP eclogite sample (#30) from Hong’an give a weighted mean age of
3055 Ma (n=9) (Fig. 5¢). Likewise, zircons in 17 out of the 21 orthogneiss samples analyzed give
Neoproterozoic protolith ages and Triassic rim ages that record syn-orogenic HP/UHP metamorphism
(e.g. Fig. 5d). A few small igneous zircons (or cores) in 4 orthgneiss samples (#11, #25, #37 & #39)
give younger Paleozoic ages. Nevertheless, discordia upper intercept ages of 771+86 Ma and 752+70
Ma on the concordia diagrams are obtained for both UHP eclogite and granitic orthogneiss samples

from the same location (#37 & #39) (Wu et al. 2008a).
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Zircons in one granite sample (#26) from Dabie give a weighted mean age of 752+4 Ma
(n=45) (Fig. 5e), whereas zircons in a granodiorite sample (#69) from Tongbai give a weighted mean
age of 45416 Ma (n=12). The latter reflects the timing of arc magmatism in the region (e.g. Wang et
al. 2011b).

Archean to Paleoproterozoic zircons have been preserved in paragneiss (#9), quartzite (#23)
and felsic granulite (#27), whereas no zircons older than 600 Ma were determined in one paragneiss
sample (#22). Zircons in a paragneiss sample (#28) from a Cretaceous dome at Dabie are as old as 3.0
Ga (ESM S1).

Zircons in samples from South Qinling and the South China Block (#70-78) give a weighted
mean “®®Pb/?*U age or a discordant intercept age varying from 896 Ma to 775 Ma, reflecting the
timing of magmatism (ESM S1; see Fig. 5f for #77). In contrast, zircons in two samples (#18 & #79)
from the North China Block give a much older age, 2.91 Ga for magmatism and 1.84 Ga for

metamorphism.

DISCUSSION

Based on CL images and available U-Th-Pb data, we first attempt to distinguish
Neoproterozoic “igneous” zircons from Triassic “metamorphic” zircons in the investigated rocks at
Tongbai-Dabie-Sulu. We then investigate the origin of low-5'0 Neoproterozoic igneous zircons or
host igneous rocks in the region, using a comparison with Yellowstone caldera, USA, where similar
oxygen signatures have been obtained. Finally, the geological implications of 5'°0 for zircons of

Archean to Cretaceous ages are discussed.

“Metamorphic” Zircon versus “Igenous” Zircon

Both SIMS U-Th-Pb results (Liu et al. 2004, 2008, 2010a; Wallis et al. 2005; Cui et al. 2012;
Hu et al. 2012; this study) and LA-ICP-MS U-Th-Pb results were plotted against SIMS §'°0 data for
all zircon samples of this study from the Tongbai-Dabie-Sulu orogenic belt, including South Qinling,

and from the South China and North China blocks (Fig. 6a). While both datasets are largely
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comparable, LA-ICP-MS age estimatess are much younger or older than SIMS ages for a few zircons
(ESM S6). In this case, SIMS ages are preferred due to very small volume of material analysed,
comparable with SIMS §'®0 spots (cf. Chen et al. 2011; Sheng et al. 2012).

In general, Archean and Paleoproterozic zircons have 3'®0 values varying from 3.6%o to
13.8%o, whereas younger zicons of Mesoproterozoic to Cretaceous age have a wide range in 8'°0
between —10.8%o and 12.0%.. It is noted that many Paleoproterozoic and Triassic zircons that have
extremely low or high §'®0 values also have lower Th/U values than other zircons (see inset of Fig.
6a).

For many zircons from the Tongbai-Dabie-Sulu HP/UHP metamorphic rocks, the distinction
between igneous cores and metamorphic rims may be verified because the cores commonly have
higher Th/U ratios and give older U-Pb ages than the rims (e.g. Zheng et al. 2004; Chen et al. 2006).
However, this may not always be the case, especially for those so-called “metamorphosed” protolith
zircons variably recrystallized via the mechanisms of solid-state transformation or replacement
alteration or dissolution-reprecipitation (e.g. Xia et al. 2009, 2010; Chen et al. 2010, 2011; Sheng et
al. 2011). In this study, only those zircons in HP/UHP metaigneous rocks from the Qinling-Tongbai-
Dabie-Sulu orogenic belt that give ages between 800 Ma and 600 Ma, equal to or close to the
Neoproterozoic protolith age, are regarded as being “igneous” in origin and most likely they have
preserved igneous protolith or parental magma oxygen isotope signatures. Given that three outliers
(samples #2, #13 & #21) are excluded, “igneous” zircons of this age occur in both HP/UHP
metaigneous rocks and Neoproterozoic granites that have Th/U ratio > ca. 0.3 and §'°0 value > —
1.7%o (Fig. 6b). In contrast, most zircons with ages between 245 Ma and 200 Ma, including those
from syn-orogenic pegmatites (#10, #14 & #15; Wallis et al. 2005), have Th/U ratio < ca. 0.3 and
highly variable 5'®0 value ranging between —8.5%o and 9.1%o (Fig. 6¢). In other words, there appears
to be no difference in Th/U between Triassic pegmatite/granitic leucosome zircons and other
contemporaneous HP/UHP metamorphic zircons (see also Liu et al. 2010b, 2012), in contrast to
igneous zircons from other syn-orogenic intrusions, where the values are mostly > 0.5 (e.g. Zhao et al.

2012). Metamorphic zircon is used here to describe those zircons (or zircon rims) newly formed from
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aqueous fluids or hydrous melts or where complete recrystallization of protolith zircons has occurred
during Triassic metamorphism, including three different stages — prograde, peak HP/UHP, and
retrograde metamorphic stages — as demonstrated especially for UHP marbles and marble-hosted
UHP eclogites at Dabie-Sulu (e.g. Liu et al. 2006a,b; Wu et al. 2006). Nine data points (Fig. 6¢) for 7
zircons with Th/U ratios > ca. 0.3, from both eclogites (#32, #47 & #61) and orthogneisses (#3 &
#25), are also omitted from further discussion. It should be pointed out that the contrasting Th/U
ratios between Neoproterozoic “igneous” zircons and Triassic metamorphic zircons in this study are
consistent with the results obtained using the same techniques (SIMS & LA-ICP-MS) for HP/UHP
rocks, as well as Neoproterozoic granites in the region, that were compiled from the literature but not
presented here.

Here we can assess 8'®0 variability within a single grain in detail, for those zircons analyzed
multiple times and for which age constraints are available. The intragrain 520 variability can be
evaluated by using the following parameters: range in 8'20 within “igneous” or metamorphic zircon
(or domain) and A0 (M-Zrn — I-Zrn) for the variation in %0 between “igneous” zicons and
metamorphic zircons from individual rock samples.

Metamorphic zircons in one retrograded eclogite sample (#66) have a narrow range in §*°0,
between 3.2%o and 4.2%o0 (n=18), with an identical average value (3.8%o) for two age groups (223 Ma
versus 208 Ma; Liu et al. 2010a). This suggests that there is little or no oxygen isotopic shift in the
rock system from the peak metamorphic stage to the retrograde stage. Metamorphic zircons in two
other samples (#33 & #39) are also relatively homogeneous in *0/*°0 and they have an average §'°0
value of —3.3%0.5%o (n=10) and 2.4+0.7%0 (n=14), respectively (ESM S1).

Available average 5'0 values for metamorphic zircons with ages between 245 Ma and 200
Ma from other Tongbai-Dabie-Sulu rocks range from —8.3%o to 6.8%0 (ESM S1). Only one pegmatite
(#10) and four orthogneisses (#8, #11, #24 & #54) give a 2 SD value of £2.0%o to £6.1%o from the
average calculation, indicating pronounced intergrain variability in 8'¢0.

The criteria for evaluation of oxygen isotopic equilibrium at inter- or intra-crystalline scale

varies according to the analytical method used in different studies. There are no available ion
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microprobe 5'°0(Grt) data for the Tongbai-Dabie-Sulu HP/UHP rocks, although certain intragrain
8'®0-variations in garnets from eclogites and granulite-facies metamorphic rocks elsewhere have been
reported (Vielzeuf et al. 2005; Page et al. 2010; Russell et al. 2012). We can only utilize the laser
fluorination results (ca. 300 um spot size), which are indicative of gradients of 5'°0 within garnets
(ca. 1 cm in diameter) of no more than 1%o (Xiao et al. 2001, 2002). Thus, we can use a 8'*0(M-Zrn)
versus 8'%0(Grt) diagram to evaluate the oxygen isotopic equilibrium between metamorphic zircon
and garnet only on a hand specimen scale by comparison between the average 5'°0 values for
metamorphic zircons (n >4, 2 SD < +0.8%o; SIMS) and the bulk data for garnets (laser fluorination).
The equilibrium oxygen isotope fractionation between zircon and garnet is less than 0.2%o at high
temperatures (>600°C; Zheng et al. 1993a; Valley et al. 2003) and if these minerals equilibrated
during peak HP/UHP metamorphism, their oxygen isotope ratios should be nearly identical. All data
points for 5 of the studied samples fall along the A = 0 line in Fig. 3 and the A'*O(M-Zrn — Grt) values
range between —0.2 and 0.2%o, within the analytical precision. These small A®®*O(M-Zrn — Grt) values
for a very limited number of samples suggest that approximate oxygen isotopic equilibrium between
metamorphic zircon, like other eclogitic minerals, and garnet is attained and preserved during peak-
HP/UHP metamorphism in these samples at the hand specimen scale, and that the average §'°0 values
for metamorphic zircons, §'°0(M-Zrn), can be used to approximately estimate bulk composition of
the host rock during metamorphism.

80 for a few Neoproterozoic “igneous” zircon grains (or cores) varies by 2.6-7.7%o (e.g.
Figs. 2a & 2b). About one-third of Neoproterozoic “igneous” zircons, mostly from eclogites and
orthogneisses, have a 8'%0 value below 4%o and down to —1.7%. (Fig. 6b). The lowest 50 (<0)
values are from a Cretaceous leucosome (#53) in dioritic orthogneiss enclosed in gneissic granite at
Xinzhuang from the Tongbai Complex (Figs. 2d & 7c). This is the first ion microprobe report of such
low-5"%0 igneous zircon cores of Neoproterozoic ages in rocks from Tongbai. Data for individual
rock samples from other localities such as Qinglongshan—Hushan (Sulu; #1-4), Shuanghe (Dabie; #20

& #21) and Sidaohe (Hong’an; #37-39) are also shown in Figs. 7a & 7b for comparison. In a given
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sample, 5'°0 for Neoproterozoic “igneous” zircon is commonly equal to or higher than that for
Triassic metamorphic zircons or even Cretaceous igneous zircons.

Average 5'0 values for Neoproterozoic “igneous” zircons (800-600 Ma) in samples from the
Tongbai-Dabie-Sulu orogenic belt vary from —0.9%o to 6.9%o; 2 SD is mostly <=+2.1%0 (ESM S1),
some of which are lower than the value (5.3£0.6%o) of zircon in equilibrium with a mantle-derived
magma (Valley et al. 2005). Neoproterozoic “igneous” zircons in sample #62 have a narrow range in
8'%0, varying by only 0.6%o (average = 4.7+0.3%o, n=10). Pronounced intergrain variability in 5'°0
for Neoproterozoic “igneous” zircons is observed in 2 other samples (#2 & #26), as indicated by 2 SD
up to £3.6%o0 (ESM S1). To some extent, the more variable 5'°0 values preserved in Neoproterozoic
“igneous” than that of metamorphic zircons may be explained by either zircon inheritance or parental
magma heterogeneity, if post-magmatic modifications that may be pronounced for zircons with ages

between 600 and 245 Ma (Figs. 6a & 7) are precluded.

A0 (Metamorphic Zircon — Igneous Zircon): Grouping the Host Rocks

A plot of 820 for “igneous” zircons versus 820 for metamorphic zircons can be used to
show which rocks that have been infiltrated by externally derived fluids. Figure 8a plots 820 for
Triassic metamorphic zircon rims (245-200 Ma) versus Neoproterozoic “igneous” zircon cores (800-
600 Ma), but only for some of the investigated samples due to limited data that allow correlation of
age with 5'°0 values. In addition, 8'®0 for zircons in a pegmatite (#15), metamorphic zircons without
age constraints (2 SD < +1.2%o, for average 5'°0; ESM S1) from a UHP eclogite (#2) and two granitic
orthogneisses (#4 & #20; Fig. 4) are also included in this diagram to enlarge the dataset. Here, a
negligible deviation of average 8'°0 of —6.4+0.7%. (n=17) for metamorphic zircons in one of the
samples (#20) from that for epidote, (—6.5%o in Fu et al. 1999), confirms approximate oxygen isotopic
equilibrium between the two minerals at high temperatures (Zheng 1993a,b).

Overall, Neoproterozoic “igneous” zircons from eclogites and orthogneisses commonly have
equal or higher average 5'°0 values than Triassic metamorphic zircons in the same samples. The data

for metaigneous rocks can be split into four groups (I to 1V) in Fig. 8a. Rocks of Group | have both
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Neoproterozoic “igneous” zircons and Triassic metamorphic zircons that have similar average
8'®0(Zrn) values and approximate the mantle value of 5.3+0.6%. (Valley 2003). This group includes
one orthogneiss sample (#55; and possibly #7, see Fig. 4) and one pegmatite sample (#15). Group Il
has similar 5'°0(l-Zrn) to Group 1, but significantly lower §*0(M-Zrn or garnet): 5'°*0(M-Zrn) = —
4.5%o t0 2.3%o, and 8"0(I-Zrn) = 4.7%o to 5.2%o. Three orthogneiss samples (#8, #13, #54) make up
this grouping. Group 111 contains only one granitic orthogneiss sample (#4) that has low-8"°0 zircons
that are equilibrated, 8'*0(M-Zrn) = §'®0(1-Zrn) < 4.0%o. Rocks of Group IV are characterized by
much lower 820 values in Triassic metamorphic zircons than in Neoproterozoic “igneous” zircons
(below 4%o), i.e. AO(M-Zrn — I-Zrn) = —11.6%o to —4.3%o and 8"*0(M-Zrn) = —9.9%o to —4.5%o. The
rocks of Group IV are one UHP eclogite (#2) and four granitic orthogneisses (#3, #5, #20 & #21).
Here, exceptionally high §'°0 values (6.3%o to 9.5%o; Fig. 4) for one inherited zircon grain (no. 15)
from the eclogite were omitted from the calculation.

As discussed above, 3'°0 values of Triassic metamorphic zircon are approximately
equilibrated with metamorphic garnet 820 values (Fig. 3), whereas §*®0 of Neoproterozoic “igneous”
zircon cores record the 820 values of the original pre-metamorphic magmatic rocks. The 820 values
of these latter zircons may also reflect the whole-rock 5'°0 value at the time of crystallization, i.e.
during magmatism or earlier metamorphism (see Valley 2003; Page et al. 2007a). Since the oxygen
isotope index (1-*0) of a mineral relative to that of a reference mineral can be used to quantify the
degree of **0O-enrichment in the former, Zhao and Zheng (2002) were the first to demonstrate that the
oxygen isotope index values increase with SiO, content from felsic to mafic to ultramafic rocks. For
calc-alkaline plutonic rocks, the empirical oxygen isotopic fractionation between igneous zircon and
the host magma, A™O(1-Zrn — WR), is approximately a linear function of SiO, composition (Lackey et
al. 2008):

AO(I-Zrn — WR) ~—0.0612 x (wt.% SiO,) + 2.5 Equation (1).

The effect of magmatic temperature on 8'*0(1-Zrn) is relatively small (Valley 2003; Grimes et al.

2011).



484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

19

Data points for two groups of metaigneous rock (Group I and Group I11) fall near the A=0
line in Fig. 8a, suggesting approximate equilibration. Groups I and Il therefore represent igneous
rocks that intruded, crystallized, and were metamorphosed in a system that had no significant isotopic
exchange with externally-derived fluids or country rocks with contrasting 5'°0 after the formation of
igneous zircon, i.e. at any stage between crystallization of the magma and HP/UHP metamorphism. In
an igneous rock, other rock-forming minerals such as feldspar are less resistant than zircon to isotopic
exchange during hydrothermal alteration (e.g. Cole and Chakraborty 2001; Valley 2003; Cole et al.
2004; Niedermeier et al. 2009) and the whole-rock &0 value decreases with hydrothermal alteration.

Data points for the two other groups of metaigneous rock (Groups Il and 1V) fall below the A
=0 line in Fig. 8a, suggesting that minerals other than igneous zircons in the protoliths exchanged
isotopes with surface waters at high temperature prior to crystallization of metamorphic zircons.
Among geologically important reservoirs, only surface waters are sufficiently low in 8*®0 (ca. 0 for
seawater and down to —40%. for glacial meltwater; Hoefs 2004) to affect this exchange. The oxygen
isotope fractionation between a mineral and water gets much smaller at higher temperatures, e.g. <
+1.5%0 at T > 700°C for quartz or feldspar (O’Neil and Taylor 1967; Clayton et al. 1972; Zheng
1993a). The oxygen isotopic equilibrium between metamorphic zircon and garnet for many rocks
argues against such fluid infiltration and/or significant diffusion under post-HP/UHP metamorphic
conditions. Any post-UHP fluid-rock interactions would cause retrogression of the eclogitic rocks into
amphibolite and/or greenschist facies mineral assemblages and thus lead to retrograde oxygen isotope
exchange during exhumation. Thus, rocks of Group Il and Group IV were fluid-infiltrated after
crystallization of the host magma and prior to HP/UHP metamorphism. This caused extensive
hydrothermal alteration of the igneous protoliths by ancient meteoric water at high temperatures.

The low-5"°0 values for igneous zircon from rocks of Groups 111 & IV can be interpreted as
resulting from remelting of hydrothermally altered wall rocks that exchanged with meteoric water at
high temperatures prior to crystallization of later magma (e.g. Taylor 1986; Bindeman and Valley

2001). In other words, the mechanism to generate low-5"°0 magmas is through episodic intrusion and
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interaction with heated surface water where younger plutons melt previously altered, low-5'°0 wall
rocks.

8'80(zrn) for other rocks, such as felsic granulite and metasedimentary rocks, is not shown in
Fig. 8a due to poor age constraints. However, we recall results presented elsewhere in the literature
where it was noted that higher-5'°0 values for metamorphic than for igneous or detrital zircons
[A®O(M-Zrn — I-Zrn), up to 7.1%o] are observed in Naxos, Greece (Martin et al. 2008) and the
Adirondack Mountains, New York (Page et al. 2007a; Lancaster et al. 2009). The significant increase
in 5'®0 from igneous core to metamorphic rim can be interpreted as resulting from metamorphic
growth of zircon in oxygen isotopic equilibrium with contemporaneous high-5'0 minerals in the host
metasedimentary rocks via subsolidus reactions rather than by volume diffusion at high temperatures.
This is in contrast to the results for zircons in metaigneous rocks at Tongbai-Dabie-Sulu, which
commonly have negative A™*O(M-Zrn — I-Zrn) values, suggesting post-magmatic, hydrothermal

alteration of the igneous protoliths.

Genesis of Neoproterozoic Low-5"0 Magmas: Comparison with Yellowstone Caldera

Worldwide, few low-5*0 igneous zircons, i.e. igneous zircons with 5180 values below 4%o,
have been reported. Where present, pristine low-5'20 igneous rocks (or magmas) from young terranes
that have 8'0 whole-rock values lower than primitive magma compositions or the mantle (5.30.6%o;
Valley 2003) have been intensively studied, especially in shallow subvolcanic environments such as
Heise, Yellowstone, Iceland and the British Hebrides (e.g. Bindeman and Valley 2001; Monani and
Valley 2001; Valley et al. 2005; Thirlwall et al. 2006; Bindeman et al. 2008a,b; Watts et al. 2011,
2012).

The presence of low-5"°0 igneous zircons in eclogite and granitic orthogneiss (Groups Il &
IV, Fig. 8a) requires a complex history to explain the pre-UHP **O-depletion. For comparison with
Yellowstone caldera, we will use a two-stage ®O-depletion model proposed by Fu et al. (2006) to
illustrate the **O-depletion processes. In a similar model proposed by Zheng et al. (2007a, 2008), two

episodes of rift magmatism were invoked (at ca. 780 and ca. 760-750 Ma) throughout the Dabie and
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Sulu terranes rather than requiring repeated sub-caldera magmatism at individul places to cause the
extreme "°O-depletion.

The processes proposed for Tongbai-Dabie-Sulu are essentially similar to those documented
by analysis of 3'°0 in zircons and quartz from rhyolites at Yellowstone Caldera (Bindeman and
Valley 2001, Bindeman et al. 2008a). The oxygen isotope fractionation between quartz and zircon
yields the empirically or experimentally expected values for equilibrium at magmatic temperatures
[A¥®O(Qz-Zrn) = 2.5-1.8%o at 750-850°C; Valley et al. 2003; Trail et al. 2009] in high (normal)
8"0(Qz) (4.1%o to 7.9%o) pre-caldera and extra-caldera lavas and tuffs at Yellowstone [average
A"™0(Qz-Zrn) = 2.3+0.4%o, n=21; Bindeman and Valley 2001]. It is noted that the A®*0(Qz-Zrn)
values are lower than that estimated using the theoretical calibration of Zheng (1993a): 4.0-3.6%. at
750-850°C. In contrast, low-5"0 lavas [6**0(Qz) < 2.7%o] are characterized by low or reversed
A™0(Qz-Zrn) values (down to —0.5%o; Bindeman and Valley 2001), which indicate isotopic
disequilibrium. In other words, the low-8'20 quartz phenocrysts have a lower 80 value than
expected for equilibrium with zircon at high temperatures. This is interpreted to result from
hydrothermal alteration of earlier crystallized magmas, which were remelted to form low-5"°0 lavas.
However, zircons within these lavas include cores that were never altered and that preserve original
higher 5'°0 values and were cannibalized or recycled from the wall-rocks (“cannibalism”: Bindeman
and Valley 2001; Monani and Valley 2001).

Average 50 values for in situ analyses of igneous zircon cores are plotted versus igneous
zircon rims in Fig. 8b (Table 2 of Bindeman et al. 2008a), for individual volcanic rock samples from
Yellowstone. Three broad groups of rocks (A, B, C) can be identified to illustrate the sub-caldera
model. Group A includes two samples dated at 2.04 Ma that have mantle-like oxygen isotope ratios
for igneous zircons (core and rim). Group B includes 5 samples that have an age between 1.78 and
0.11 Ma and where §"°0(l-Zrn rim) ~ §"°0(I-Zrn core) < 4%o. Group C includes 3 samples with an
age of approximately 0.5 Ma, where §'®0(I-Zrn rim) << §'®0(l-Zrn core) < 4%o. Magmatism at
Yellowstone started with the Group A, i.e. 2.04 Ma. Low-8'*0 magmas formed at several stages. Note

that an outlier (2.0 Ma) has an average 8'*0(I-Zrn rim) higher than that of the igneous zircon cores.
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The zircons in both the Tongbai-Dabie-Sulu metaigneous rocks (eclogite and granitic
orthogneiss) and the Yellowstone rhyolites (Bindeman et al. 2008a) display core-rim structures as
revealed by CL imaging; and the igneous zircon (or domain) 3'°0 in both areas can be below 0, and
even down to ca. —2%.. However, one pronounced difference between the two areas is that zircon rims
at Yellowstone are igneous, whereas zircon rims at Tongbai-Dabie-Sulu are metamorphic. Also, the
volcanic rocks at Yellowstone have never been deeply buried and, based on Eqn. 1, the average 3'°0
zircon rim represents the oxygen isotope composition of magma after assimilation or melting of
hydrothermally altered rocks. If such low-5"0 igneous rocks were metamorphosed at high
temperatures, newly formed metamorphic zircon could crystallize and would be in equilibrium with
other low-8'0 metamorphic minerals such as garnet or quartz (cf. Chen et al. 2011). Such low-8'0
metaigneous rocks would thus be similar to the rocks of Groups Il and IV at Tongbai-Dabie-Sulu

(Fig. 8a).

Spatial Distribution of Neoproterozoic Low-8*0 Magmas in the South China Block
Neoproterozoic low-8"20 (meta-) igneous rocks are widespread in the Tongbai-Dabie-Sulu
orogenic belt. In addition to this study, a Neoproterozoic metagranite from Zaobuzhen (ZBZ in Fig.
1a) in the easternmost part of the Sulu terrane gives an 80 zircon value varying from —7.8%o to —
3.1%o (bulk analysis) along a profile of 50 m length (Tang et al. 2008a). At Huangzhen in the South
Dabie low-T/UHP eclogite-facies unit (HZ in Fig. 1b), low-T/high-P eclogites and associated granitic
orthogneisses have 8'°0 values as low as —4.3%o for zircon and —6.3%. for garnet (bulk analysis; e.g.
Zheng et al. 1999; Li et al. 2004; Xia et al. 2008). A Neoproterozoic granite from Luzhenguan in
North Dabie (LZG in Fig. 1b) that extends to the Beihuaiyang low-T/low-P greenschist-facies zone,
has a 5'°0(Zm) value of 0.6%o (bulk analysis; Zheng et al. 2004), even lower than the Danlongsi
granite (#26). Low-3'*0 UHP rocks at Sulu also occur down to depths of ca. 3 km from the surface,
as determined from the CCSD-MH drill cores (e.g. Xiao et al. 2006; Chen et al. 2007). Although the
presence of Neoproteoroizc low-5"20 igneous zircons in these rocks is yet to be confirmed by SIMS

analysis, it appears that low-5'0 magmas of Neoroterozoic age are not restricted to UHP units at
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Dabie-Sulu or in the Tongbai Complex. If the Neoproterozoic low-5"°0 (meta-) igneous rocks are
centers of pre-UHP metamorphic, paleo-hydrothermal systems, this may provide a key to
reconstructing specific Neoproterozoic geological environments in the region.

The Neoproterozoic metaigneous rocks at Tongbai-Dabie-Sulu represent one of the largest
terranes of low-5"0 magmas known on Earth. If our model is correct, their wide distribution requires
a protracted series of sub-caldera events at a terrane scale because by volume the Tongbai-Dabie-Sulu
orogenic belt is tens of times larger than the Yellowstone plateau (ca. 6000 km?®; Hildreth et al. 1991).
The Snake River Plain, composed dominantly of felsic lavas, is the only known low-§"0 magmatic
terrane of comparable size. Given that the Dabie and Sulu terranes were joined prior to displacement
of ca. 530 km along the sinistral Tancheng-Lujiang Fault (e.g. Okay and Sengdr 1992), the
distribution pattern of low-8'%0 rocks in the South China Block is considered to be linear. Thus the
linear trend and dimensions of low-5"0 rocks at Tongbai-Dabie-Sulu are similar to the bimodal
basaltic and silicic volcanism of the Neogene Snake River Plain — Yellowstone Plateau volcanic
province, which is >600 km long (e.g. Savov et al. 2009). The latter represents a single magmatic
system (developed over 17 myr) that has been interpreted to result from an eastward migrating
Yellowstone hotspot relative to the North American plate (e.g. Leeman et al. 2008). It is noted that
extensive crustal processes such as remelting of pre-existing low-8'%0 crust, e.g. meteoric-
hydrothermal altered granitic rocks of the Idaho batholith, may also precede generation of the earliest
rhyolite magmas especially in the central Snake River Plain (e.g. Boroughs et al. 2005, 2012; Leeman
et al. 2008). The Isle of Skye within the British Tertiary Igneous Province is also regarded as
recording a hotspot track (e.g. Stuart et al. 2000) and represents a comparably large low-3'°0
magmatic terrane (e.g. Monani and Valley 2001). We therefore propose that the Tongbai-Dabie-Sulu
Neoproterozoic low-8"20 igneous province may be related to a migrating hotspot relative to the South
China Block during the Neoproterozoic. One may argue that there are no systematic age variations in
the Neoproterozoic low-5"0 igneous protoliths at Tongbai-Dabie-Sulu to support this hypothesis
(ESM S1; see also Zheng et al. 2003, 2008, 2009). However, this would require further improved

high-precision, high-accuracy geochronological research on zircons, especially from pristine



618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

24

Neoproterozoic granitoids in order to resolve any small age differences, e.g. by U-Pb chemical
abrasion TIMS analysis (Mattinson 2005; Davydov et al. 2010). This would also help to better
constrain the timing of Neoproterozoic magmatism in the region, and whether it was continuous or
episodic.

Zircons with slightly low-8"%0 values are also present in both rhyolite and granite of the
Baoxing Complex (#73 & #77; Figs. 2e & 2f). This is also the first by SIMS reported in the western
margin of the South China Block, where other Neoproterozic igneous rocks, such as in the Pengguan,
Xuelongbao and Kangding complexes, are widespread (e.g. Zhou et al. 2002, 2006; Yan et al. 2008;
Fig. 1d). Bulk analysis indicates that rocks from the Kangding Complex have mantle-like §'30(Zrn)
values of 4.2-6.2%o (Zheng et al. 2007b) and that many samples from the Huangling Granitoid have
8'%0(Zrn) values varying from 4.9 to 6.8%o (Zhang et al. 2008, 2009). This is in contrast to the
relatively high 8'°0(Zrn) values (> ca. 7%o) for Neoproterozoic rocks from some other parts of the
South China Block (Zheng et al. 2007b). Zhou et al. (2006) argue that, together with the arc
signatures of other granites and mafic intrusions in the region, the 750 Ma Xuelongbao Adakitic
Complex was likely derived from partial melting of a subducted oceanic slab. The Neoproterozoic
mafic intrusions and granitoids of the Hannan and Micangshan massifs from the northwestern margin
of the South China Block (i.e. South Qinling) are also interpretd to be subduction-related (e.g. Dong
etal. 2011, 2012). In this regard, it appears that the western margin of the South China Block had a
prolonged history of magmatism during the Neoproterozoic and that, like the present-day northern
margin of the South China Block (i.e. the Tongbai-Dabie-Sulu orogenic belt), the slightly low-5'0
zircons may also be attributed to extensive high-temperature hydrothermal alteration subsequent to
either subduction-related or rift-related magmatism. However, so far no negative 5'°0 zircons have
been identified from rocks along the western margin of the South China Block, suggesting that the
slightly low &'®0 values in this region more likely resulted from the involvement of high-temperature
seawater in the hydrothermal alteration. This is the subject of ongoing investigations.

Wang et al. (2011a) reported that most low-3'°0 igneous zircons of detrital origin, extracted
from four Cryogenian sedimentary rocks in the Nanhua Rift basin, have ages of 800-700 Ma and that

low-5"°0 igneous zircons started to appear from ca. 870 Ma, coinciding with the onset of extension
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and continental rifting. These authors argue that the occurrence of a sharp oxygen isotope shift from
the highest 5'°0 value of 12.2%o (ca. 820 Ma) to the lowest of 2.0%o (ca. 780 Ma) is contemporaneous
with the onset of large-scale lithopheric extension and plume activities in the South China Block.
Zircons with the lowest-8"%0 (<4%o) values are further interpreted to have formed from remelting of
825-810 Ma igneous rocks related to the continental flood basalt event that isotopically exchanged
with surface water at high temperatures (Wang et al. 2012). When taken together, it is evident that
many Neoproterozoic low-3'°0 igneous rocks in the South China Block indeed predate the well-
documented Neoproterozoic glacial events (Zheng et al. 2007a, 2008; Wang et al. 2011a; this study).
However, the potential involvement of recycled meltwaters from possible local continental
glaciations, rather than the well-documented global Neoproterozoic glaciations, cannot completely be

ruled out.

GEOLOGICAL IMPLICATIONS

The 80 values for zircons formed during other magmatic and metamorphic events in the
region and their geological significance are discussed here. The U-Pb ages of detrital zircons from
quartzites (#23 & #63), paragneisses (#9, #28, #58 & #60) and pelitic schist (#50), as well as marble
and felsic granulite from the Tongbai-Dabie-Sulu orogenic belts, support the conclusion that
widespread Archean to Paleoproterozoic tectonothermal events took place at the northern margin of
the South China Block (e.g. Ayers et al. 2002; Chen et al. 2003; Liu et al. 2006a, 2008, 2010a; Wu et
al. 2006, 2008b; Sun et al. 2008; Jian et al., 2012; this study). In addition, many Paleoproterozoic
metamorphic zircons (2.1-1.7 Ga) from paragneiss (#60) and pelitic schist (#50; see Figs. 2g & 2h)
have relatively high 5'°0 values of ca. 10%o0 and ca. 13%o, respectively. In contrast, 8'°0 for many
other zircons of the same age, and the majority of Archean to early Paleoproterozoic zircons (>2.1
Ga) from other metasedimentary rocks, range from mantle-like values to higher than 6.5%o (Fig. 6a).
In combination with available hafnium isotope data (e.g. Wang et al. 2012), this suggests episodic

growth and reworking of older continental crust in the South China Block throughout geological time.
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It appears that a consensus on the presence of recycled pre-collision oceanic crust in the
Hong’an terrane has recently been reached (e.g. Wu et al. 2009; Liu et al. 2011 and references
therein). In a HP eclogite (sample #30), metamorphic zircons with ages of 305 Ma have an 3'°0 value
of 9.5+0.8%o (n=5), whereas &'%0 for two zircon grains (or domains) interpreted to be igneous, with
ages of ca. 380 Ma, is as high as 10.5%. (Figs. 2i & 2j). Other eclogite samples also from Xiongdian
have positive gyqy(t) values (e.g. Jahn et al. 2005), distinct from the highly negative values of most of
the Dabie-Sulu HP/UHP eclogites (e.g. Jahn et al. 1999 and references therein), and high §'°0(Grt)
values (8.1-11.4%o; Fu et al. 2002; Jahn et al. 2005). The *®Pb/?**U zircon age for the Xiongdian HP
eclogites varies from 424 Ma to ca. 300 Ma (e.g. Jian et al. 2000; Gao et al. 2002; Sun et al. 2002;
Cheng et al. 2009; Peters et al. 2012; this study). Moreover, zircons have initial epsilon Hf values
[ens(t)] of —11 to +18 (Peters et al. 2012). Thus, the Xiongdian eclogites could represent Middle
Silurian — Early Devonian mafic volcanic rocks that record a different tectonic history from other
HP/UHP metamorphic rocks in the Tongbai-Dabie-Sulu orogenic belt, although the presence of
Proterozoic crustal components cannot be precluded. In this regard, the protolith likely formed part of
ancient oceanic crust that may have experienced low-temperature seafloor alteration prior to
Carboniferous HP metamorphism. While some of the altered basaltic rocks from mid-ocean ridges
have whole-rock 8'%0 value as high as 10%o (Gregory and Taylor 1981; Eiler 2001), zircons appear to
preserve the mantle-like 5'°0 value (5.2-5.3%o; Cavosie et al. 2009; Grimes et al. 2011) and are
resistant to seafloor hydrothermal alteration and/or low-T/HP metamorphism (Fu et al. 2012). In this
scenario, newly crystallized metamorphic zircons from high-5'0 altered rocks could have such high
5'%0 values.

The average 5'%0(Zrn) values of ca. 4.1%o to 5.6%o for post-orogneic intrusions or pegmatites
at Tongbai (ESM S1) are consistent with the results of previous studies: 3.9%o to 7.7%, for
Cretaceous mafic-ultramafic rocks from Dabie (Xia et al. 2002; Zhao et al. 2005) and 3.2%o and 6.4%o
for Cretaceous granites and diorites, respectively, from Sulu (Huang et al. 2006). The incorporation of
Neoproterozoic zircons, together with the lower 8'%0 zircons in Cretaceous igneous rocks than

primitive magma compositions, suggest that recycled Neoproterozoic hydrothermally altered
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supracrustal materials may be involved in post-orogenic magmatism in the area (e.g. Zhao et al. 2004,

2007; Huang et al. 2006; Xie et al. 2006; Dai et al. 2011).

CONCLUSIONS

Zircons in granite, pegmatite, metagabbro, eclogite, garnet amphibolite, granitic and dioritic
orthogneiss, paragneiss, schist, quartzite and felsic granulite from the Tongbai-Dabie-Sulu orogenic
belt, east-central China, have been analyzed in situ for oxygen isotope ratio and age. Average &0
values for Triassic metamorphic zircons in the samples range from —9.9%o. to 6.8%o, whereas average
80 values for Neoproterozoic “igneous” zircon (800-600 Ma) vary from —0.9%o to 6.9%o. Average
A0 values between metamorphic and “igneous” zircons vary from —11.6%o to 0.9%o. The lowest
8'%0 (down to ca. —2.0%0) Neoproterozoic “igneous” zircons are from Cretaceous leucosome in
dioritic orthogneiss enclosed in gneissic granite at Xinzhuang, Tongbai; this is the first ion
microprobe report of such low-5'°0 Neoproterozoic igneous zircons in the region.

A two-stage ®O-depletion model is used to explain the formation of low-8'*0 magmas in the
Tongbai-Dabie-Sulu orogenic belt, by analogy with the Yellowstone Plateau and the Isle of Skye,
involving repeated sub-caldera magmatic intrusion, exchange with heated meteoric water, and
subsequent melting of altered wall rock. The widespread occurrence of Neoproterozic low-8'%0
igneous protoliths at Tongbai-Dabie-Sulu and the comparable size (> 600 km in length) to the
Neogene Snake River Plain — Yellowstone Plateau volcanic province support the hypothesis that
Neoproterozoic bimodal magmatism at Tongbai-Dabie-Sulu took place during continental rifting of
the South China Block and may have been controlled by a migrating hotspot, similar to that at

Yellowstone, relative to the continental crust.
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FIGURE CAPTIONS

Figure 1. Geological maps showing sample locations. The inset in (a) shows the location of the
Qingling-Tongbai-Dabie-Sulu orogenic belt between the North China Block and the South China
Block, east-central China, and the simplified geological maps show: (a) the Sulu terrane; (b) the
Dabie terrane (including the Hong’an area or W. Dabie) and (c) the Tongbai terrane. Key localities
include: ZBZ — Zaobuzhen, Sulu; BXL — Bixiling, HZ — Huangzhen, HLS — Huilanshan, LZG —
Luzhenguan, from Dabie, and CCSD-MH — Chinese Continental Scientific Drilling — Main Hole,
Sulu. See main text for abbreviations for faults and tectonic units. A schematic geological map of
Longmenshan in southwestern China is shown in (d) and its geographical position in the inset (figure
courtesy of Y.T. Tian), modified after CIGMR (2004) and Roger et al. (2004). Abbreviations in (d):
BC, Baoxing Complex, PC, Pengguan Complex, XC, Xuelongbao Complex, KC, Kangding Complex,
and in the inset: SG, Songpan-Garzé belt, BH, Bayan Har terrane, Yi, Yidun or Litang-Batang terrane,
Si, Simao terrane, IND, Indochina. Note that three samples (#70-72) from South Qinling and two
other miscellaneous samples (#78 & #79) from the South China and North China blocks (see

Electronic supplementary materials S1) are not shown on the maps.

Figure 2. Representative CL images showing zircons in rocks from the Tongbai-Dabie-Sulu orognic
belt: (a) grain no. 5, sample #2; (b) grain no. 3, sample #3; (c) grain no. 6, sample #20; (d) grain no.
15, sample #53; (e) grain no. 2, sample #73; (f) grain no. 3, sample #77; (g & h) grain nos. 1 & 6,
sample #50; and (i & j) grain nos. 13 & 14, sample #30. Solid ellipses denote SIMS dating spots and
dashed ones *°0/*°0-analysis sites; circles represent LA-ICP-MS dating sites. Note that the zircons (a)
to (d) have contrasting 8'°0 values between Neoproterozoic “igneous” zircon cores and Triassic
metamorphic zircon rims, varying by up to 13.3%., whereas the zircons (e) to (j) are relatively
homogeneous in §'%0, and that six additional analyses of the zircon (d) for **0/*°0 were performed
after repolishing. Scale bars are 20 um. The U-Pb ages and oxygen values are presented for each

analytical site.
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Figure 3. Plot of §'°0(Min = mineral) versus 5'°O(Grt = garnet) for some of the investigated samples
from the Tongbai-Dabie-Sulu orogenic belt, analyzed by laser fluorination. Average §'°0 for
metamorphic zircons (n > 4) from 5 rock samples analyzed by ion microprobe is also plotted; 2 SD <
+0.8%o, comparable to the analytical precision, <=+0.4%.. Note that all data points fall between
Algo(Min—Grt) = 1and 0. Abbreviations: Omph, omphacite; Zo, zoisite; Amph, amphibole; and M-
Zrn, metamorphic zircon. 3**0(Grt) for samples (#3 & #19) was taken from Zheng et al. (1998b) and

Fu et al. (1999), respectively. See Electronic supplementary materials S1 for sample numbers.

Figure 4. Oxygen isotope ratios measured in situ by ion microprobe for zircons in rocks fom the
Qinling-Tongbai-Dabie-Sulu orogenic belt and adjacent areas. Vertical lines at 4.7%o0 and 5.9%o define
the normal 30 range for zircon in high temperature equilibrium with mantle compositions.
Abbreviations: Zrn, zircon; TDS, Tongbai-Dabie-Sulu; NCB, North China Block; SCB, South China
Block. The numbers (1 to 79) along the right vertical axis denote samples as listed in Electronic
supplementary materials S1.

Figure 5. Concordia diagrams for zircons in selected rock samples from the Qinling-Tongbai-Dabie-
Sulu orogenic belt and adjacent areas, analyzed by: (a) ion microprobe (see Electronic supplementary
materials or ESM S4), “false” discordia intercept ages for a total of 19 samples are given; and (b to f)
laser ablation inductively coupled plasma mass spectrometry (ESM S5). Data-point error ellipses are

2 standard errors.

Figure 6. Plots of in situ zircon 8'°0 data versus U-Th-Pb results for all the investigated samples from
the Qinling-Tongbai-Dabie-Sulu orogenic belt and adjacent areas. (a) %0 versus **°Pb/?®U or
27pp/*®Pp age (> 1200 Ma); (b & ¢) 5'°0 versus Th/U for zircons with ages of 800-600 Ma and 245-
200 Ma, respectively. Abbreviations: TDS, Qinling-Tongbai-Dabie-Sulu; SCB, South China Block;
NCB, North China Block; SIMS, ion microprobe; and ICP-MS, (laser ablation) inductively coupled
plasma mass spectrometry. Age data sources: Liu et al. (2004, 2008, 2010a), Wallis et al. (2005), Cui
et al. (2012), Hu et al. (2012) and this study.

Figure 7. Plots of in situ zircon 8'%0 versus age for selected samples from the Tongbai-Dabie-Sulu
orogenic belt: (a) Sulu; (b) Dabie and Hong’an (or W. Dabie); and (c) Tongbai.

Figure 8. 55 diagrams. (a) Plot of average §'°0 of Triassic metamorphic zircons (M-Zrn; 245-200
Ma) versus 80 of Neoproterozoic “igneous” zircons (I-Zrn; 800-600 Ma) from the same
metaigneous rock samples at Tongbai-Dabie-Sulu. Number of individual analyses for average 80

calculation is >2. Four groups (I to 1V) of host metaigneous rocks have been identified: Group I,
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8"%0(M-Zrn) ~ 8"0(1-Zrn), 4.0%o to 6.5%o; Group I, §'*0(M-Zn), 0 to 4.0%o and 8'0(1-Zrn), 4.0%o
to0 6.5%o; Group 111, 8'*0(M-Zrn) ~ §'*0(1-Zrn), 0 to 4.0%o; Group IV, §'*0(M-Zrn) << §'°0(l-Zrn), —
9.9%o to 4.0%o. See Electronic supplementary materials S1 for sample details. (b) Plot of average §'¢0
(+2 SD) for igneous zircon rims (Zrn-rim) versus &0 for igneous zircon cores (Zrn-core), from
individual rhyolitic samples from Yellowstone (Bindeman et al. 2008a). Three groups (A, B & C) of
host rhyolites have been identified. The numbers are ages (in Ma) of the rock samples. Uncertainties

are plotted as +2 SD for multiple spot analyses and in many cases represent real sample-to-sample
variability in 8'°0.

ELECTRONIC SUPPLEMENTARY MATERIALS S1 to S6.
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