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Abstract

Mineral inclusions in zoned zircons reveal that both ultrahigh-pressure (UHP) and non-UHP
orthogneisses occur in cores from drill hole CCSD-PP1 at Donghai, southwestern Sulu terrane. Zir-
cons from the UHP orthogneiss have inherited magmatic cores containing low-P mineral inclusions,
narrow mantles with UHP mineral inclusions, and rims that contain low-P minerals or are inclusion
free. In contrast, zircons from non-UHP orthogneiss have only magmatic cores and metamorphic
rims, both of which are characterized by low-P mineral inclusions, or are inclusion free. SHRIMP
U-Pb analyses of zircons from the UHP orthogneiss identify three discrete and meaningful age
groups: Proterozoic magmatic protolith ages >753 Ma in the cores, a UHP metamorphic event at 227
+ 8 Ma in the coesite-bearing mantles, and an amphibolite-facies overprint at 213 + 7 Ma in the
overgrowth rims. Zircons from non-UHP orthogneiss record only two discrete age groups, inherited
magmatic cores with Proterozoic protolith ages >748 Ma, and metamorphic rims with an age of about
211 + 6 Ma. The metamorphic rims have the same Triassic age as the late amphibolite-facies over-
print of the UHP orthogneiss within analytical uncertainty.

These data, together with previous studies, suggest that Neoproterozoic supracrustal protoliths of
the Yangtze craton experienced Late Triassic (227 + 8 Ma) subduction to depths of at least 120 km,
and were then rapidly exhumed to mid-crustal depths where both UHP rocks and a few non-UHP
Neoproterozic granitic intrusives were subjected to coeval amphibolite-facies retrograde metamor-
phism at 211 + 6 Ma. The exhumation rate deduced from the zircon age data and previously obtained
metamorphic P-T data is estimated to be 6.3-7.1 km/m.y. This rapid exhumation suggests that the
Sulu UHP metamorphic rocks returned to crustal depths as part of a buoyant sliver, possibly

produced by slab breakoff.

Introduction

SINCE DISCOVERY of the index UHP mineral coesite
in meta-supracrustal rocks in the Western Alps
(Chopin, 1984) and the Western Gneiss Region of
Norway (Smith, 1984), UHP metamorphism has
become the focus of worldwide study. Studies of
UHP metamorphic rocks of supracrustal origin pro-
vide essential information on subduction and exhu-
mation of continental crust, as well as on the
dynamics of plate-tectonic processes at convergent
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margins. In the Dabie-Sulu UHP terrane of eastern
China, inclusions of coesite, coesite pseudomorphs,
trace diamonds, and other UHP metamorphic min-
erals are widespread but rare in eclogites (Okay et
al., 1989; Wang and Liou, 1989; Hirajima et al.,
1990; Xu S. et al., 1992, 2003, 2005; Liou and
Zhang, 1996; Ye et al., 2000a), jadeite-bearing
quartzites (Cong et al., 1995; Zhang et al., 1995a;
Liou et al., 1997), metapelites + marbles (Wang and
Liou, 1991; Schertl and Okay, 1994; Ye and Hira-
jima, 1996; Kato et al., 1997), and ultramafic rocks
(Yang J. J. et al., 1993, 2000; Zhang et al., 1994,
2003a; Yang J. J., 2003).
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However, evidence of UHP metamorphism in
Dabie-Sulu orthogneisses apparently has been oblit-
erated by extensive retrograde metamorphism, and
replaced by relatively low-P mineral assemblages
during exhumation (Liu F. L. et al., 2004a). There-
fore, whether these gneissic rocks were also sub-
jected to UHP metamorphism is still disputed. Some
geologists argue for tectonic emplacement of UHP
eclogite bodies into low-P orthogneiss (Smith, 1988;
Zhao Z. Y. et al., 1992; Okay and Sengor, 1992;
Cong et al., 1995; Cong and Wang, 1999), whereas
other workers consider that the eclogite and its host
rocks experienced in situ UHP metamorphism
(Wang and Liou, 1991; Wang et al., 1995; Zhang et
al., 1995a; Ames et al., 1996; Liou et al., 1997,
2000; Liu F. L. et al., 2001, 2002, 2004a, 2004b;
Zhang et al., 2003b). Recently, a few researchers
have suggested that the Dabie-Sulu orthogneiss is a
partial melting product of eclogitic rocks at the peak
UHP metamorphic stage (You et al., 2004, 2005;
Wallis et al., 2005).

Unfortunately, insufficient evidence is available
in order to decide among these hypotheses. Coesite
inclusions have been recently reported in zircon
separates from some Dabie-Sulu orthogneisses,
indicating the host rocks experienced UHP meta-
morphism (Tabata et al., 1998; Ye et al., 2000b; Liu
J. B. et al., 2001). However, coesite has been found
in only a few samples, and it is unclear whether all
or most of the widely distributed orthogneisses expe-
rienced Triassic UHP metamorphism. A few
non-UHP metamorphic units have also been identi-
fied in the Dabie-Sulu UHP terrane (Wu et al.,
2004; Zhang et al., 2006; Liou et al., in press), but
systematic studies of mineral inclusions in zircons
and zircon ages have not been carried out to verify
the extent of UHP metamorphism in this belt.

All Dabie-Sulu supracrustal rocks, including
eclogite and its host rocks, have experienced a long,
complex metamorphic history (Wang and Liou,
1991; Liou et al., 1997, 2000; Xu Z. Q. et al., 2003;
Zhang et al., 2003b). Zircon, because of its chemical
resistance and stability over a wide P-T range
(Chopin and Sobolev, 1995; Liou et al., 1998; Par-
kinson and Katayama, 1999; Katayama et al., 2000,
2001; Parkinson, 2000; Liu F. L. et al., 2002), is the
host mineral that most completely preserves coesite,
diamond, silicic clinopyroxene, and other UHP
phases. Zircon also plays an important role in geo-
chronology. Sensitive High-Resolution Ion
Micro-Probe (SHRIMP) dating of discrete domains

within zircon crystals, combined with cathodolumi-

nescence (CL) imaging, has contributed greatly to
progress in dating Dabie-Sulu eclogite and gneissic
rocks (Hacker et al., 1998; Maruyama et al., 1998;
Cheng et al., 2000; Jian et al., 2000, 2001; Rumble
et al., 2002; Zheng et al., 2003; Liu F. L. et al.,
2004a).

The Dabie-Sulu zircon grains have had a compli-
cated growth history as indicated by well-defined
cores, mantles, and rims of zoned grains (Liu F. L. et
al., 2002, 2004a). However, explaining the geologi-
cal significance of SHRIMP U-Pb ages from differ-
ent zircon domains is still difficult. Cheng et al.
(2000) identified weighted mean ages of 757 + 7
(1o) and 223 + 3 Ma (1o) for zircon cores and rims,
respectively, from Dabie eclogites, and interpreted
the former as the UHP metamorphic age and the
latter as an age modified by late-stage fluids. Jian et
al. (2000, 2001) suggested that the UHP peak meta-
morphic age of the Xiongdian eclogite in the Dabie
Mountains ranges from 480 to 424 Ma, whereas
Hacker et al. (1998) reported UHP metamorphic
ages of 224 + 4 (10) and 236 + 3 Ma (10) (weighted
mean ages) of zircon rims from Dabie paragneiss
and orthogneiss, respectively. Rumble et al. (2002)
reported a 221 Ma zircon rim age for an orthogneiss,
and 234-216 Ma ages for a garnet peridotite from
southwestern Sulu. None of these studies differenti-
ated the inherited UHP and retrograde overgrowth
domains of zoned zircons through a study of mineral
inclusions. Therefore, many of these reported
SHRIMP dates may refer to different events.

In this paper, we identify mineral inclusions in
zircons from core samples of orthogneiss in drill
hole CCSD-PP1. The purposes of the study are to:
(1) identify index UHP and low-P mineral inclu-
sions; (2) determine the distribution of these inclu-
sions in the zircon domains; (3) constrain the zircon
growth history through CL imaging of the zircons; (4)
distinguish non-UHP orthogneiss from UHP ortho-
gneiss; and (5) conduct SHRIMP analyses to date
various zircon domains of UHP and non-UHP ortho-
gneiss. These data are then used to explain the
geological significance of the discrete age groups
and more precisely constrain the ages of UHP and
amphibolite-facies retrograde metamorphism in the
Dabie-Sulu UHP terrane.

Geological Setting

The Sulu (Jiangsu-Shandong) orogen constitutes
the eastern part of the Qinling-Dabie-Sulu orogen
formed by the Triassic collision between the
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Jiashan-Xiangshui fault.

Sino-Korean and Yangtze cratons (e.g., Ames et al.,
1996; Hacker et al., 1998, 2004). The Sulu UHP
and high-P belt, extending for about 320 km from
Weihai, northeastern Shandong Province to Donghai
of northern Jiangsu Province, is bounded by the
Yantai-Qingdao-Wulian fault (YQWF) on the north-
west and the Jiashan-Xiangshui fault (JXF) on the
south (Fig. 1). The UHP belt consists mainly of
amphibolite-facies orthogneiss, paragneiss,
amphibolite, and marble, but some of the gneissic
rocks and marbles contain abundant layers and
blocks of eclogite. Many blocks of serpentinite, peri-
dotite, and pyroxenite, ranging from a few meters to
kilometers in size, are also present. Some garnetifer-
ous peridotites and pyroxenites (Yang and Jahn,
2000; Yang J. J., 2003; Zhang et al., 2005; Zhao
R. X. et al., 2005), and metagranitoids (Hirajiama et
al., 1993) contain a record of Triassic UHP meta-
morphism. The high-P belt, southeast of the UHP
belt contains mainly kyanite- and topaz-bearing
quartzite, kyanite- and phengite-bearing quartzite,
phengite-bearing quartz schist, phengite-bearing
marble, epidote biotite albite gneiss, and rare blue-

schist (Zhang et al., 1995a, 2002; Liu F. L. et al.,
2004a; Xu Z. Q. et al., 2004).

Sample Locations and Petrography

Drill hole CCSD-PP1 is located near the village of
Zhimafang, about 9 km southeast of Donghai County
(Fig. 1). The hole was drilled to a depth of 432.0 m
with more than 80% core recovery. The lithologic pro-
file and selected zircon sample locations are shown in
Figure 2. Six major lithologies were identified in the
core: (1) eclogite, (2) ultramafic rock, (3) orthogneiss
(granitic gneiss), (4) paragneiss, (5) kyanite quartz
schist and epidote biotite schist, and (6) quartz veins.
The detailed petrological characteristics of these
rocks and of the mineral inclusions in zircons are
described by Liu F. L. et al. (2001).

A garnet-biotite granitic gneiss (S3; 357 m
depth) and an epidote-biotite granitic gneiss (S4; 23
m depth) were collected for the present study (Figs.
1 and 2). Sample S3 is light pink, coarse-grained,
and consists mainly of K-feldspar + quartz + minor
plagioclase, with subordinate (< 5%) garnet, biotite,
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FIG. 2. The lithologic profile of the drill hole CCSD-PP1 in Zhimafang, southeastern Donghai. Locations of UHP
mineral-bearing and non-UHP mineral-bearing zircons separated from core samples and locations of UHP and non-
UHP zircons for the present SHRIMP U-Pb dating study are shown in the profile.

apatite, zircon, and ilmenite. The garnet is partially
replaced by biotite. The S4 granitic gneiss is
pale-colored, medium- to coarse-grained, and foli-
ated. It consists of K-feldspar + plagioclase + quartz
with subordinate (5%-10%) epidote, biotite, chlo-
rite, apatite, zircon, and ilmenite. The alignment of
biotite defines a weak foliation. Both samples record
an amphibolite-facies metamorphic overprint.

A ductile shear zone at 41.0 m depth separates
the CCSD-PP1 profile into two slices (Fig. 2). Both
the upper slice (0—41.0 m) and the lower slice (41.0-

432.0 m) experienced amphibolite-facies retrograde
metamorphism related to exhumation of the Sulu ter-
rane. A uniform deformational pattern has also been
identified in both slices, with a NE-SW—trending
foliation that dips 20-35° SE, and a SE-plunging
stretching lineation (Xu Z. Q. et al., 2006).

Analytical Techniques

Approximately 2 kg of each sample were crushed
and sieved and the zircon separated with standard
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magnetic and heavy liquid techniques. Approxi-
mately 400 zircon grains from each sample were
mounted and polished in 25 mm epoxy discs. Min-
eral inclusions in the zircons were analyzed using a
RENISHAW-1000 Laser Raman spectroscope with
the 514.5 nm line of an Ar-ion laser at the Institute
of Geology, Chinese Academy of Geological
Sciences (CAGS). The relationships between host
zircon and inclusions were observed in detail using
an optical microscope. Internal zoning patterns of
the crystals were observed by cathodoluminescence
(CL) image analysis at the microprobe laboratory of
the Institute of Mineral Resources, CAGS. Mineral
inclusion compositions were determined using a
JEOL JXA 8800 electron microprobe with a 15 kV
accelerating voltage and 20 nA beam current.

The zircons were analyzed for U, Th, and Pb
using the SHRIMP II instrument at the Beijing Cen-
ter, CAGS. Instrumental conditions and measure-
ment procedures were the same as described by
Compston et al. (1992). The spot size of the ion
beam was about 25 pm in diameter, and the data
were collected in sets of five scans through the
masses with 2 nA primary O,™! beams. The refer-
ence zircon was analyzed first and then again after
every three unknowns. The measured 20°Ph/238U
ratios in the samples were corrected using reference
zircon standard SL 13 from a pegmatite from Sri
Lanka (572 Ma) and zircon standard TEMORA (417
Ma) from Australia (Black et al., 2003). The com-
mon-Pb correction used the 29°Ph/2%Ph ratio and
assumed a two-stage evolution model (Stacey and
Kramers, 1975). Analytical data are summarized in
Tables 1 and 2, and graphically presented on
Tera-Wasserburg (TW) diagrams with 1o errors (see
Figs. 5 and 6). The ages are weighted means with 16
error calculated using isoplot at 95% confidence
levels (Ludwig, 1991). Mineral abbreviations are
after Kretz (1983).

Microstructures and Micromineral
Inclusions in Zircons

Garnet-biotite granitic gneiss (S3)

Zircons separated from granitic gneiss (S3) con-
tain mainly inclusions of coesite (Coe), garnet (Grt),
phengite (Phe) or muscovite (Mus), quartz (Qtz),
apatite (Ap), and K-feldspar (Kfs) (Table 1; Fig. 3).
Most zircon crystals are light yellow to light brown,
with dusty cores and colorless homogeneous man-
tles and rims. CL images of the analyzed zircons

show low luminescent cores, bright luminescent
mantles, and low luminescent rims (Figs. 3B, 3D,
3F, and 3H). However, delicate microtextures
including irregular boundaries and various thick-
nesses of cores, mantles and rims of zoned zircons
indicate the complexity of zircon growth. Most have
a thick inherited core with an irregular mantle and
rim (Figs. 3B, 3D, 3F and 3H). Some zircons have
prismatic cores showing well-developed oscillatory
zoning (Figs. 3B, 3D, 3F and 3H), and are consid-

ered to be magmatic in origin.

Most zircon grains have dusty cores that contain
low-P mineral inclusions such as Qtz + Kfs + Ap
(Fig. 3A), Qtz + Kfs + Mus + Ap (Figs. 3C and 3G),
Qtz + Ap (Fig. 3E), and Qtz + Mus + Ap (Table 1).
Coe (Figs. 3A, 3C and 3E), Coe + Phe (Fig. 3G), Coe +
Grt (Table 1), Coe + Grt + Phe (Table 1), and Coe +
Ap (Table 1) inclusions, which indicate UHP assem-
blages, are preserved only in zircon mantles. Some
of the grains contain low-P minerals, such as Qtz
(Fig. 3E; Table 1) in the rim, whereas others have
inclusion-free rims (Figs. 3A, C and 3G; Table 1).
The distinct zoning seen in the CL images and the
distribution of mineral inclusions in zoned zircons
suggest that: (a) euhedral zircon cores are igneous
and represent the protolith; (b) mantles are UHP
metamorphic overgrowths; and (¢) rims formed by
late-stage retrograde metamorphism.

Epidote-biotite granitic gneiss (54)

Zircon separates from granitic gneiss (S4) have
euhedral prismatic habits with distinct oscillatory
growth zoning formed during magmatic crystalliza-
tion. Mineral inclusions in the zircons include
quartz, K-feldspar, muscovite, calcite, and apatite
(Fig. 4; Table 2). None of the 865 zircon grains
examined from this and two other core samples from
the depth interval of 4 to 41 m contain inclusions of
index UHP minerals (e. g., coesite) (Fig. 4; Table 2).
Based on their cathodoluminescence images (Figs.
4B, 4D, 4F, and 4H), the zircons are divided into two
groups. The first group is characterized by nearly
perfect euhedral crystal shapes (Figs. 4A and 4C)
with well-developed zoning from core to rim (Figs.
4B and 4D), characteristic of crystallization from a
magma. Mineral inclusions in these grains are
mainly Qtz + Kfs + Cal + Ap (Fig. 4A), and Qtz +
Kfs + Mus + Ap (Fig. 4C). None of these zircons
have overgrowths around their magmatic cores, and
they all maintain their primary crystal forms. In con-
trast, zircons of the second group have subhedral
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FIG. 3. Plane-polarized light (PL) images of mineral inclusions in zircon and CL images of host zircon from garnet-biotite
granitic gneiss (UHP orthogneiss; S3, 357 m depth); the spots and ages of SHRIMP analysis of about 25 pm are also shown. A.
Zircon grain S3-25 contains quartz + K-feldspar + apatite inclusion in the core, coesite in the mantle, and mineral inclusion-
free in the rim. B. CL image of the same zircon as in A, showing core, mantle, and rim relationship and SHRIMP ages. C. Zircon
grain S3-26 contains quartz + K-feldspar + muscovite + apatite inclusion in the core, coesite in the mantle, and mineral inclu-
sion-free in the rim. D. CL image of the same zircon as in C, showing core, mantle, and rim relationship and SHRIMP ages. E.
Zircon grain S3-38 contains quartz + apatite inclusion in the core, coesite in the mantle, and quartz in the rim. F. CL image of
the same zircon as in E, showing core, mantle, and rim relationship and SHRIMP ages. G. Zircon grain S3-77 contains quariz +
muscovite + apatite inclusion in the core, coesite + phengite in the mantle, and mineral inclusion-free in the rim. H. CL image
of the same zircon as in G, showing core, mantle, and rim relationship and SHRIMP ages.
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FIG. 4. Plane-polarized light (PL) images of mineral inclusions in zircon and CL images of host zircon from epidote-biotite
granitic gneiss (non-UHP orthogneiss; S4, 23 m depth); the spots and ages of SHRIMP analysis of about 25 pm are also shown.
A. Zircon grain S4-21 contains quartz + K-feldspar + calcite + apatite inclusion from the core to the rim. B. CL image of the
same zircon as in A, showing magmatic zones and SHRIMP ages. C. Zircon grain S4-33 contains quartz + K-feldspar + musco-
vite + apatite inclusion from the core until the rim. D. CL image of the same zircon as in C, showing magmatic zones and
SHRIMP ages. E. Zircon grain S4-10 contains quartz + K-feldspar + apatite inclusion in the core, and quartz in the rim. F. CL
image of the same zircon as in E, showing inherited magmatic core and overgrowth rim relationship and SHRIMP ages. G. Zircon
grain S4-55 contains quartz + K-feldspar + apatite inclusion in the core, and quartz in the rim. H. CL image of the same zircon
as in G, showing inherited magmatic core and overgrowth rim relationship and SHRIMP ages.
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FIG. 5. TW diagram showing SHRIMP analyses of different zircon domains from garnet-biotite granitic gneiss (UHP

orthogneiss; S3, 357 m depth).

crystal forms (Figs. 4E and 4G), with bright lumines-
cent cores and low luminescent rims (Figs. 4F and
4H). Delicate microtextures, including irregular
boundaries and variable thicknesses of cores and
rims are also present. Most of these grains have a
thick inherited core with an irregular rim (Figs. 4F
and 4H). The cores are prismatic in form and show
well-developed oscillatory zonings (Figs. 4F and
4H). They have a dusty appearance and contain only
low-P mineral inclusion assemblages, such as Qtz +
Kfs + Ap (Figs. 4E and 4G), Qtz + Cal + Ap (Table
2), and Qtz + Ap (Table 2). Some of the rims on these
grains also contain low-P minerals, such as Qtz
(Figs. 4E and 4G; Table 2), whereas others are
inclusion-free (Table 1). Distinct zoning seen in the
CL images and the distribution of mineral inclu-
sions in these zircons suggest that: (a) the euhedral
zircon cores are igneous and represent crystalliza-
tion of the protolith; and (b) the rims formed by
late-stage retrograde metamorphism related to exhu-
mation of Sulu UHP terrane. No coesite or other
UHP mineral inclusions were found in the zircons
from orthogneiss samples from the 4-41 m interval
of the drill core (Fig. 2), indicating that these ortho-
gneisses were probably never subjected to UHP
metamorphism.

Results of SHRIMP U-Pb Zircon Dating

Results of SHRIMP U-Pb zircon dating
of UHP orthognetss

Ton-microprobe data of 37 spots in 14 zircon
grains from UHP orthogneiss, such as the gar-
net-biotite granitic gneiss (S3), are summarized in
Table 1, and graphically plotted on Tera-Wasserburg
diagrams with 1o errors (Fig. 5). All of the analyzed
grains have a magmatic core, a coesite-bearing UHP
mantle, and a retrograde rim (Fig. 3). Each of these
domains has distinctive isotopic features (Table 1).
The magmatic cores yield apparent 200Ph*/238U
ages ranging from 548 to 753 Ma (Table 1; Figs. 3
and 5), but show large variations in isotopic ratios
(205 m.y. span between the oldest and youngest;
Table 1). In general, the 207Ph*/206Ph* ages are
older than the 200Ph*/238( ages (Fig. 5; Table 1),
indicating that these inherited zircon cores experi-
enced Pb loss, and were also influenced by late ther-
mal events. The zircon cores may have grown in the
Proterozoic (>753 Ma; Fig. 5) and were influenced
by later events. They are characterized by having
higher Th values, and higher Th/U ratios, than the
coesite-bearing mantles and retrograde rims (Table
1). The U and Th concentrations in the cores range
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FIG. 6. TW diagram showing SHRIMP analyses of different zircon domains from epidote-biotite granitic gneiss (non-

UHP orthogneiss; S4, 23 m depth).

from 62 to 315 ppm and 32 to 268 ppm, respec-
tively, and the Th/U ratios range from 0.47 to 0.91
(Table 1). These features are similar to those of mag-
matic zircons from the Qinglongshan orthogneiss in
the Donghai area (Rumble et al., 2002).

Seventeen spot analyses in the UHP mantles
yield younger ages, ranging from 221 to 240 Ma
(Table 1; Figs. 3 and 5). The weighted mean of the

17 measurements is 227 = 8 Ma, with MSWD of

1.33. Compared to the zircon cores, the coesite-
bearing mantles have distinctly lower Th values and
Th/U ratios; the U and Th concentrations range from
3410 452 ppm, and 5 to 28 ppm, respectively, giving
Th/U ratios of 0.04-0.43 (Table 1). These composi-
tions are similar to those of metamorphic zircon
domains in UHP gneissic rocks from the southwest-
ern Sulu UHP terrane (Rumble et al., 2002) and the
Kokchetav massif (Hermann et al., 2001; Katayama
et al., 2001). Thus, the ages of the analyzed coesite-
bearing mantles are taken as the age of the UHP
metamorphism in the Sulu terrane.

The zircon rims, which contain quartz inclu-
sions, or are mineral inclusion—free, record the
youngest ages; 12 analyzed spots have ages ranging
from 207 to 219 Ma (Table 1; Figs. 3 and 5). The
weighted mean of the 12 analyses is 213 + 7 Ma,
with MSWD of 0.66. The concentrations of U and

Th, and the Th/U ratios, are similar to those of coesite-
bearing metamorphic zircon domains; the U and Th
values of rims range from 50 to 416 ppm, and 1 to 14
ppm, respectively, yielding distinctly low Th/U
ratios of about 0.01-0.25 (Table 1). These low-P
rims were formed during retrograde metamorphism
related to exhumation of the Sulu terrane.

Results of SHRIMP U-Pb zircon dating
of non-UHP orthogneiss

Thirty-five spots were analyzed from 13 zircon
grains from non-UHP epidote-biotite granitic gneiss
(S4) in the same drill hole (Table 2, Figs. 4 and 6).
Compared with the age data of UHP orthogneiss
(Table 1; Fig. 5), SHRIMP U-Pb analyses of the
zoned zircons from the non-UHP orthogneiss (S4)
identify only two discrete and meaningful age
groups (Table 2; Figs. 4 and 6). In the inherited
cores of zircons with quartz, K-feldspar, calcite, and
apatite inclusions, 23 analyses yield 200Pb*/238(
ages ranging from 440 to 748 Ma, indicating that
these inherited zircon cores also experienced Pb
loss and late metamorphic events. Therefore, the
zircon cores probably grew in the Proterozoic, and
the magmatic protolith age may be as old as 748 Ma
(Fig. 6). Compared to the metamorphic overgrowth
rims, the zircon cores are characterized by higher
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Th values and higher Th/U ratios (Table 2). The U
and Th concentrations and Th/U ratios range from
190 to 1589 ppm, 95 to 3209 ppm, and 0.22-1.88,
respectively (Table 2). These features are similar to
those of magmatic zircon cores separated from the
UHP orthogneiss mentioned above (Table 1).

In the quartz-bearing and mineral inclusion—{ree
overgrowth rims, 11 spot analyses yielded ages rang-
ing from 204 to 219 Ma (only one spot was dated
about 181 = 3 Ma; Table 2; Figs. 4 and 6). The
weighted mean 200Ph*/238U age is 211 + 6 Ma, with
an MSWD of 2.3. These ages on the quartz-bearing
and mineral inclusion-free rims are similar to those
of zircon overgrowth rims in the UHP orthogneiss
(Table 1; Fig. 5), and are considered to be the age of
the late amphibolite-facies metamorphic event.
Compared to the inherited zircon cores, the over-
growth rims are characterized by lower Th values
and Th/U ratios (Table 2). The U and Th concentra-
tions and Th/U ratios range from 87 to 838 ppm, 3 to
23 ppm, and 0.01-0.10, respectively (Table 2).
These features are very similar to those of the retro-

grade rims on zircon grains in the UHP orthogneiss
(Table 1).

Discussion and Conclusions

Determination of the areal extent of UHP meta-
morphism is very important for tracing the subduc-
tion and exhumation of continental crustal rocks in
the Dabie-Sulu orogen, studying the dynamics of
tectonic processes at this convergent margin, and
constructing geodynamic models of subduction and
exhumation of the Dabie-Sulu terrane. However, the
UHP metamorphic record of the gneissic rocks host-
ing the eclogite has been largely obliterated by sub-
sequent retrograde recrystallization during rapid
exhumation of the Dabie-Sulu terrane, making it
very difficult to identify evidence of UHP metamor-
phism in these gneisses.

In recent years, geologists have focused on the
study of mineral inclusions in zircons from both
eclogite and gneiss in the Dabie-Sulu terrane,
because zircon can preserve many primary UHP
phases over a wide P-T range. Tabata et al. (1998)
reported the presence of coesite inclusions in
zircons from amphibolite-facies gneissic rocks at a
number of widespread localities within the coes-
ite-eclogite zone in the Dabie UHP terrane (Table
3), and Liu J. B. et al. (2001) identified coesite
inclusions in zircons from gneissic rocks in the
Wumiao-Shima area (Table 3). Of particular interest

is the discovery of coesite inclusions in zircons from
gneissic rocks of the “cold” eclogite zone that was
previously considered to have not experienced UHP
metamorphism. Wan et al. (2005) also found
UHP minerals preserved in zircons from orthogneiss
cobbles in the Heifei Basin, indicating that these
cobbles were derived from the Dabie terrane. In the
Sulu UHP terrane, recent studies have shown that
inclusions of coesite and other UHP minerals are
widespread in zircons of amphibolite-facies
supracrustal rocks, including paragneiss, ortho-
gneiss, amphibolite, marble, quartzite, and eclogite
(Liu F. L. et al., 2004a; Table 3), and in zircons from
core samples from drill holes CCSD-PP1 and
CCSD-PP2 (Liu F. L. et al., 2001, 2002, 2003; Table
3). In addition, Ye et al. (2000b) and Yang J. S. et al.
(2003) identified coesite inclusions in zircons from
orthogneiss and peridotite in northeastern Sulu
(Table 3). The widespread occurrence of coesite-
bearing eclogites and gneisses in the Dabie-Sulu
terrane suggests that passive-margin lithologies of
the Yangtze craton were subducted to mantle
depths, where they experienced coeval UHP meta-
morphism, and were then exhumed and overprinted
by amphibolite-facies retrograde metamorphism.

More than 25 grains of diamond, ranging in size
from 150 to 700 pm, have been recovered from
Dabie-Sulu eclogites (Xu S. et al., 1992, 2003;
Okay, 1993). The microdiamonds were positively
identified by single-crystal X-ray diffraction and in
situ laser Raman spectrometry. Recently, Xu S. et al.
(2005) identified microdiamond inclusions in
garnets from a few eclogite samples in the Dabie
Mountains and the southwestern part of the Sulu ter-
rane. They used infrared spectroscopy to determine
that all the microdiamonds from the Dabie-Sulu
terrane are mixed laA and IaB types, thus ruling out
the possibility of anthropogenic contamination.

On the other hand, we have investigated many
core samples from drill holes CCSD-PP1, -PP2, and
-MH (Liu F. L. et al., 2001, 2002, 2004b), and many
outcrop samples of eclogite, amphibolite, para-
gneiss, orthogneiss, marble, quartzite, and schist
from the southwestern Sulu terrane (Liu F. L. et
al., 2003, 2004a) and failed to find any diamonds.
Coesite inclusions, however, are present in zircons
separated from more than 1000 core and surface
samples. The absence of microdiamonds could
reflect the relatively low X and high f; con-
ditions deduced from mineral 2p«eurageneses of these
rocks (Zhang and Liou, 1997; Omori et al., 1998;
Liou et al., 2002).
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TABLE 3. Index UHP Minerals Identified as Inclusions in Zircons of Present and Previous Studies
for Eclogite and Its Country Rocks in the Sulu-Dabie UHP Terrane

UHP terrane Locality Rock type UHP mineral inclusions Reference
Sulu Taohang, NE Sulu Orthogneiss Coe + Omp + Phe + Ttn Ye et al., 2000
UHP terrane . . .
Drillhole CCSD-PP1, Paragneiss Coe + Grt + Omp Liu F. L. et al., 2001
Zhimafang, SW Sulu Coe + Jd + Phe + Ap
Amphibolite Coe + Grt + Omp Liu F. L. et al., 2003
Orthogneiss Coe + Phe + Rt Liu F. L. et al., 2003
Coe + Grt + Phe + Ap and this study
Drillhole CCSD-PP2, Paragneiss Coe + Grt + Omp + Rt Liu F. L. et al., 2002
Maobei, SW Sulu Coe + Grt + Jd + Phe + Ap
Orthogneiss Coe + Phe + Ap
Ampbhibolite Coe + Grt + Omp + Rt Liu F. L. et al., 2003
Coe + Mgs
Weihai, NE Sulu Peridotite Coe + Grt + Phe + Rt Yang J. S. et al., 2003
Donghai-Linsu, SW Paragneiss Coe + Grt + Omp + Phe Liu F. L. et al., 2004a
Sulu Coe + Jd + Grt + Phe + Rt + Ap
Orthogneiss Coe
Quartzite Coe + Grt + Omp + Ky + Phe + Ap
Marble Coe + Arg + Di
Amphibolite Coe + Grt + Omp + Phe + Rt + Ap
Eclogite Coe + Grt + Omp + Phe + Rt
Dabie Changpu-Shima- Paragneiss Coe + Jd + Rt Tabata et al., 1998
UHP terrane Wumiao Coe + Jd + Phe + Rt
Wumiao-Shima Orthogneiss Coe + Phe Liu J. B. et al., 2001
Paragneiss Coe + Omp + Phe + Ap

Heifei Basin Orthogneiss cobble

Coe + Grt + Omp + Phe + Ap Wan et al., 2005

As described in this paper (Fig. 4; Table 2) and
by previous investigators (Wu et al., 2004; Zhang et
al., 2006), it seems likely that at least some
Dabie-Sulu orthogneisses were not subjected to
Triassic UHP metamorphism. In spite of extensive
search, no UHP inclusions have been found in
zircons from orthogneiss in Fangshan, southern Sulu
(Fig. 1) (Liu F. L. et al., 2001). These orthogneiss
bodies (or blocks) might represent granitic intru-
sives that only underwent regional amphi-
bolite-facies metamorphism at crustal depths during
exhumation of the Dabie-Sulu UHP slabs.

Coesite-bearing UHP mineral inclusions are
common in zircons from garnet-biotite granitic
gneiss (S3) in drill hole CCSD-PP1 (Fig. 3; Table 1).
The distribution of mineral inclusions in these

zoned zircons records three stages of formation;
Neoproterozoic magmatic crystallization (Fig. 7,
Stage 1), UHP metamorphism at 227 + 8 Ma (Fig. 7,
Stage 2), and retrograde metamorphism at 213 + 7
Ma (Fig. 7, Stage 3). In contrast, the SHRIMP ages
of zoned zircons from the non-UHP orthogneiss (54)
yield two discrete age groups: Neoproterozoic mag-
matic crystallization (Fig. 7, Stage 1), and 211 + 6
Ma for retrograde metamorphism (Fig. 7, Stage 3).
The magmatic zircon cores with ages > 748 Ma are
similar in age to the inherited magmatic zircon cores
in the UHP orthogneiss. In addition, Liu F. L. et al.
(2004b) obtained SHRIMP U-Pb ages of 810-910
Ma for the protolith of an UHP orthogneiss (R498)
from a depth of 1325.2 m in drill hole CCSD-MH.
Similar well-constrained Late Proterozoic ages for
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FIG. 7. Summarized P-T-time path for UHP metamorphic rocks of the southwestern Sulu terrane. The P-T path is
derived from previous studies of Liu et al. (2001) and the present study. The SHRIMP analyses of different zircon

domains yield three discrete stages of zircon growth: Proterozoic protolith age (Stage 1), 227 + 8 Ma for the UHP meta-

morphic stage (Stage 2), and 211 + 7 Ma for the retrograde stage (Stage 3) and the emplacement of non-UHP orthogneiss.
The reaction curves of coesite (Coe) = quartz (Qtz) and jadeite (Jd) + quartz (Qtz) = albite (Ab) are from Bohlen and

Boettcher (1982) and Holland (1980), respectively.

protoliths of UHP orthogneisses have also been
reported by others—e.g., 731-831 Ma for Sulu by
Ames et al. (1993, 1996) and Li et al. (1993), 638 to
722 Ma for Dabieshan by Ames et al. (1996) and
Rowley et al. (1997), and up to 850 Ma for Dabie-
shan by Hacker et al. (1998).

Triassic UHP metamorphism in the Dabie-Sulu
UHP terrane has been documented by numerous
U-Pb, Sm-Nd, Rb-Sr, and Ar-Ar isotopic ages rang-
ing from 245 to 210 Ma (e. g., Li et al., 2000; Zheng
et al., 2003). However, controversy still exists over
the exact timing of UHP metamorphism, and
whether it occurred in the Early—Middle Triassic or
Late Triassic. For example, the U-Pb isotopic data of
Rowley et al. (1997) for zircons from granitoid
gneiss in Dabie define a discordia with a lower
intercept at 218.5 + 1.7 Ma, interpreted by them as
the age of UHP metamorphism. In contrast, Zheng et
al. (2003) reported that UHP peak metamorphic
ages of the Dabie-Sulu UHP terrane range from 240
to 245 Ma. Maruyama et al. (1998) obtained ages of
220-238 Ma by SHRIMP U-Pb dating of the cores
of zircon grains from Dabie paragneiss, and inter-
preted these as the age of UHP metamorphism.

Also, Rumble et al. (2002) reported a 221 Ma date
for a zircon rim from an orthogneiss, and 216 to 236
Ma for zircon from a garnet peridotite from south-
western Sulu. However, on the basis of SHRIMP
zircon data, Hacker et al. (1998) argued that the
range of U-Pb dates from 209 to 243 Ma might imply
zircon recrystallization in Dabie gneisses not only
during the UHP metamorphism but also during
retrograde metamorphism.

If zircons continue to grow during retrograde
metamorphism, the lower intercept ages obtained by
U-Pb zircon isotope dilution and zircon rim
SHRIMP U-Pb ages would not accurately represent
the UHP age. In our studies, coesite-bearing over-
growths on zircons from UHP garnet- and
biotite-bearing granitic gneiss (S3) yield a SHRIMP
U-Pb age of 227 + 8 Ma. This UHP metamorphic
age is similar to that of coesite-bearing zircon
domains from an orthogneiss core (227 + 2 Ma) in
drill hole CCSD-MH (Liu F. L. et al., 2004b). There-
fore, the weighted mean 227 + 8 Ma for the coesite-
bearing mantles of zircons in the UHP orthogneiss
(S3) is clearly related to the UHP metamorphic
event. This UHP age is also in agreement with
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several reported Sm-Nd ages of 221 to 228 Ma for
adjacent coesite-bearing eclogite in the south-west-
ern Sulu terrane (Li et al., 1993, 1996).

Various P-T calculations of UHP eclogite and its
host paragneiss and orthogneiss from drill hole
CCSD-PP1 are shown in Figure 7 (Liu F. L. et al.,
2001). Coesite in the eclogite and coesite inclusions
in zircon from paragneiss and orthogneiss in the
drill hole constrain the peak pressure to > 28 kbar.
The occurrence of diamond in the Maobei eclogite
near drill hole CCSD-PP1 indicates that the mini-
mum peak pressure could be as high as ~40 kbar
(Xu S. et al., 2005). Using the garnet-clinopyroxene
geothermometer, the peak temperatures have been
estimated to range from 700 to 850°C for eclogite
and paragneiss from drill hole CCSD-PP1 (Liu F. L.
et al., 2001).

The 213 = 7 Ma age corresponding to the
amphibolite-facies overprint is recorded in the over-
growth rims of zircons from UHP garnet-biotite
granitic gneiss (S3). These rims around the coesite-
bearing mantles all contain low-P inclusions such as
quartz (Table 1; Fig. 3). The replacement of garnet
by biotite and amphibole + sodic plagioclase in
orthogneiss and paragneiss (Liu F. L. et al., 2001)
and symplectites of amphibole and plagioclase after
omphacite and garnet in eclogite, indicates that
these rocks experienced retrograde amphibo-
lite-facies metamorphism (Liu F. L. et al., 2003).
The reported U-Pb lower-intercept ages (Ames et
al., 1993; Li et al., 2000) from 202 to 217 Ma in
UHP rocks from southwestern Sulu may date this
amphibolite-facies event. These ages are similar to
those of the zircon rims of 207—-219 Ma (Table 1) and
203-215 Ma for the UHP orthogneiss in CCSD-PP1
and CCSD-MH (Liu F. L. et al., 2004b), respec-
tively. These data are also consistent with 4°Ar/3%Ar
plateau ages (ranging from 200 to 219 Ma) of biotite
separated from gneissic samples in drill hole
CCSD-MH (Xu Z. Q. et al., 2006). In addition, the
retrograde rims of zircons in the non-UHP ortho-
gneiss (54) in drill hole CCSD-PP1 have ages of
204-219 Ma (the weighted mean is 211 + 6 Ma).
These data indicate that both UHP and non-UHP
orthogneisses simultaneously experienced an
amphibolite-facies retrograde metamorphism; the
emplacement age for the non-UHP orthogneiss
intrusives into the Sulu-Dabie UHP metamorphic
rocks is well constrained at 211 + 6 Ma (Fig. 7,
Stage 3).

Retrograde recrystallization is represented by
the transition from coesite-bearing mineral inclu-

sions in the mantles of zircons to quartz-bearing
inclusions in the zircon rims (Table 1; Figs. 3E and
3F). Using the retrograde minerals only, it is diffi-
cult to estimate the temperature conditions of this
stage due to the lack of appropriate geothermome-
ters. However, garnet and omphacite have been
partly or completely replaced by a symplectite of
fine-grained hornblende and sodic plagioclase in
the matrix of eclogite and amphibolite from drill
hole CCSD-PP1 (Fig. 2); coexisting hornblende and
sodic plagioclase in pseudomorphs after garnet and
omphacite yield temperatures of 580-700°C using
the HbI-PI thermometer (Blundy and Holland,
1990). Coexisting garnet, hornblende, and sodic
plagioclase also yield similar temperatures of 650—
710°C and pressures of 8-12 kbar using the
Grt-Hbl-P1-Qtz thermometer (Kohn and Spear,
1989). These estimates are consistent with the retro-
grade temperatures of 550-720°C and pressures of
8-12 kbar for the recrystallization of hornblende
and plagioclase in eclogites (Enami and Zang, 1993;
Zhang et al., 1995b). The results indicate that the
temperature and pressure conditions for emplace-
ment of non-UHP orthogneiss in Sulu UHP terrane
were 580-710°C and 8-12 kbar, respectively (Fig.
7, Stage 3).

A speculative P-T-time path for zoned zircons
from the UHP and non-UHP orthogneiss is shown in
Figure 7, which provides a model for the tectonic
evolution of the Sulu UHP terrane. Proterozoic con-
tinental protoliths, including granitic crustal materi-
als, minor mafic-ultramafic rocks, and some
passive-margin sediments (Fig. 7, Stage 1), were
subducted to mantle depths in excess of 120 km and
experienced UHP metamorphism during the Late
Triassic (with a mean age of 227 + 8 Ma). Some
ultramafic-mafic intrusives of the mantle wedge may
have been incorporated into the subduction zone
because they possess mantle signatures (for review,
see Zhang and Liou, 1998; Zhang et al., 2003a).
Coesite-bearing UHP minerals crystallized and were
trapped as inclusions in zircons at that time (Fig. 7,
Stage 2). About 14-16 million years later, the
deeply subducted UHP metamorphic rocks returned
to mid-crustal levels. At these depths, some
non-UHP orthogneiss intrusives of Yangtze affinity
were tectonically emplaced into the UHP metamor-
phic terrane. Then, both UHP metamorphic rocks
and non-UHP orthogneiss were subjected to an
intense amphibolite-facies overprint (Fig. 7, Stage
3). Quartz and other low-P minerals formed at this
time as inclusions in the zircon rims (Figs. 3 and 4).
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Various mechanisms have been proposed to
exhume UHP metamorphic rocks from mantle
depths (Ernst, 1971; Zhang et al., 1995a; Hacker et
al., 1996; Liou et al., 2000), and these have been
widely applied to the Dabie-Sulu UHP terrane. Con-
sidering the weighted mean ages of UHP metamor-
phism and the subsequent amphibolite-facies
retrograde event, about 14-16 m.y. elapsed from
emplacement at diamond- and coesite-stable mantle
depths to mid-crustal depths (Fig. 7). This suggests
that about 100 km of exhumation must have
occurred within 14 and 16 m.y., resulting in an aver-
age exhumation rate of 6.3-7.1 km/m.y., which is
similar to that (~6.7 km/m.y.) for orthogneiss in drill
hole CCSD-MH (Liu F. L. et al., 2004b). Rapid
exhumation has been considered to be one of the
most important factors in the preservation of UHP
minerals (Wang and Liou, 1989; Liou and Zhang,
1996). The common occurrence of UHP minerals in
Sulu metamorphic rocks suggests subduction to
mantle depths in excess of 120 km and UHP meta-
morphism of voluminous continental materials (Liu
F. L. et al., 2004a, 2004b). Because these continen-
tal materials have lower densities than the adjacent
mantle peridotites, extrusion of the subducted
wedge to mid-crustal levels during slab break-off
may largely be due to buoyancy forces (Ernst and
Liou, 1995; Liou et al., 2000). At mid-crustal
depths, these UHP metamorphic rocks, together
with some blocks of non-UHP orthogneiss, were
overprinted by amphibolite-facies metamorphism.
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