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Abstract

A combined study of internal structure, U–Pb age, and Hf and O isotopes was carried out for metamorphic zircons from ultrahigh-
pressure eclogite boudins enclosed in marbles from the Dabie orogen in China. CL imaging identifies two types of zircon that are meta-
morphically new growth and recrystallized domain, respectively. The metamorphic zircons have low Th and U contents with low Th/U
ratios, yielding two groups of 206Pb/238U age at 245 ± 3 to 240 ± 2 Ma and 226 ± 4 to 223 ± 2 Ma, respectively. Anomalously high d18O
values were obtained for refractory minerals, with 9.9 to 21.4& for garnet and 16.9& for zircon. This indicates that eclogite protolith is
sedimentary rocks capable of liberating aqueous fluid for zircon growth during continental subduction-zone metamorphism. Most of the
zircons are characterized by very low 176Lu/177Hf ratios of 0.000001–0.000028, indicating their growth in association with garnet recrys-
tallization. A few of them falling within the older age group have comparatively high 176Lu/177Hf ratios of 0.000192–0.000383, suggesting
their growth prior to the formation of garnet in the late stage of subduction. The variations in the Lu/Hf ratios for zircons can thus be
used to correlate with garnet growth during eclogite-facies metamorphism. In either case, the zircons have variable eHf (t) values for indi-
vidual samples, suggesting that their protolith is heterogeneous in Hf isotope composition with localized fluid availability in the bulk
processes of orogenic cycle. Nevertheless, a positive correlation exists between 206Pb/238U ages and Lu–Hf isotope ratios for the meta-
morphically recrystallized zircons, suggesting that eclogite-facies metamorphism in the presence of fluid has the identical effect on zircon
Lu–Hf and U–Th–Pb isotopic systems. We conclude that the zircons of the older group grew in the presence of fluid during the subduc-
tion prior to the onset of peak ultrahigh-pressure metamorphism, whereas the younger zircons grew in the presence of fluid released dur-
ing the initial exhumation toward high-pressure eclogite-facies regime.
� 2006 Elsevier Inc. All rights reserved.
1. Introduction

Fluid, despite a minor component of the continental
crust, is very important in controlling a wide spectrum of
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subduction-zone processes: high-pressure (HP) and ultra-
high-pressure (UHP) metamorphism, and syn-subduction
and syn-exhumation magmatism. Metamorphic fluid in-
volved in continental collision has bearing on the deep cir-
culation of surface water, the fate of deeply subducted slab,
retrograde alteration and quartz veining (Rumble et al.,
2003; Zheng et al., 2003; Li et al., 2004). While the absence
of aqueous fluids has been recognized to play a critical role
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Fig. 1. Sketch map of geology in the Dabie-Sulu orogenic belt (revised
after Wang et al., 1995), with sample locations of eclogite in association
with ultrahigh-pressure marble in the Dabie orogen.
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in preserving UHP metamorphic signatures acquired dur-
ing deep subduction of continental crust (Liou et al.,
1996; Zhang et al., 2003), difficulties were encountered in
dating of mineral growth during eclogite-facies metamor-
phism (e.g., Mork and Mearns, 1986; Brueckner et al.,
1996; Zheng et al., 2002). Zircon is one of the most impor-
tant minerals in U–Pb isotopic geochronology, but its
applicability critically depends on contemporaneous
growth in response to a given tectonothermal event (Wil-
liams et al., 1996). Metamorphic dehydration and anatexis
of subducted sediments and hydrothermally altered crust
are vital to growth of metamorphic and igneous zircons
(Rubatto and Hermann, 2003). Thus the zircon U–Pb geo-
chronology can provide an important means to date fluid-
mediated processes during subduction and exhumation of
continental crust.

In the past decade, zircon U–Pb dates have been ob-
tained for UHP metamorphic rocks from the Dabie-Sulu
orogenic belt in China to constrain their metamorphic
and protolith ages (e.g., Ames et al., 1996; Hacker et al.,
1998; Ayers et al., 2002; Li et al., 2004; Liu et al.,
2004a,b; Zheng et al., 2004, 2005a). However, exact timing
of peak UHP metamorphism is controversial, arguably at
sometime between 245 and 215 Ma. It is known that meta-
morphic zircon can form in different stages during subduc-
tion-zone metamorphism, such as prograde phase (Vavra
et al., 1996; Liati and Gebauer, 1999; Rubatto et al.,
1999; Zheng et al., 2005a), peak phase (Gebauer et al.,
1997; Hacker et al., 1998; Hermann et al., 2001; Ayers
et al., 2002; Rubatto, 2002; Liu et al., 2004a,b), and retro-
grade phase (Fraser et al., 1997; Roberts and Finger, 1997;
Hacker et al., 1998; Ayers et al., 2002; Whitehouse and
Platt, 2003; Gray et al., 2004; Liu et al., 2004a,b; Timmer-
mann et al., 2004; Zheng et al., 2005a). Its formation mech-
anism includes not only new zircon growth (by
decomposition or recrystallization of rock-forming miner-
als with release of zirconium) but also solid-state or anatec-
tic recrystallization of older zircons. Therefore, it is very
important to constrain the metamorphic conditions and
fluid availability in the different stages of zircon growth
in order to provide reasonable interpretation for zircon
U–Pb ages. In this paper, we presents a combined study
of internal structure, U–Pb age and Lu–Hf isotopes for zir-
con, and O isotopes for mineral separates from UHP eclog-
ites enclosed in marble from the Dabie orogen. The results
not only provide insight into fluid regime in the bulk pro-
cesses of continental subduction and exhumation, but also
place geochronological constraints on timescale of UHP
metamorphism.

2. Geological settings and samples

The Dabie-Sulu UHP metamorphic belt is a continental
collision orogen between the South China Block and the
North China Block (Cong, 1996; Liou et al., 1996; Zheng
et al., 2003, 2005b). It is separated into eastern and western
sections by the Tanlu Fault, which are named as the Sulu
and Dabie orogens, respectively (Fig. 1). A series of contin-
uous zones in the Dabie orogen were separated by several
large-scale EW-trending faults, resulting in five main tec-
tonic zones from north to south (Hacker et al., 2000; Zheng
et al., 2005b): (1) the Beihuaiyang greenschist-facies zone,
(2) the North Dabie high-T/UHP granulite-facies zone,
(3) the Central Dabie medium-T/UHP eclogite-facies zone,
(4) the South Dabie low-T/UHP eclogite-facies zone, and
(5) the Susong blueschist-facies zone. All the five zones
contain Early Cretaceous igneous intrusives (Jahn et al.,
2003), with minor occurrence of coeval volcanic rocks in
the northern two zones (Fan et al., 2004). Anatexis of oro-
genic lithospheric keel formed by the Triassic continent–
continent collision is proposed for origin and genesis of
these post-collisional igneous rocks (Zhao et al., 2004,
2005).

According to field occurrence and country-rock associa-
tion (e.g., Wang et al., 1995; Cong, 1996; Zheng et al.,
2003), three types of eclogite are recognized in the Dabie-
Sulu orogenic belt: (1) G-type, gneiss-hosted enclaves or
layers; (2) M-type, interlayers with or enclaves within mar-
ble or calc-silicate rocks; (3) P-type, either members of lay-
ered mafic-ultramafic intrusions or simply in association
with ultramafic rocks (peridotite or pyroxenite). Previous
studies of zircon U–Pb dating have been mostly devoted
to the G-type eclogite (e.g., Ames et al., 1996; Rowley
et al., 1997; Hacker et al., 1998, 2000; Ayers et al., 2002;
Liu et al., 2004a,b, 2005; Zheng et al., 2004, 2005a), with
a few to the P-type eclogite (Ayers et al., 2002; Rumble
et al., 2002; Yang et al., 2003; Zhang et al., 2005). Thus this
study examines the M-type eclogite in the Dabie orogen
(Fig. 1).

Marbles in the Dabie orogen occur as lenses and bands
in gneisses, containing eclogite boudins as blocks or bands.
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Coesite, partially inverted to quartz, occurs as inclusions
within dolomite in the marbles (Schertl and Okay, 1994;
Zhang and Liou, 1996). Coesite (Zhang and Liou, 1996)
and diamond (Xu et al., 1992) inclusions were also found
in the eclogite boudins within the marbles as well as in
other eclogites in association with gneisses and pyroxenites
(Xu et al., 2003, 2005). These indicate that the marbles and
associated eclogites share the same UHP metamorphic his-
tory as the other eclogites. On the basis of the presence of
diamond and coesite inclusions, peak metamorphic pres-
sures were estimated to be greater than 3.3 GPa at temper-
atures of 700 to 800 �C based on garnet–clinopyroxene
geothermometry (Cong, 1996; Okay, 1993; Carswell
et al., 1997). The presence of unusually positive d13C values
in the marbles indicates that their protolith was Neoprote-
rozoic limestones on the Yangtze platform (Zheng et al.,
1998a, 2003; Rumble et al., 2000).

Four samples of eclogite (944010-10, 944014-7, 94M43
and 04XD02) were selected for isotopic analyses in this
study, which are all enclosed within the UHP marbles in
the eastern part of the Central Dabie zone. They are locat-
ed at Wangjiachong in Laoyoufang of the Shima area,
Wangdawu in the Hengchong area, Shuanghe in the Pailou
area, and Xindian in the Wumiao area, respectively
(Fig. 1). They all occur as blocks within the marbles, with
clear boundaries between the eclogites and the marbles.
The eclogites contain garnet + omphacite ± pheng-
ite ± rutile ± zoisite/epidote ± quartz, with some accessory
minerals such as apatite, zircon and titanite. Garnet and
omphacite are partly replaced by amphibolite-facies sym-
plectite composed of amphibole + plagioclase; rutile is
partly transformed into titanite.

3. Analytical methods

Mineral separates were extracted by crushing, sieving
and using heavy liquids, and then purified by hand picking
under a binocular microscope. Transparent zircon grains
without cracks were selected for U–Pb and Lu–Hf isotopic
analyses. The zircons were mounted together with
TEMORA standard in epoxy resin and then polished down
to expose grain centres. CL images were collected using a
JEOL JXA-8900RL electron microprobe at the Institute
of Mineral Resources in the Chinese Academy of Geolog-
ical Sciences, Beijing

Zircon U–Pb dating for three of the four samples was
carried out using SHRIMP II at Beijing SHRIMP Cen-
ter. Instrumental conditions and data acquisition meth-
ods follow Williams (1998). U and Th abundances were
calibrated against standard zircon SL13. Zircon
TEMORA (417 Ma) was used as a work standard (Black
et al., 2003), which was analyzed every fourth analysis.
The measured 204Pb was used for common Pb correction.
The data were reduced using the ISOPLOT program
(Ludwig, 2001). Individual analyses were reported with
2r uncertainties; weighted average of ages was also
reported at the 2r level.
Zircon U–Pb dating for the fourth sample (04XD02)
was made by means of LA-ICPMS at Northwest Universi-
ty in Xi’an. The detailed analytical procedure is described
in Yuan et al. (2004). The GeoLas 200M laser-ablation sys-
tem equipped with a 193 nm ArF-excimer laser was used in
connection with an ELAN6100 DRC ICP-MS. Helium was
used as the carrier gas to enhance the transport efficiency of
the ablated material. The helium carrier gas inside the abla-
tion cell is mixed with argon as a makeup gas before enter-
ing the ICP to maintain stable and optimum excitation
conditions. The spot diameter was 30 lm. Each analysis in-
cludes a background acquisition interval of approximately
30 s and a signal acquisition of about 80 s. Raw data were
processed using the Glitter program. All measurements
were normalized relative to zircon 91500, with a recom-
mended 206Pb/238U age of 1065.4 ± 0.6 Ma (Wiedenbeck
et al., 1995). Standard silicate glass NIST SRM610 was
used to calculate U, Th and Pb concentrations. The com-
mon Pb correction was carried out by using the EXCEL
program of ComPbCorr#_151 (Andersen, 2002), assuming
t = 230 Ma for time of both Pb loss and common Pb
growth.

Zircon Lu–Hf isotope analysis was carried out by means
of LA-MC-ICPMS at the Institute of Geology and Geo-
physics, the Chinese Academy of Sciences, Beijing. Instru-
mental conditions were described by Xu et al. (2004). A
Geolas-193 laser-ablation microprobe was attached to a
Neptune multi-collector ICPMS. The analyses were con-
ducted with a beam diameter of 32 lm with a typical abla-
tion time of about 30 s for 200 cycles of each measurement,
a 10 Hz repetition rate, and a laser power of 100 mJ/pulse
(Wu et al., 2006). Both He and Ar carrier gas transported
the ablated sample from the laser-ablation cell via a mixing
chamber to the ICPMS torch. Isobaric interference of
176Lu on 176Hf was corrected by measuring the intensity
of the interference-free 175Lu isotope and using a recom-
mended 176Lu/175Lu ratio of 0.02669 (DeBievre and Tay-
lor, 1993) to calculate 176Lu/177Hf. Similarly, isobaric
interference of 176Yb on 176Hf was corrected by measuring
the interference-free 172Yb isotope and using a recommend-
ed 176Yb/172Yb ratio of 0.5886 (Chu et al., 2002) to calcu-
late 176Hf/177Hf ratios. In doing so, a mean 173Yb/171Yb
ratio for the analysed spot itself was automatically used
in the same run to calculate a mean bYb value, and then
the 176Yb signal intensity was calculated from the 173Yb
signal intensity and the mean bYb value (Iizuka and Hirata,
2005). Following the suggestion of Woodhead et al. (2004),
five standard zircons (91500, TEMORA, CZ3, CN92-1 and
FM0411) were used in this correction to the 176Yb–176Hf
interference. They show variable 176Yb/177Hf ratios of
0.0066–0.0126 with an average 0.0077 for 91500, 0.018–
0.038 with an average 0.032 for TEMORA, 0.00091–
0.00125 with an average 0.00099 for CZ3, 0.0106–0.0320
with an average 0.020 for CN92-1, and 0.0045–0.0068 with
an average 0.0058 for FM0411 (Wu et al., 2006). TEMOR-
A has the highest Yb/Hf ratios and thus more precise bYb

factor and 176Hf/177Hf ratios than the others. Therefore,
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TEMORA is an appropriate reference for the isobaric
interference correction. On the other hand, CZ3 has the
lowest 176Yb/177Hf ratios, so that only about 10 and
20 ppm maximum deviation were caused by the Yb inter-
ference correction for 176Hf/177Hf ratios when using 63 or
32 lm spot size.

Zircon 91500 was used as the reference standard, with
a recommended 176Hf/177Hf ratio of 0.282293 ± 28
(Woodhead et al., 2004), and our analyses gave
176Hf/177Hf ratios of 0.282307 ± 31 for it (Wu et al.,
2006). All the Lu–Hf isotope analysis results are reported
with the error in 2r of the mean, and statistical treatment
proceeds by means of the ISOPLOT program of Ludwig
(2001). We have adopted a decay constant for 176Lu of
1.865 · 10�11 yr�1 (Scherer et al., 2001). Initial
176Hf/177Hf ratio, denoted as eHf (t), is calculated relative
to the chondritic reservoir with a 176Hf/177Hf ratio of
0.282772 and 176Lu/177Hf of 0.0332 (Blichert-Toft and
Albarede, 1997). Single-stage Hf model ages (TDM1) are
calculated relative to the depleted mantle with a present-
day 176Hf/177Hf ratio of 0.28325 and 176Lu/177Hf of
0.0384 (Vervoort and Blichert-Toft, 1999).

Oxygen isotope analysis of mineral separates was con-
ducted by the laser fluorination technique using a 25 W
MIR-10 CO2 laser at University of Science and Technology
of China in Hefei. About 1.5 to 2.0 mg mineral grains were
reacted with BF5 to release O2, which was directly trans-
ferred to a Finnigan Delta+ mass spectrometer for mea-
surement of 18O/16O and 17O/16O ratios (Zheng et al.,
2002). Oxygen isotope data are reported in the d18O nota-
tion with the reference to VSMOW standard. Three refer-
ence minerals were used: d18O = 5.8 ± 0.1& for UWG-2
garnet (Valley et al., 1995), d18O = 11.11 ± 0.1& for
GBW04409 quartz (Zheng et al., 1998b), and
d18O = 10.0 ± 0.1& for 91500 zircon (Zheng et al., 2004).

4. Results

4.1. Zircon morphology

Typical CL pictures are presented in Fig. 2. Zircons in
sample 944010-10 are anhedral to subhedral. Most of them
are oval, and a few crystals are short prismatic or irregular
with multi-faceted characteristics. Lengths of these grains
range from 50 to 200 lm, with aspect ratios of 1:1 to 2:1.
Most of them have weak CL brightness core and relatively
strong CL brightness rim, showing no zoning to weakly
zoning. A few crystals have planar zoning (Fig. 2a). All
the zonations are typical for metamorphic growth (Vavra
et al., 1999; Hoskin and Black, 2000; Wu and Zheng,
2004; Zheng et al., 2004). Resorption structures are pre-
served around the cores of some grains (Fig. 2a). A few
grains are found to have pitted surface and cloudy zoning,
suggesting different conditions of formation.

Zircons from sample 944014-7 are colorless, translucent,
anhedral to subhedral. The lengths of these crystals range
from 50 to 100 lm, with ratios of length to width ranging
from 1:1 to 2.5:1. They are oval to round in shape. A few
of them are short prismatic. In CL images (Fig. 2b), most
of them reveal sector zoning or fir-tree zoning, while some
grains just show weak zoning or cloudy zoning. They are
interpreted as metamorphic growth. Homogenous rims
with relatively strong CL brightness occur around these zir-
cons, suggesting that they were disturbed by late metamor-
phic event after their formation. A few grains have
irregular shape and clear pitted surface. The CL imaging
reveals that they are homogeneous with relatively strong
CL brightness, and some domains show patchy zoning.

Zircon grains in sample 94M43 have oval or short pris-
matic shape. Their lengths range from 50 to 150 lm, with
aspect ratios of 1:1 to 2:1. In CL images (Fig. 2c), most zir-
cons have distinct core-rim structure. The cores have irreg-
ular shape, showing no zoning with relatively strong or
weak brightness in CL images, which may be inherited
detrital zircons that suffered different degrees of metamor-
phic recrystallization (Hoskin and Black, 2000; Tomaschek
et al., 2003). The rims show weak zoning or cloudy zoning
in CL images, which may represent metamorphic over-
growth (Rowley et al., 1997; Hacker et al., 1998; Ayers
et al., 2002).

Zircons in sample 04XD02 are transparent, colorless
and anhedral. They range in length from 100 to 200 lm,
and have length to width ratios of about 1:1 to 3:1. Based
on CL images, three domains, which are core, mantle and
rim, can be discerned. The cores have variable internal zon-
ing pattern and only present in a few grains, which may
represent inherited zircons that were differently modified
by metamorphic recrystallization (Hoskin and Black,
2000; Tomaschek et al., 2003). The mantles are unzoned
or weakly zoned, and are commonly embayed by the rims.
They have different CL brightness, even within a single
mantle domain (Fig. 2d), indicating that they may grow
under unstable conditions. Discontinuously homogeneous
rims occur around most grains, which may form by a late
metamorphic event.

4.2. Zircon U–Pb ages

Eight U–Pb analyses were obtained from 8 zircon grains
in eclogite 944010-10 from Laoyoufang (Table 1). Except
for analysis 4.1 that has a relatively low U content of
102 ppm and a high Th/U ratio of 0.485, the other seven
analyses yield U concentrations of 206–1807 ppm and Th
of 6.0–48.1 ppm, with Th/U ratios of 0.016–0.044. They
are all concordant in U–Pb ages within 1r uncertainty
(Fig. 3a), and have very similar 206Pb/238U ages of
245 ± 4 to 237 ± 4 Ma (Table 1). All the eight analyses
yield a weighted mean 206Pb/238U age of 242 ± 3 Ma
(MSWD = 0.38).

Eight zircon grains from eclogite 944014-7 at Heng-
chong were dated by eight analyses (Table 1). The eight
analyses show low U abundances of 59–94 ppm and very
low Th abundances of 0.63–1.38 ppm, resulting in very
low Th/U ratios of 0.008–0.014. The proportion of com-



Fig. 2. Typical CL images of zircons with 206Pb/238U ages for eclogite enclosed in marble in the Dabie orogen. Small circles show the sites of U–Pb dating,
and big circles denote the locations of Lu–Hf isotope analysis. (a) Shima, (b) Hengchong, (c) Shuanghe, and (d) Xindian.
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mon Pb is relatively high (3.00–9.23%). These chemical fea-
tures are common for metamorphic zircon (Tomaschek
et al., 2003). All the eight analyses are concordant with
consistent 206Pb/238U ages of 248 ± 5 to 243 ± 4 Ma
(Fig. 3b), yielding a weighted mean of 245 ± 3 Ma
(MSWD = 0.20). No precise age can be obtained from
the homogeneous rim of high CL brightness because it is
too thin to be analyzed by SHRIMP (Fig. 2b).

Thirteen SHRIMP U–Pb analyses were made on twelve
zircon grains from eclogite 94M43 at Shuanghe (Table 1).
Analyses of five inherited core yield moderate U and Th
contents with Th/U ratios of 0.042 to 0.260, and
206Pb/238U ages of 292 ± 4 to 1311 ± 17 Ma; whereas the
remaining eight analyses on metamorphic zircon show rel-
atively low Th contents of 3.4–6.5 ppm and Th/U ratios of
0.019–0.027, and 206Pb/238U ages of 222 ± 4 to 246 ± 4 Ma
(Table 1 and Fig. 3c). In the U–Pb concordia diagram
(Fig. 3c), all the 13 analyses define a discordia with inter-
cept ages of 1816 ± 14 Ma and 234 ± 7 Ma, respectively.
The young ages are further subdivided into two groups
with one at 242 ± 4 Ma (n = 4, MSWD = 0.60) and the
other at 226 ± 4 Ma (n = 4, MSWD = 0.54), respectively.
A total of 30 U–Pb analyses were carried out by
LA-ICPMS on 13 zircon grains from eclogite 04XD02 at
Xindian (Table 2 and Fig. 3d). Six analyses on four inher-
ited cores have variable U and Th concentrations, and their
apparent 206Pb/238U ages scatter between 790 and
1422 Ma. Four of them are nearly concordant, and give a
weighted average 206Pb/238U age of 812 ± 30 Ma
(MSWD = 1.7). The other two analyses are discordant,
and yield indistinguishable 207Pb/206Pb ages of 1805 ± 17
and 1823 ± 65 Ma (mean = 1806 ± 32 Ma). Therefore,
there are two generations of inherited zircon in this sample.
Thirteen analyses on the mantle domains have moderate U
contents of 125–610 ppm and Th of 2.3–15.9 ppm, with
very low Th/U ratios of 0.01–0.03. All the spots are concor-
dant or nearly concordant (Fig. 3d). 206Pb/238U age varies
from 237 ± 3 to 245 ± 3 Ma, with a weighted mean of
240 ± 2 Ma (MSWD = 0.78). The other 11 analyses of
the rim domains have similar U and Th contents of
121–619 ppm and 1.3–41.8 ppm, respectively, and also very
low Th/U ratios of 0.01–0.07. All the eleven analyses yield
206Pb/238U ages of 216 ± 3 to 229 ± 3 Ma with a weighted
mean of 223 ± 2 Ma (MSWD = 1.4) (Fig. 3d).



Table 1
SHRIMP zircon U–Pb isotope data for eclogites enclosed in the marbles in the Dabie orogen

Spot 206Pbc

(%)
U
(ppm)

Th
(ppm)

Th/U 206Pb*

(ppm)

207Pb*/206Pb* ±% 207Pb*/235U ±% 206Pb*/238U ±% err
corr

206Pb/238U
Age

±2r 207Pb/206Pb
Age

±2r

944010-10 (Laoyoufang)
1.1 0.21 1807 28.2 0.016 62.1 0.05061 1.8 0.2666 2.5 0.0382 1.6 0.924 241.7 3.9 223 42
2.1 1.33 255 6.0 0.024 8.59 0.05084 2.9 0.2713 3.7 0.0387 1.7 0.347 244.8 4.2 234 67
3.1 1.28 206 8.7 0.044 6.93 0.05077 2.8 0.2702 3.6 0.0386 1.7 0.388 244.1 4.2 230 65
4.1 1.19 102 48.1 0.485 3.34 0.05087 3.1 0.2630 4.1 0.0375 1.8 0.283 237.3 4.3 235 72
5.1 0.86 1546 32.4 0.021 46.8 0.05068 1.7 0.2690 2.6 0.0385 1.6 0.758 243.5 4.0 226 39
6.1 0.53 1237 36.3 0.029 35.1 0.05072 2.6 0.2685 3.5 0.0384 1.8 0.614 242.9 4.5 228 60
7.1 1.12 894 16.8 0.019 26.4 0.05081 2.8 0.2669 3.2 0.0381 1.7 0.419 241.0 4.2 232 65
8.1 0.34 358 12.7 0.035 15.6 0.05073 3.1 0.2637 3.9 0.0377 1.9 0.527 238.6 4.6 229 72

944014-7 (Hengchong)
1.1 3.00 94 0.85 0.009 3.21 0.05085 2.6 0.2707 3.3 0.03861 1.8 0.114 244.2 4.5 234 60
2.1 3.40 80 1.04 0.013 2.85 0.05096 2.2 0.2728 2.6 0.03882 1.7 0.144 245.5 4.2 239 51
3.1 3.79 84 0.63 0.008 2.94 0.05173 2.9 0.2798 3.7 0.03923 1.8 0.101 248.1 4.5 273 67
4.1 9.23 59 0.80 0.014 2.46 0.05049 3.1 0.2676 3.6 0.03844 2.1 0.117 243.2 5.2 218 72
5.1 4.67 78 1.38 0.018 1.98 0.05124 3.1 0.2736 3.5 0.03872 1.9 0.214 244.9 4.7 252 70
6.1 7.21 64 1.26 0.020 2.56 0.05218 2.6 0.2814 2.9 0.03911 1.6 0.178 247.3 3.9 293 58
7.1 6.48 81 1.19 0.015 3.08 0.05087 2.4 0.2703 3.1 0.03854 1.8 0.193 243.8 4.5 235 54
8.1 3.38 75 0.74 0.010 2.62 0.05106 2.8 0.2701 3.4 0.03836 1.7 0.162 242.7 4.1 244 65

Spot 206Pbc

(%)
U
(ppm)

Th
(ppm)

Th/U 206Pb*

(ppm)

207Pb*/206Pb* ±% 207Pb*/235U ±% 206Pb*/238U ±% err
corr

206Pb/238U
Age

± 207Pb/206Pb
Age

±

94M43 (Shuanghe)
1.1 1.81 145 3.6 0.026 4.59 0.0504 4.2 0.2518 5.1 0.0362 1.8 0.239 229 4 216 97
1.2 1.62 163 3.4 0.021 5.03 0.0505 3.9 0.2493 4.7 0.0358 1.5 0.413 227 4 218 68
2.1 0.18 180 3.5 0.020 6.08 0.0575 2.2 0.3086 2.7 0.0389 1.7 0.600 246 4 511 48
3.1 3.08 300 75.5 0.260 16.4 0.0861 3.6 0.9699 4.7 0.0817 1.9 0.484 506 10 1340 70
4.1 0.52 112 24.5 0.225 20.1 0.1072 1.5 3.0596 1.9 0.2070 1.7 0.853 1213 23 1752 27
5.1 0.57 258 6.3 0.025 7.81 0.0505 1.4 0.2444 2.8 0.0351 1.6 0.418 222 4 218 32
6.1 2.15 169 3.9 0.024 5.63 0.0508 3.5 0.2664 4.1 0.0380 1.8 0.226 240 4 234 81
7.1 8.99 246 38.4 0.161 13.9 0.0767 2.9 0.6335 3.8 0.0599 1.9 0.207 375 7 1113 58
8.1 0.02 209 8.5 0.042 40.4 0.1073 1.8 3.3362 2.5 0.2255 1.2 0.951 1311 17 1754 33
9.1 4.85 201 18.1 0.093 8.39 0.0625 3.7 0.3987 5.2 0.0463 1.4 0.169 292 4 690 79

10.1 1.26 227 4.2 0.019 6.57 0.0509 3.1 0.2498 3.8 0.0356 1.7 0.357 226 4 236 72
11.1 0.98 186 5.1 0.027 4.92 0.0511 2.2 0.2691 2.9 0.0382 1.3 0.568 242 3 245 51
12.1 1.67 169 3.9 0.023 7.16 0.0507 2.4 0.2642 3.1 0.0378 1.5 0.413 239 4 227 55

Notes. Pbc and Pb* denote the common and radiogenic portions, respectively; errors are reported in 2r.
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Fig. 3. Concordia diagrams of zircon U–Pb isotope data for eclogite enclosed in marble in the Dabie orogen. (a) Shima, (b) Hengchong, (c) Shuanghe, and
(d) Xindian.
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4.3. Zircon Lu–Hf isotopes

Fifteen analyses for Lu–Hf isotope composition were
made on 15 zircon grains from eclogite 944010-10 at
Laoyoufang, including 9 spots that were dated by the
SHRIMP U–Pb technique to give consistent Triassic ages
(Table 3). Except for analysis #1 that has a relatively
high 176Lu/177Hf ratio of 0.000383, all other analyses
exhibit very low 176Lu/177Hf ratios of 0.000005–
0.000009. Nevertheless, all of the 15 analyses yield similar
176Hf/177Hf ratios of 0.281986–0.282089. If the metamor-
phic age of 242 Ma is used, they yield eHf (t) values of
�22.5 to �18.9 with a weighted mean of �20.6 ± 1.4
(MSWD = 7.1).

Ten Lu–Hf analyses were obtained for 10 grains of
metamorphic zircon in eclogite 944014-7 at Hengchong
(Table 3), among which 8 spots have been dated with the
U–Pb method to yield consistent Triassic ages. Except for
analyses #4, #5 and #6 that have high 176Lu/177Hf ratios
of 0.000192–0.000259, the others seven analyses show very
low 176Lu/177Hf ratios of 0.000001–0.000006. Nevertheless,
all of the 10 analyses have similar 176Hf/177Hf ratios in the
range of 0.282120–0.282163, corresponding to eHf (t) values
of �17.7 to �16.2, with a weighted mean of �16.9 ± 0.7
(MSWD = 1.08) at t = 245 Ma.

Fifteen analyses for Lu–Hf isotope composition were
made for 15 zircons in eclogite 94M43 at Shuanghe, includ-
ing 11 analyses of the grains that have been dated with the
U–Pb method (Table 3). Six analyses (#1, #7 to #10 and
#13) were obtained from the inherited domains of core as
identified by their greater 206Pb/238U ages than 245 Ma,
which show high 176Lu/177Hf ratios of 0.000115–0.000286
but low 176Hf/177Hf ratios of 0.282049–0.282223. The other
nine analyses were obtained from the Triassic domains of
metamorphic overgrowth with low 176Lu/177Hf ratios
of 0.000004–0.000007 but high 176Hf/177Hf ratios of
0.282245 to 0.282345. eHf (t) values are calculated by
assuming t = 240 Ma, yielding a range from �20.4 to
�14.1 with a weighted mean of �16.7 ± 2.7 (MSWD = 29)
for the inherited cores (Fig. 4c), which are lower than those



Table 2
LA-ICPMS zircon U–Pb dating for eclogite 04XD02 at Xindian in the Dabie orogen

Spot U (ppm) Th (ppm) Th/U 206Pb* (ppm) 207Pb*/206Pb* ± 207Pb*/235U ± 206Pb*/238U ± 206Pb/238U Age ± 207Pb/235U Age ± 207Pb/206Pb Age ±

1.1 610 3.4 0.01 25.78 0.04419 0.00049 0.22543 0.00793 0.03761 0.00040 238 3 206 8 �100 27
1.2 164 3.3 0.02 8.47 0.05320 0.00138 0.28307 0.00680 0.03834 0.00063 243 4 253 7 338 59
1.3 411 11.4 0.03 16.54 0.04519 0.00057 0.21571 0.00718 0.03619 0.00052 229 3 198 7 �45 31
2.1 388 9.2 0.02 16.65 0.04877 0.00065 0.24071 0.00549 0.03785 0.00047 239 3 219 6 137 31
2.2 318 13.9 0.04 15.01 0.05506 0.00092 0.29034 0.00707 0.03500 0.00042 222 3 259 7 415 37
3.1 368 7.2 0.02 58.20 0.06927 0.00135 1.28058 0.01986 0.13322 0.00218 806 14 837 20 907 40
3.2 160 4.0 0.02 7.46 0.04907 0.00084 0.24305 0.00378 0.03769 0.00066 238 4 221 4 151 40
3.3 451 14.1 0.03 16.27 0.04939 0.00155 0.23819 0.00994 0.03575 0.00056 226 4 217 10 167 73
4.1 452 3.4 0.01 19.70 0.04484 0.00065 0.23467 0.00681 0.03771 0.00061 239 4 214 7 �64 35
4.2 261 8.5 0.03 13.06 0.05850 0.00077 0.28803 0.00899 0.03548 0.00045 225 3 257 9 549 29
5.1 1626 74.9 0.05 393.88 0.07171 0.00099 1.35514 0.01576 0.13618 0.00261 823 17 870 16 978 28
5.2 615 24.4 0.04 102.64 0.06927 0.00067 1.25199 0.00846 0.13029 0.00226 790 15 824 9 907 20
5.3 530 4.7 0.01 28.83 0.05485 0.00181 0.26352 0.00826 0.03482 0.00042 221 3 237 8 406 74
6.1 408 26.3 0.06 135.73 0.11146 0.00398 3.82193 0.04746 0.24687 0.00483 1422 31 1597 47 1823 65
6.2 99 2.5 0.03 17.31 0.11032 0.00106 2.50915 0.01555 0.16443 0.00281 981 18 1275 16 1805 17
6.3 358 15.9 0.04 15.67 0.04822 0.00066 0.23922 0.00856 0.03771 0.00035 239 2 218 9 110 32
7.1 125 3.8 0.03 5.54 0.05405 0.00101 0.28249 0.00470 0.03766 0.00041 238 3 253 5 373 42
7.2 319 9.6 0.03 15.12 0.05525 0.00088 0.27081 0.00358 0.03532 0.00038 224 2 243 4 422 36
8.1 277 2.9 0.01 13.56 0.04897 0.00069 0.26313 0.00732 0.03872 0.00044 245 3 237 7 146 33
8.2 378 13.4 0.04 15.71 0.05014 0.00073 0.24039 0.00612 0.03485 0.00057 221 4 219 6 201 34
9.1 236 7.4 0.03 9.60 0.05593 0.00174 0.29897 0.00934 0.03852 0.00038 244 2 266 9 450 69
9.2 619 41.3 0.07 22.89 0.06289 0.00507 0.30528 0.02313 0.03498 0.00056 222 4 271 23 705 172

10.1 1352 56.1 0.04 295.80 0.06799 0.00078 1.29865 0.01084 0.13765 0.00214 831 14 845 11 868 24
10.2 370 10.6 0.03 19.35 0.05621 0.00122 0.29155 0.00909 0.03738 0.00045 237 3 260 9 460 48
11.1 172 2.3 0.01 7.38 0.05176 0.00097 0.27027 0.00872 0.03763 0.00037 238 2 243 9 275 43
11.2 417 8.4 0.02 16.99 0.05149 0.00124 0.25603 0.00674 0.03583 0.00039 227 3 231 7 263 55
12.1 239 6.1 0.03 10.35 0.05166 0.00127 0.27136 0.00812 0.03785 0.00040 239 3 244 8 271 56
12.2 467 13.8 0.03 16.71 0.05549 0.00296 0.25421 0.01327 0.03401 0.00050 216 3 230 13 432 119
13.1 255 5.9 0.02 10.84 0.05431 0.00108 0.28723 0.01052 0.03811 0.00051 241 3 256 11 384 45
13.2 121 1.3 0.01 4.51 0.06195 0.01109 0.30518 0.02121 0.03556 0.00049 225 3 270 21 672 383

Notes. Pb* denotes the radiogenic lead; errors are reported in 2r.
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Table 3
Zircon Lu–Hf isotope compositions for eclogites in marble in the Dabie-Sulu orogen

No. 176Yb/177Hf 176Lu/177Hf 176Hf/177Hf ± t6/8 (Ma)* eHf (0) eHf (t)* ± TDM1 (Ma) ±

944010-10 (Laoyoufang)
1 0.010115 0.000383 0.282054 0.000014 237.3 �25.4 �20.1 0.5 1661 39
2 0.000277 0.000009 0.282028 0.000010 241.1 �26.3 �21.0 0.4 1681 28
3 0.000227 0.000007 0.282074 0.000013 244.8 �24.7 �19.4 0.5 1618 36
4 0.000200 0.000006 0.282068 0.000011 244.1 �24.9 �19.6 0.4 1626 31
5 0.000182 0.000005 0.282089 0.000012 243.5 �24.2 �18.9 0.4 1598 33
6 0.000212 0.000006 0.282005 0.000014 242.9 �27.1 �21.8 0.5 1711 38
7 0.000222 0.000007 0.282062 0.000012 241.0 �25.1 �19.8 0.4 1633 34
8 0.000204 0.000006 0.281992 0.000012 238.6 �27.6 �22.3 0.4 1729 33
9 0.000268 0.000009 0.282040 0.000013 �25.9 �20.6 0.5 1664 35

10 0.000157 0.000005 0.281986 0.000013 �27.8 �22.5 0.5 1736 36
11 0.000219 0.000006 0.282088 0.000012 �24.2 �18.9 0.4 1598 33
12 0.000238 0.000007 0.282037 0.000014 �26.0 �20.7 0.5 1668 39
13 0.000243 0.000007 0.282005 0.000016 �27.1 �21.8 0.6 1711 43
14 0.000168 0.000005 0.282012 0.000015 �26.9 �21.6 0.5 1701 40
15 0.000192 0.000006 0.282019 0.000014 �26.6 �21.3 0.5 1692 38

944014-7 (Hengchong)
1 0.000055 0.000002 0.282120 0.000015 244.2 �23.1 �17.7 0.5 1555 40
2 0.000077 0.000005 0.282137 0.000014 245.5 �22.4 �17.1 0.5 1532 38
3 0.000052 0.000002 0.282156 0.000016 248.1 �21.8 �16.4 0.6 1506 44
4 0.003767 0.000233 0.282161 0.000013 244.9 �21.6 �16.3 0.5 1509 35
5 0.007805 0.000259 0.282129 0.000015 243.8 �22.7 �17.4 0.5 1553 41
6 0.005632 0.000192 0.282160 0.000017 247.3 �21.7 �16.3 0.6 1509 47
7 0.000050 0.000001 0.282140 0.000023 �22.4 �17.0 0.8 1529 63
8 0.000082 0.000006 0.282146 0.000020 �22.1 �16.8 0.7 1520 54
9 0.000079 0.000005 0.282125 0.000013 �22.9 �17.5 0.5 1548 36

10 0.000055 0.000002 0.282163 0.000019 �21.5 �16.2 0.7 1497 53

94M43 (Shuanghe)
1 0.001646 0.000131 0.282130 0.000013 506.0 �22.7 �17.5 0.5 1547 35
2 0.000126 0.000004 0.282311 0.000013 229.0 �16.3 �11.1 0.5 1296 35
3 0.000108 0.000004 0.282345 0.000012 246.0 �15.1 �9.8 0.4 1249 33
4 0.000108 0.000004 0.282334 0.000011 226.0 �15.5 �10.2 0.4 1264 30
5 0.000121 0.000004 0.282338 0.000012 242.0 �15.3 �10.1 0.4 1259 33
6 0.000116 0.000004 0.282270 0.000011 240.0 �17.8 �12.5 0.4 1351 30
7 0.001511 0.000124 0.282219 0.000011 375.0 �19.6 �14.3 0.4 1425 30
8 0.003676 0.000286 0.282086 0.000013 1311.0 �24.3 �19.0 0.5 1613 35
9 0.001314 0.000115 0.282223 0.000013 292.0 �19.4 �14.1 0.5 1419 35

10 0.003003 0.000253 0.282049 0.000013 1213.0 �25.6 �20.4 0.5 1662 35
11 0.000152 0.000005 0.282286 0.000011 222.0 �17.2 �11.9 0.4 1330 30
12 0.000127 0.000004 0.282253 0.000011 �18.4 �13.1 0.4 1375 30
13 0.001622 0.000128 0.282172 0.000016 �21.2 �16.0 0.6 1489 43
14 0.000177 0.000007 0.282292 0.000017 �17.0 �11.7 0.6 1322 46
15 0.000094 0.000004 0.282245 0.000012 �18.6 �13.4 0.4 1385 33

04XD02 (Xindian)
1 0.000165 0.000007 0.283161 0.000023 238 13.7 18.9 0.8 125 65
2 0.000072 0.000003 0.283132 0.000027 243 12.7 17.8 1.0 165 76
3 0.000100 0.000004 0.283048 0.000025 229 9.8 14.9 0.9 281 70
4 0.000120 0.000005 0.283137 0.000034 239 12.9 18.0 1.2 157 95
5 0.000085 0.000004 0.283126 0.000026 222 12.5 17.6 0.9 173 73
6 0.002806 0.000128 0.282907 0.000024 806 4.7 9.8 0.9 479 67
7 0.000145 0.000007 0.282834 0.000030 238 2.2 7.3 1.1 577 82
8 0.000090 0.000004 0.283058 0.000025 225 10.1 15.2 0.9 268 69
9 0.000059 0.000003 0.283083 0.000025 239 11.0 16.1 0.9 233 69

10 0.003107 0.000157 0.282733 0.000035 823 �1.4 3.7 1.2 720 96
11 0.000286 0.000013 0.282814 0.000030 239 1.5 6.6 1.1 606 82
12 0.005985 0.000341 0.282307 0.000031 1422 �16.5 �11.4 1.1 1313 86
13 0.000097 0.000004 0.283011 0.000028 239 8.5 13.6 1.0 333 77
14 0.000243 0.000012 0.283188 0.000042 238 14.7 19.8 1.5 86 116
15 0.000087 0.000005 0.283124 0.000031 224 12.4 17.6 1.1 176 87
16 0.000506 0.000028 0.283096 0.000028 245 11.4 16.6 1.0 215 78

(continued on next page)
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Table 3 (continued)

No. 176Yb/177Hf 176Lu/177Hf 176Hf/177Hf ± t6/8 (Ma)* eHf (0) eHf (t)* ± TDM1 (Ma) ±

17 0.000066 0.000003 0.283095 0.000026 221 11.4 16.6 0.9 215 72
18 0.000068 0.000003 0.283059 0.000024 222 10.2 15.3 0.8 266 66
19 0.000397 0.000017 0.282631 0.000029 244 �5.0 0.1 1.0 858 81
20 0.003089 0.000149 0.282846 0.000033 831 2.6 7.7 1.2 563 92
21 0.000159 0.000007 0.282692 0.000039 237 �2.8 2.3 1.4 774 107
22 0.000114 0.000006 0.283093 0.000029 238 11.4 16.5 1.0 219 81
23 0.000106 0.000005 0.282959 0.000039 227 6.6 11.7 1.4 404 108
24 0.000423 0.000024 0.282981 0.000026 241 7.4 12.5 0.9 375 72
25 0.000148 0.000008 0.282907 0.000041 225 4.8 9.9 1.5 477 114

*t6/8 denotes the 206Pb/238U age for the same domain; eHf (t) is calculated assuming t to be metamorphic age that is derived from a weighted mean of U–Pb
ages for each sample.
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Fig. 4. Histograms of zircon eHf (t) values for eclogite enclosed in marble in the Dabie orogen. (a) Shima, (b) Hengchong, (c) Shuanghe, and (d) Xindian.
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�13.4 to �9.8 with a weighted mean of �11.5 ± 2.2
(MSWD = 10.9) for the metamorphic domains (Fig. 4).

Twenty-five analyses for Lu–Hf isotope composition
were made for 12 zircon grains from eclogite 04XD02 at
Xindian (Table 3). Twenty-one analyses for the Triassic
metamorphic domain show low 176Lu/177Hf ratios of
0.000003–0.000028 but high and variable 176Hf/177Hf ratios
of 0.282631–0.283188. Assuming t = 230 Ma, calculated
eHf (t) values vary from 0.1 to 19.8 (Table 3 and Fig. 4d).
Except for four analyses giving low eHf (t) values, the other
17 analyses yield a weighted mean eHf (t) value of 16.0 ± 1.1
(MSWD = 5.1). However, the four analyses on the inherit-
ed core domains have high 176Lu/177Hf ratios of 0.000128–
0.000341, with relatively low 176Hf/177Hf ratios of
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0.282307–0.282905. At t = 230 Ma, calculated eHf (t) values
are �11.4 to 9.8.

4.4. Mineral O isotopes

The O isotope compositions of mineral separates from
the four eclogite samples are listed in Table 4. They have
high d18O values of 12.3–16.0& for quartz, 9.9–21.4&

for garnet, 7.9–21.9& for omphacite, 7.6–8.9& for biotite,
8.4& for rutile, 9.2& for titanite, 12.1& for calcite, and
16.9& for zircon. In sample 94M43, a d18O value of
7.9& for omphacite is significantly lower than that in equi-
librium with quartz and garnet under eclogite-facies condi-
tions, resulting in an unreasonably great fractionation of
4.4& between quartz and omphacite and even a negative
fractionation of 2.0& between omphacite and garnet (Ta-
ble 4). This is clearly a manifestation of O isotope disequi-
libria and thus indicates alteration of omphacite by
retrograde metamorphism (Zheng et al., 1998b, 1999,
2002). In sample 04XD02, all minerals show obviously O
isotope disequilibrium (Table 4), also testifying the effect
of retrograde metamorphism. Except for these, calculated
O isotope temperatures are 725–875 �C for quartz–garnet
pairs, 650 �C for quartz–omphacite pairs, and 735–910 �C
for garnet–omphacite pairs. It appears that these minerals
have attained and preserved the high-T O isotope equilib-
rium under the eclogite-facies conditions. In contrast, low
temperatures of 440–485 �C are calculated for the mineral
pairs containing rutile and biotite, indicating that they
experienced O isotope resetting by amphibolite-facies
retrogression.
Table 4
Oxygen isotope composition of minerals from eclogite within marble in the D

Sample No. Mineral d18O (&)

944010 Quartz 15.98
Shima Omphacite 13.56

Garnet 12.75
Rutile 8.42

944014-7 Omphacite 21.89
Hengchong Garnet 21.39

94M43 Quartz 12.34
Shuanghe Calcite 12.11

Omphacite 7.92
Garnet 9.87
Biotite 7.64
Titanite 9.18

04XD02 Plagioclase 11.42
Xindian Muscovite 10.58

Omphacite 9.94
Garnet 12.64
Zircon 16.85
Zoisite 12.66
Biotite 8.91
Chlorite 8.39

a T was calculated by applying the calibrations of Zheng (1993a,b); judgeme
with previous studies of oxygen isotopes in eclogite minerals (Zheng et al., 19
5. Discussion

5.1. Origin of high d18O eclogite

Except for sample 04XD02 and omphacite in sample
94M43, all the other eclogite minerals have attained and
preserved high-T O isotope equilibrium. This indicates that
high d18O values of 16.9–21.9& for garnet, omphacite and
zircon (Table 4) are inherited from protolith of the eclog-
ites. This type of high d18O eclogites was also reported in
the Dabie-Sulu orogenic belt (Baker et al., 1997; Rumble
et al., 2000; Chu et al., 2003; Zheng et al., 2003). Protolith
of the marbles enclosing the eclogite lenses is the Neopro-
terozoic limestone that normally has very high d18O values
of 18–25& (Rumble et al., 2000; Zheng et al., 2003). The
high d18O eclogites and the host marbles have been show
to approach oxygen isotope equilibrium on different scales
(Rumble et al., 2000; Chu et al., 2003), with the highest
d18O values for the eclogites similar to those of the marbles.
These clearly indicate that the eclogite protoliths are sedi-
mentary mudstone or volcano-sedimentary interlayer with-
in the limestones and thus they are very rich in 18O
originally (Zheng et al., 2003). The large variations in
d18O for the eclogites and their hosted marbles result from
diagenesis, with local mixing of premetamorphic low d18O
meteoric water with syn-deposition pore waters (Rumble
et al., 2000).

The O isotope disequilibria between the coexisting min-
erals from eclogite 04XD02 and between omphacite and
the other minerals from eclogite 94M43 are consistent with
the petrographic observations that garnet and omphacite
abie orogen

Pair D18O (&) T (�C)a

Omp–Gt 0.81 735
Qz–Omp 2.42 650
Qz–Gt 3.23 725
Qz–Rt 7.56 440

Omp–Gt 0.60 910

Omp–Gt �1.01 Disequilibrium
Qz–Cc 0.23 Equilibrium
Qz–Omp 4.42 Disequilibrium
Qz–Gt 2.47 875
Qz–Bi 4.70 485
Qz–Tt 3.16 805

Pl–Mus 0.84 Disequilibrium
Zr–Omp 6.91 Disequilibrium
Zr–Gt 4.21 Disequilibrium
Omp–Gt �2.70 Disequilibrium
Pl–Zs �1.24 Disequilibrium
Pl–Bi 2.51 Disequilibrium
Pl–Chl 3.03 Disequilibrium

nt of equilibrium or disequilibrium also follows the calibrations together
99, 2002).
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are partly replaced by amphibolite-facies symplectite com-
posed of amphibole + plagioclase and that rutile is partly
transformed into titanite. These appear to be evidence for
late fluid-assisted retrogression. Nevertheless, retrograde
fluids are internally buffered in O isotope composition, so
that the high d18O values are principally retained for the
eclogite minerals and thus can still be used to decipher their
protolith nature.

Because eclogite-facies metamorphism can enhance the
eHf (t) values of newly grown zircon by 3.1–13.5 and thus
reduce zircon Hf model ages (Zheng et al., 2005a), TDM1

ages listed in Table 3 cannot provide quantitative con-
straints on protolith ages of the marble-hosted eclogites.
Nevertheless, sample 04XD02 at Xindian show positive
eHf (t) values of 16.0 ± 1.1 for most of analyses, which are
markedly different from the negative eHf (t) values of
�20.6 ± 1.4 to �11.5 ± 2.2 for the other three samples
(Fig. 4). This clearly indicates that protolith of eclogite
04XD02 is more juvenile than the others even if taking into
account the metamorphic effect. Thus this eclogite proto-
lith may originate from the volcano-sedimentary interlayer
that formed by rift volcanism during breakup of the super-
continent Rodinia (Zheng et al., 2004, 2006). In contrast,
the negative eHf (t) values for the other three eclogites cor-
respond to the protolith of sedimentary mudstone that was
derived from weathered ancient crust (Paleoproterozoic?).
The presence of a few negative eHf (t) values for eclogite
04XD02 also indicates minor contributions from the old
crust, consistent with the occurrence of inherited zircons
that show two groups of U–Pb age at 812 ± 30 Ma and
1806 ± 32 Ma, respectively (Fig. 3d).

5.2. Genesis of metamorphic zircons

Metamorphic zircon can form by either recrystallization
of preexisting zircon or growth in the presence of fluid. Be-
cause of its resistant nature with very low rates of Pb diffu-
sion (Cherniak and Watson, 2003), crystalline zircon is
capable of recording the time at which it grew during igne-
ous and metamorphic processes. In contrast, metamict zir-
con is susceptible to metamorphic recrystallization and
thus to complete resetting of U–Pb radiometric system
(Cherniak and Watson, 2003). As a result, the completely
recrystallized zircon can provide record for timing of meta-
morphic resetting in the presence of fluid. Therefore, the
geological interpretation of zircon U–Pb ages is relevant
to the formation mechanism of metamorphic zircon and
fluid availability.

Because Hf and Zr have geochemical affinities to each
other, zircon usually has very high Hf content (from
0.5% to >1%), and thus very low Lu/Hf ratio (usually
<0.0005). In contrast, other REE-rich minerals such as gar-
net, monazite, allanite, xenotime and apatite generally have
high Lu/Hf ratios (Kinny and Maas, 2003; Zheng et al.,
2005a). In a closed system where zircon grew from its ma-
trix, it is expected to have a great difference in Lu/Hf ratio
between zircon and these minerals, and their Hf isotope
compositions will evolve in different ways (Amelin et al.,
2000). After sometime later when new zircon grew by
breakdown and recrystallization of these REE-rich miner-
als, it would incorporate the Hf isotopic compositions of
coexisting minerals, and thus has different 176Hf/177Hf ra-
tios for different grains and/or domains. The metamorphic
zircons with the high 176Hf/177Hf ratios indicate their
growth by the breakdown and recrystallization of high
Lu/Hf minerals (Zheng et al., 2005a). On the other hand,
the metamorphic zircons with the low 176Hf/177Hf ratios
may principally reflect the Lu–Hf isotope features of their
host rocks. The breakdown of low Lu/Hf minerals could
occur during the zircon growth, possibly with the Ostwald
ripening as the mechanism for overgrowth (Ayers et al.,
2003).

Three mechanisms can be considered for zircon growth
during high-grade metamorphism: (1) crystallization from
melt during anatexis (Roberts and Finger, 1997; Vavra
et al., 1999; Keay et al., 2001); (2) nucleation and crystalli-
zation due to Zr and Si release by metamorphic breakdown
reactions of minerals under subsolidus to solidus condi-
tions (Fraser et al., 1997; Bingen et al., 2001); (3) growth
in the presence of aqueous fluids (Liati and Gebauer,
1999; Rubatto et al., 1999; Vavra et al., 1999; Rubatto
and Hermann, 2003; Dubinskaa et al., 2004), with over-
growth often by Ostwald ripening (Ayers et al., 2003). Dif-
ferent kinds and origins of fluid could be involved in these
mechanisms, including CO2-bearing fluid from the marble,
H2O-rich fluid from inside the eclogite lens, internally de-
rived fluid from the decomposition of hydrous minerals
and the exsolution of structural hydroxyl from nominally
anhydrous minerals, and externally derived fluid flushing
the whole system. So far no evidence for anatectic process
has been found in our samples and other petrological stud-
ies (Xu et al., 1992; Okay, 1993; Schertl and Okay, 1994;
Cong, 1996; Zhang and Liou, 1996; Carswell et al.,
1997), thus the first mechanism can be precluded at first.

Under the conditions of amphibolite-facies, eclogite-fa-
cies and granulite-facies metamorphism, there are abun-
dant metamorphic garnets to form and recrystallize.
Omphacite is a characteristic mineral of eclogite-facies
metamorphism. Both garnet and omphacite have been
demonstrated to be the major minerals containing Zr in
UHP eclogites (Sassi et al., 2000). Although breakdown
of the two minerals could result in zircon growth during
eclogite-facies recrystallization, no significant growth can
occur in the absence of fluid (Fraser et al., 1997; Zheng
et al., 2004). As pointed out by Corfu et al. (2003), all meta-
morphic zircon growth (and resorption) occurs only in the
presence of a fluid phase. Thus the fluid-absent growth can
be excluded by the morphological observations that our
metamorphic zircons have the large sizes and volumes
(Fig. 2). In this regard, the second mechanism requires
the presence of metamorphic fluid and hence is consistent
with fluid-assisted growth in the third mechanism. There-
fore, the growth of metamorphic zircon was finally related
to fluid availability during high-grade metamorphism. The
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sedimentary protolith for our eclogites is capable of pro-
viding sufficient fluids for growth of metamorphic zircon
during both subduction and exhumation of continental
crust. The appearance of resorption structures (Fig. 2) also
suggests that the fluid was present during the formation of
these metamorphic zircons. Nevertheless, it remains to re-
solve what kind of fluids (CO2 versus H2O) was present
during the eclogite-facies metamorphism.

In our four samples of eclogite, most of the zircons show
irregular shape, anhedral with internal structures of vari-
able zoned or unzoned (Fig. 2), and have low Th/U ratios
(Tables 1 and 2). These features are generally ascribed to
metamorphically grown zircons in high-grade metamor-
phic rocks (Hoskin and Black, 2000; Tomaschek et al.,
2003; Bingen et al., 2004). The U–Pb dates yield the two
groups of age at 245 ± 3 to 240 ± 2 Ma and 226 ± 4 to
223 ± 2 Ma, respectively (Fig. 3), corresponding to two
episodes of zircon growth during the Triassic continental
collision. It is interesting to note that the Lu–Hf isotopic
analyses show two subgroups for the metamorphic zircons
(Table 3): (1) low 176Lu/177Hf but high 176Hf/177Hf ratios,
(2) high 176Lu/177Hf and high 176Hf/177Hf ratios. This dif-
ference may be used to indicate the growth mechanism of
metamorphic zircons.

Most of the metamorphic zircons exhibit the very low
176Lu/177Hf ratios of 0.000001–0.000024 but relatively
higher eHf (t) values (Table 3). This indicates that there
was the concurrent formation of HREE-enriched minerals
with the metamorphic zircons (Degeling et al., 2001; Bin-
gen et al., 2004; Zheng et al., 2005a). Since garnet is a ma-
jor mineral that intensively incorporates HREE, either
crystallization or recrystallization of garnet during high-
grade metamorphism can result in HREE depletion for
the concurrently formed minerals (Rubatto, 2002; Rubatto
and Hermann, 2003; Whitehouse and Platt, 2003; Zheng
et al., 2005a). Because the UHP eclogite-facies metamor-
phism only involves the internally derived fluid from the
decomposition of hydrous minerals and the exsolution of
hydroxyl from nominally anhydrous minerals (Zheng
et al., 2003), the change in zircon 176Lu/177Hf ratio could
reflect the source of fluid that either was itself Lu depleted
or contained minerals like garnet that sequestered Lu. In
either case, the low 176Lu/177Hf ratios for the metamorphi-
cally grown zircons attest their contemporaneous forma-
tions with garnet. Nevertheless, it remains to resolve
whether it is Lu depletion or Hf enrichment results in the
reduction in zircon Lu/Hf ratios for our samples.

Analysis #1 for metamorphic zircon in sample 944010-
10 shows a high 176Lu/177Hf ratio of 0.000383 (Table 3).
Three analyses for the metamorphic zircon in sample
944014-7 (spots #4, #5 and #6) also yield the relatively
high 176Lu/177Hf ratios of 0.000186–0.000251 (Table 3).
They are all about two orders of magnitude higher than
those of the remaining metamorphic zircons in the same
samples. As revealed by the CL images (237.3 Ma spot in
Figs. 2a and 243.8 Ma spot in Fig. 2b), these zircons have
different features of surface and internal structures from
the other metamorphic zircons, suggesting that they prob-
ably formed in distinct environments. If no precipitation of
garnet would coevally occur during high-grade metamor-
phism, the high Lu/Hf zircons could form either by com-
plete recrystallization of igneous protolith zircons with
high Lu/Hf ratios or by growth from locally high Lu/Hf
fluids, whereas the low Lu/Hf zircons would form by
growth from locally low Lu/Hf fluids. Because the presence
or absence of garnet dictates the 176Lu/177Hf ratios of con-
temporaneously grown zircon, the high Lu/Hf ratios in our
metamorphic zircons suggest their formation in the pres-
ence of high Lu/Hf fluid prior to the appearance of garnet.

In samples 944010-10 and 944014-7, the two subgroups
of metamorphic zircons have the similar 176Hf/177Hf ratios
despite the significant difference in their 176Lu/177Hf ratio
(Table 3 and Fig. 4). The metamorphic zircons of high
Lu/Hf ratios are demonstrated to grow prior to the appear-
ance of garnet, and thus a little earlier than the other meta-
morphic zircons of low Lu/Hf ratios in the same sample
that formed concurrently with garnet despite the indistin-
guishable U–Pb ages between them. Nevertheless, there
was no substantial change in Hf isotope composition dur-
ing the two types of metamorphic zircon growth.

The metamorphic zircons in samples 94M43 and
04XD02 can be divided into the two groups based on their
U–Pb ages (ca. 240 Ma and ca. 225 Ma in Fig. 3) and/or
internal structures of mantle and rim (Fig. 2). The Lu–Hf
isotope compositions for the two groups of zircons in
94M43 are similar to each other, indicating that the two
episodes of fluid-assisted zircon growth have the identical
characteristics of Hf isotopes. On the other hand, most of
the metamorphic zircons in sample 04XD02 have the high
eHf (t) values of 9.8–18.8, but a few ca. 240 Ma zircons show
the very low eHf (t) values of 0.1–7.3 (Table 3). This indi-
cates that a few old inherited zircons were involved in the
zircon formation.

In sample 94M43, the inherited cores show no or weak
zoning with the relatively strong or weak brightness and
resorption structures in CL images (Fig. 2c); the five inher-
ited cores have the discordant U–Pb ages but are distribut-
ed along the discordia line (Fig. 3c). This indicates that the
inherited zircons experienced different degrees of metamor-
phic recrystallization in the presence of fluid (Zheng et al.,
2004, 2005a). They have the higher 176Lu/177Hf ratios but
lower 176Hf/177Hf ratios than those of the metamorphically
overgrown domains (Table 3). The all analyses show a po-
sitive correlation between 206Pb/238U age and 176Lu/177Hf
ratio (Fig. 5a) but a negative correlation between
206Pb/238U age and 176Hf/177Hf ratio (Fig. 5b). It appears
that the UHP eclogite-facies metamorphism results in in-
creased 176Hf/177Hf ratios for the metamorphically grown
zircons. The similar observations are also obtained from
zircons in eclogite 04XD02 at Xindian (Fig. 6b) and
UHP eclogite-facies metagranite and metabasite in the Da-
bie orogen (Zheng et al., 2005a), indicating the identical ef-
fect on both Lu–Hf and U–Th–Pb isotope systems by
metamorphic recrystallization in the presence of fluid. It
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is known that low Th and low LREE contents of
metamorphic zircon are related to coeval crystallization
of epidote-group minerals under fluid-present eclogite-
facies conditions (e.g., Bingen et al., 2004). Microscopic
observations do show the heterogeneous occurrence of
zoisite or epidote in our eclogite samples. Thus coeval
recrystallization of garnet and epidote-group minerals can
be used to explain the correlated variations between
206Pb/238U age and 176Hf/177Hf ratio.

The 176Lu/177Hf ratios for the first age group of meta-
morphic zircons in sample 04XD02 are higher and more
variable than those for the second age group (Fig. 6a).
As demonstrated by Rayleigh fractionation model (Lapen
et al., 2003), garnet incorporates the majority of available
HREE and Y in is early growth stage, and consequently
show large variation/zoning in HREE contents. Zircon
also partition HREE. Correspondingly, zircon grown con-
currently with the early stage of garnet growth has high
and variable HREE contents, and thus has comparatively
high 176Lu/177Hf ratios. So, the first age group of metamor-
phic zircon reported in this study, crystallized between
245 ± 3 and 240 ± 2 Ma, and characterized by 176Lu/177Hf
ratios of 0.000192–0.000383, probably corresponding to
zircon formed during the prograde stage of HP-UHP meta-
morphism when garnet started to grow in the presence of a
fluid phase.

The large variations in eHf (t) for the metamorphic zir-
cons occur not only within the individual samples but also
in the region in the eastern part of the Central Dabie zone
(Fig. 4). While the UHP eclogite-facies metamorphism can
increase the eHf (t) values of newly grown zircon (Zheng
et al., 2005a), protolith nature of eclogites also dictates
their initial Hf isotope ratios. The occurrence of both neg-
ative and positive eHf (t) values for the zircons suggest that
both ancient and juvenile crusts were involved in formation
of their protoliths (Zheng et al., 2006). In particular, the
combined study of zircon Hf–O isotopes indicates that
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the negative eHf (t) eclogites have their protolith derived
from the sedimentary mudstone of ancient crustal source,
whereas the positive eHf (t) eclogite has its protolith origi-
nating from the volcano-sedimentary interlayer of juvenile
crustal source. In either case, metamorphic zircon grew sig-
nificantly due to the presence of fluid, leaving the occur-
rence of no or minor detrital or inherited zircon.
Nevertheless, preservation of the large variations in the ini-
tial Hf isotope ratios (Fig. 4) indicates very limited homog-
enization of Hf isotopes by the UHP eclogite-facies
metamorphism even if the fluid was available for zircon
growth.

5.3. Timing of metamorphic zircon growth

A great progress has been made lately by means of
SHRIMP U–Pb dating on coesite-bearing domains of
metamorphic zircon from UHP metamorphic rocks in the
Dabie-Sulu orogenic belt. The results show two groups of
Triassic age: (1) 243 ± 1 Ma for jadeite quartzite (Liu and
Jian, 2004), 244 ± 5 Ma for granitic gneiss (Wan et al.,
2005), and 245 ± 14 Ma for granitic gneiss (Liu et al.,
2005); (2) 228 ± 2 Ma for the jadeite quartzite (Liu and
Jian, 2004), 234 ± 4 Ma (Liu and Xu, 2004), 231 ± 4 Ma
(Liu et al., 2004a), 227 ± 2 Ma (Liu et al., 2004b), and
226 ± 2 Ma (Wan et al., 2005) for granitic gneiss, and
227 ± 5 Ma for amphibolized peridotite (Yang et al.,
2003). It appears that there are the two episodes of zircon
growth in the field of coesite stability during the Triassic
UHP metamorphism. In particular, the Early Triassic ages
of 245–240 Ma were principally obtained from the metase-
dimentary rocks such as jadeite quartzite (Ayers et al.,
2002; Liu and Jian, 2004), paragneiss (Liu et al., 2005),
and marble-associated eclogite (this study) as well as low-
T/UHP eclogite whose protolith is a kind of altered basalts
(Li et al., 2004).

In high-grade metamorphic rocks, fluid availability
plays a critical role in dictating zircon growth or over-
growth (Rubatto et al., 1999; Ayers et al., 2002; Corfu
et al., 2003; Schersten et al., 2004; Zheng et al., 2004,
2005a). For the Dabie-Sulu UHP metamorphic rocks, the
SHRIMP zircon U–Pb dating for coesite-bearing domains
reveals episodic growth of metamorphic zircons at
242 ± 2 Ma and 227 ± 2 Ma (Fig. 7), with an interval at
about 240–235 Ma (Ayers et al., 2002; Li et al., 2004; Liu
and Xu, 2004; Liu et al., 2004a,b, 2005; Liu and Jian,
2004; Wan et al., 2005; Zheng et al., 2005a). It appears that
there was fluid unavailability for zircon growth under the
peak UHP conditions during the Middle Triassic. This is
consistent with the systematic studies of stable isotopes
and fluid inclusions in eclogite minerals from the Dabie-
Sulu orogenic belt, which demonstrate that fluid flow is
very limited in the peak UHP stage (Rumble et al., 2000;
Fu et al., 2001; Zheng et al., 2003). Thus no detectable
growth of zircon occurred at the peak of UHP metamor-
phism. Instead, the zircon is able to grow in the presence
of metamorphic fluid that was released by a pressure in-
crease from coesite phase to diamond phase during the fi-
nal subduction and by a pressure decrease from diamond
phase to coesite phase during early exhumation. Therefore,
the two episodes of zircon growth in the field of coesite sta-
bility may suggest the two pulses of fluid availability at
242 ± 2 Ma and 227 ± 2 Ma, respectively, prior to the on-
set of and shortly following the pressure climax in the UHP
regime (Fig. 8).

The occurrence of coesite was universally identified in
metamorphic minerals from the three types of eclogite in
the Dabie-Sulu orogenic belt, demonstrating metamorphic
conditions at >2.8 GPa at 700–800 �C. Microdiamond was
also found in some of coesite-bearing eclogites (Xu et al.,
1992, 2003, 2005), indicating peak pressures as high as
3.6 GPa at 750 �C. It is possible that the maximum temper-
atures were attained at pressures well below those required
for diamond stability during the prograde UHP metamor-
phism, and that an early part of the exhumation history
was accomplished under near-isothermal conditions (e.g.,
Carswell and Zhang, 1999; Zheng et al., 2002; Wan et al.,
2005). For this reason, Zheng et al. (2005a) interpreted
the two group U–Pb ages as recording the two episodes
of zircon growth or overgrowth, respectively, prior to the
peak pressure during the late subduction (a transition from
HP to UHP eclogite-facies) and subsequent to the peak
temperature during the initial exhumation (a transition
from UHP to HP eclogite-facies). By integrating all avail-
able dates for zircon growth and metamorphic P-T condi-
tions, schematic P-T-t path is constructed in Fig. 8 for
metamorphic zircon growth in the Dabie-Sulu orogenic
belt. The prograde UHP growth at 242 ± 2 Ma may occur
at about 600–750 �C and 2.0–3.0 GPa, whereas the
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retrograde UHP growth at 227 ± 2 Ma may occur at about
750–650 �C and 3.6–2.4 GPa. Furthermore, retrograde
growth at HP eclogite-facies may occur at 220 ± 5 Ma at
about 750–650 �C and 2.4–1.6 GPa, and retrograde growth
at amphibolite-facies may occur at 210 ± 5 Ma at about
650–550 �C and 1.6–0.8 GPa.

During the prograde HP and UHP metamorphism, the
decomposition of hydrous minerals such as paragonite
(Li et al., 2004), chlorite (Fraser et al., 2004), biotite (Vavra
et al., 1999), serpentine (Früh-Green et al., 2001), glauco-
phane (Rubatto et al., 1999), and amphibole (Fraser
et al., 1997) is expected to release aqueous fluids at temper-
atures of 500–700 �C. These fluids may become focused
during the transition of metamorphic reactions from the
HP to UHP phases and from the coesite to diamond stabil-
ity fields, resulting in the zircon growth at the Early Trias-
sic (this study; Wan et al., 2005; Liu et al., 2005; Liu and
Jian, 2004). As documented before for the metamorphic
zircons of Early Triassic ages in our marble-hosted eclog-
ites, the zircons with the high Lu/Hf ratios and high eHf (t)
values grew prior to the appearance of garnet. They are
only slightly older than, but indistinguishable from, the zir-
cons that have the low Lu/Hf ratios and low eHf (t) values
in the same sample and thus grew concurrently with garnet.
In this regard, the first age group of 245 ± 3 to 240 ± 2 Ma
for our metamorphic zircons (Fig. 3) may date their growth
in the prograde HP to UHP stage (Fig. 8), during which
there is a transition from no appearance of garnet to the
initial growth of garnet with fluid availability. Sufficient
fluid was available for the zircon growth by dehydration
of HP metasedimentary rocks at the late stage of deep
subduction.

On the other hand, the inclusions of aqueous fluid
(H2O) were detected from metamorphic zircon domains
containing UHP minerals (such as coesite and low Al2O3

enstatite) with U–Pb ages of 226–220 Ma (Liu and Xu,
2004; Zhang et al., 2005), indicating the presence of aque-
ous fluid in the retrograde stage from the diamond to coe-
site stability fields during the early exhumation.
Breakdown of hydrous minerals such as lawsonite
(Li et al., 2004) and decompression exsolution of hydroxyl
dissolved in such nominally anhydrous minerals as garnet
and omphacite (Zheng et al., 1999, 2003) have been sug-
gested to provide significant amounts of the aqueous fluid
for the second episode of zircon growth during exhuma-
tion. This can also cause the extensive recrystallization, ret-
rograde alteration and even quartz veining (Zheng et al.,
2003). As a result, the abundant U–Pb ages of Late Triassic
may record the timing of HP retrogression downward from
the UHP metamorphic regime. Obviously, sufficient fluid
became available again for the zircon growth or over-
growth by dehydration of both UHP metasedimentary
and metaigneous rocks during the exhumation.

On the basis of internal structure, U–Pb ages and Lu–Hf
isotope compositions for metamorphic zircons in this study
as well as the previous age results (Rowley et al., 1997;
Hacker et al., 1998; Ayers et al., 2002; Liu and Jian,
2004; Liu and Xu, 2004; Liu et al., 2004a,b, 2005; Zheng
et al., 2004, 2005a; Wan et al., 2005), we suggest that the
two groups of zircon U–Pb age may probably date two epi-
sodes of zircon growth, respectively, prior to the onset of
prograde UHP event during the deep subduction and sub-
sequent to the pressure decrease from diamond phase
through coesite phase to the HP eclogite-facies regime dur-
ing the early exhumation (Fig. 8). In particular, the two
groups of zircon U–Pb age for the UHP metasedimentary
rocks place important constraints on timing of the two epi-
sodes of fluid availability, respectively, in the process of
prograde HP to UHP transition during the deep subduc-
tion and in the process of retrograde UHP to HP transition
during the early exhumation. Furthermore, timescale of
UHP metamorphism in the Dabie-Sulu orogenic belt is
geochronologically constrained to be about 11–19 Ma (a
difference between 242 ± 2 Ma and 227 ± 2 Ma by taking
into account the uncertainty in both ages), probably lasting
for 15 ± 2 Ma in the field of coesite stability. This lends
support to previous estimates by mineral O isotope studies
that suggest a short duration of 5–10 Ma for the peak UHP
metamorphism occurred in (Zheng et al., 1998b), but an or-
der of 10–20 Ma for bulk recycling of continental subduc-
tion, UHP metamorphism at mantle and exhumation
(Zheng et al., 2003).
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6. Conclusions

The presence of fluids enables zircon growth in UHP
metamorphic rocks during subduction and exhumation
of continental crust. Metamorphic zircons from UHP
eclogites and gneisses in the Dabie-Sulu orogenic belt oc-
cur in two types: metamorphically grown and recrystal-
lized ones. Triassic U–Pb ages for zircon growth are
further subdivided into two groups at 242 ± 2 Ma and
227 ± 2 Ma, respectively. They are interpreted as the ages
of two episodes of fluid availability, respectively, at the on-
set of prograde transition from HP to UHP during deep
subduction and at the retrograde transition from UHP to
HP regimes during early exhumation. Thus timescale of
UHP metamorphism is constrained to be about 11–
19 Ma, probably 15 ± 2 Ma for the persistence of ultrahigh
pressures in the field of coesite stability. Protoliths of mar-
ble-hosted eclogite are sedimentary mudstone or volcano-
sedimentary interlayer within the limestone, which may
contain sufficient amounts of fluid available for zircon
growth during the continental subduction-zone metamor-
phism. Most of the metamorphically grown zircons have
very low Lu/Hf ratios, indicating their crystallization in
the presence of garnet under HP eclogite-facies conditions.
A few of the first episode zircons have higher and more
variable Lu/Hf ratios, suggesting their formation before
the appearance of garnet. Thus the first episode of meta-
morphic zircon growth is correlated with fluid availability
during the prograde HP-UHP stage prior to the onset of
peak UHP metamorphism, whereas the second episode
of zircon growth is associated with fluid availability during
the retrograde UHP-HP metamorphism subsequent to the
peak UHP regime. Therefore, the Lu–Hf isotope system of
metamorphically grown zircons can place geochemical
constraints on the growth mechanism of metamorphic
zircons.
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