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Pre-metamorphic 330 signatures in morphologically
complex zircons from the Qinglongshan UHP meta-granite
(Sulu terrain, China)

David Giorgis™, Douglas Rumble’ and Michael Cosca’

Abstract

Oxygen isotope analyses of bulk zircon grains and cores (isolated by air-abrasion ) from ultra-high pressure (UHP)
meta-granite from the Qinglongshan region of China, yield low 880 values ranging from —0.2 to —7.4%.. Sample
characterization using back-scattered electron and cathodoluminescence techniques reveals inclusion-rich, morpho-
logically complex zircon cores containing inclusions of biotite, quartz (no coesite as verified by Raman spectro-
scopy), K-feldspar, magnetite and apatite whereas the rims are inclusion-free. Allanite-(Ce) is compositionally het-
erogeneous with similar internal structures as the zircons. The allanite and the zircon cores are interpreted to have
crystallized prior to UHP metamorphism within a fluid-rich environment. The mineral inclusions in zircon cores
account for small 80 differences (0.3 to 1.0%o) between abraded and non-abraded crystals. The pre-UHP metamor-
phiczircon cores probably acquired their negative 3180 values during Neoproterozoic sub-solidus crystallization in a
magmatic hydrothermal system located in a cold climate environment.

Keywords: Meta-granite, allanite, zircon, oxygen isotopes, UHP rocks, hydrothermal system, Neoproterozoic.

1. Introduction and geological setting

Ultra-high pressure (UHP) rocks, including meta-
basalt, meta-granite and associated meta-sedi-
mentary rocks from the Qinglongshan locality
(Sulu terrain, eastern China) (Fig. 1A), were meta-
morphosed during the early Mesozoic collision of
the North China and Yangtze Blocks (Li et al.,
1993; Eide et al., 1994; Hacker and Wang, 1995;
Ames et al, 1996; Chavagnac and Jahn, 1996;
Rowleyetal., 1997; Hacker et al., 1998; Zhang and
Liou, 1998). These rocks have been intensively
studied, in part because of their distinctive UHP
parageneses and unusual “excess” argon and oxy-
gen isotopic signatures (Li et al., 1994; Giorgis et
al., 2000). Extremely low 80 values (-15%. to —
1%o0) have been reported for the UHP minerals by
several authors (Yui et al., 1995; Zheng et al., 1996;
Rumble and Yui, 1998) and interpreted as the re-
sult of meteoric water-rock interaction in a cold
climate prior toTriassic (220-240 Ma) continental
collision, subduction and UHP metamorphism.
Age estimates for protoliths of Qinglongshan
eclogites indicate an upper intercept U-Pb age of

762 + 28 Ma for zircon (Ames at al., 1996). The
Qinglongshan meta-granite, which is located 2 km
south of the Qinglongshan locality (Fig. 1B), con-
tains zircons whose cores have concordant U/
206Ph SHRIMP ages of 684 to 754 Ma (Rumble et
al.,2002).The age of UHP metamorphism is given
by mineral whole-rock isochrons as 226.3 +/— 4.5
Ma (Sm-Nd) and 219.5 +/— 0.5 Ma (Rb-Sr) (Li et
al., 1994; Li, 1996). The lower discordia age of zir-
cons from eclogite is 217 +/— 9 Ma (Ames et al.,
1996). Rims of zircons from Qinglongshan meta-
granite have 23¥U/2%Pb SHRIMP ages of 221 Ma
(Rumble et al., 2002). These geochronological
data are consistent with the hypothesis that Qing-
longshan eclogite facies rocks represent the wall-
rocks of the intrusive Qinglongshan meta-granite
(Figs. 1A and 1B).To explain the low 3'*0 values,
Rumble and Yui (1998) proposed that the Qing-
longshan meta-granite was the heat source that
drove convective circulation of ground water
through meta-basalts and meta-sediments of the
Qinglongshan wall-rocks.

To further understand this paleo-hydrother-
mal system, oxygen isotope analyses have been

I Institute of Mineralogy and Geochemistry, University of Lausanne, BESH-2, CH-1015, Lausanne, Switzerland.

<dgiorgis@netcourrier.com:

2 Geophysical Laboratory, 5251 Broad Branch Rd. N. W., Washington, D. C. 20015-1305, USA.
" Present address: Ch. du Reposoir 5bis, 1007 Lausanne, Switzerland.

0036-7699/03/0083/133 ©2003 Schweiz. Mineral. Petrogr. Ges.



134 D. Giorgis, D. Rumble and M.Cosca

Qinglongshan area
(Figure 1B)
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Fig. 1 (A) Sketch map of metamorphic belts of E. China, showing location of the Qinglongshan area. (B) Outcrop
sketch map of the Qinglongshan area and sample location of the meta-granite (adapted from Rumble and Yui, 1998).

made on mineral separates of the Qinglongshan
meta-granite (quartz, feldspar, biotite, magnetite,
and garnet) with special attention placed on zir-
con. Zircon is a refractory mineral, which is ex-
tremely stable and resistant over a wide P-T
range and is considered to be an excellent host for
preserving UHP coesite or micro-diamond inclu-
sions (Tabata et al., 1998). Recent studies have
shown that zircon can record pre-metamorphic
oxygen isotope information from metamor-
phosed magmatic rocks (Valley et al., 1994;

Watson and Cherniak, 1997; Peck et al., 2000). In
this study, backscattered e¢lectron (BSE),
cathodoluminescence (CL), and Raman micro-
probe analyses are used to demonstrate that the
extremely negative 80 values from cores and
rims of zircons reveal oxygen isotopic signatures
of pre-UHP metamorphic minerals. These data
are interpreted within a context of a cold climate,
magmatic hydrothermal system.
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2. Petrographic features

The samples analyzed in this study were collected
from an unweathered, weakly foliated meta-gran-
ite, which crops out over a distance of at least 7
km in quarries in Hushan and Fangshan (Fig. 1B).
The exact nature of the protolith is unknown, but
on the basis of mineralogic and petrographic char-
acteristics, a granite, monzonite or a granodiorite
1s the most likely candidate. Mafic segregations
occurring as lenses are common and contain vari-
able amounts of titanite, hornblende (with biotite
inclusions) and epidote.

The meta-granite contains an amphibolite-
facies mineral assemblage of plagioclase, micro-
cline, quartz, and biotite, with lesser garnet, epi-
dote, and zoisite. Accessory minerals are magnet-
ite, monazite, amphibole, titanite, allanite, and zir-
con. Rutile and coesite were not observed, but
garnet, epidote, and omphacite (minerals often
preserving coesite as inclusions) are uncommon
in these rocks. With the exception of allanite and
zircon, all minerals are presumed to have crystal-
lized during Triassic UHP metamorphism.

Epidote (Ps,; 35) commonly contains a core of
allanite-(Ce) (Fig. 2C) and is interpreted as a pre-
metamorphicigneous phase (Carswell et al., 1998;
Liu et al., 1999). Skeletal garnet is rich in Mn and
poor in Mg, which is typical of garnet from gneiss
of the Dabieshan-Sulu region (Zhang et al., 1996).
Rare phengite inclusions in plagioclase and from
a whiteschist associated with the meta-granite
have Si contents of ~3.4 p.f.u., suggesting that the
Qinglongshan meta-granite witnessed HP condi-
tions. Biotite and epidote probably represent ret-
rograde metamorphic phases, consistent with ob-
servations of Wang and Liou (1991), Okay (1993)
and Liou et al. (1997), who considered these gra-
nitic gneisses as UHP rocks re-equilibrated at
low-pressure conditions.

3. Analytical procedures

Oxygen isotope extraction was done using a CO,
laser fluorination system in the Geophysical Lab-
oratory, similar to the setup of Sharp (1990). Min-
eral fractions of 1.5-2.5 mg have been used for

Fig. 2 Photomicrographs of pre-UHP metamorphic
minerals. (A) Zircon and titanite inclusions in
plagioclase illustrating the occurrence of zircon in the
meta-granite. (B) Mineral inclusions in zircons. (C)
Nearly euhedral crystal of allanite-(Ce) rimmed by
epidote. Abbreviations: Aln—allanite, Bt—biotite, Ep
—epidote, Plg—plagioclase, Qtz—quartz, Tit— titanite,
Zrc—zircon.
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Table 1 330y gyow values (%o) of minerals, mineral-mineral fractionations, and temperature estimates from the
Qinglongshan meta-granite.

Sample Mineral 8§80 (Yy) 880" (Yy) Pairs  ABO (%) TYCC) T2°C) T3°C) TH°C) T3°C)
after air abrasion

LD1008 Hu Z Zircon -5.9% 5.6 (30-35%)

95-FA-R1 Quartz 0.6

Feldspar 0.8 Qtz-Pl 1.4 602 623
Biotite -4.9 Otz-Bt 3.5 413 505
Magnetite -7.4 Qtz-Mt 8.0 517 594

Zircon —24% 19 (20-30%) OQtz-Zr 3.0

95-HU-R3 Quartz 4.2
Feldspar 5.3 Qtz-PI 1.1 735 738
Biotite -8.1 Qtz-Bt 3.9 578 632
Zircon -7.4% 71 (20-30%) Otz-Zr 32

95-FA-R1B Quartz -1.0

Feldspar -2.8 Qtz-Pl 1.8 473 517

Biotite —6.6 Qtz-Bt 5.6 405 498

Magnetite -9.5 Qtz-Mt 8.5 491 567
Garnet -5.3 Qtz-Grt 43 580 583 566

Zircon =570 AT (10-15%) Qtz-Zr 4.7

95-ITU-R2 Quartz 35
Feldspar 23 Qtz-PI 1.2 686 695
Biotite -14 Qtz-Bt 4.9 466 546
Zircon —0.2% 0.2 (20-30%) Qtz-Zr 8.7

I Temperature after Zheng (1991, 1993a.b)

2 Temperature after Javoy (1977)

* Temperature after Rosenbaum and Mattey (1995)

+ Temperature after Matthews (1994)

5 Temperature after Clayton and Kieffer (1991)

" Non-duplicated values. Percentage in bracket represents an estimate of air abraded zircon volume
#Whole grain analyses and abraded zircon data from Rumble et al. (2002)

100 pm

Fig. 3 (A and B) BSE images of epidote with allanite-(Ce) cores. Note preservation of idomorphic allanite-(Ce)
and complex internal structure due to a heterogeneous distribution of REE. Note also the fine-scale oscillatory
zoning (ocz) in B. For abbreviations see Fig. 2.
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each analysis. Aliquots of oxygen isotope inter-
laboratory reference material UWG-2 (garnet
from Gore Mt. USA; Valley et al., 1995) were rou-
tinely analyzed with every loading of 12 samples
and the data were standardized to its recommend-
ed 8'%0 value of +5.8%.. The reported 3**0 values
inTable 1 (apart from abraded zircons) are aver-
ages of duplicate or triplicate determinations with
a precision of 0.1-0.2%o.. A comparison of the 880
values of air-abraded (Krogh, 1987) and non air-
abraded zircon fractions was made in order to
compare the oxygen isotopic signature of the core
with zircon overgrowths (Table 1).

BSE and CL images were obtained using a
Camscan SEM at the University of Lausanne on
separated zircons impregnated in a low lumines-
cent resin with accelerating voltages of 20 kV and
14 kV, respectively. Qualitative energy-dispersive

LD-1008

Fig. 4 BSE image of zircon samples illustrating abun-
dant mineral inclusions and overgrowths. Quartz inclu-
sions from each sample were investigated by Raman mi-
croprobe. Coesite was not detected. Abbreviations: Kfs
—K-feldspar, Ap—apatite, Mt—magnetite. For other
abbreviations see Fig. 2.

analysis (EDS) was employed to identify zircon
inclusions. Raman microprobe analyses were
made at the University of Geneva, using a Lab-
ram type Raman coupled with a He—Ne laser op-
erating at a wavelength of 632.8 nm.

4. Allanite

In the Qinglongshan meta-granite, allanite-(Ce)
commonly preserves an idiomorphic habit with
morphologically complex internal structures (see
Fig. 3). Quantitative electron microprobe analy-
ses (Giorgis, 2001) indicate that dark and bright
zones observed in BSE images are due to varia-
tions in rare earth clements (REE). Zoning of
REE is well documented in allanite from granitic
rocks (Sorensen, 1991), and for allanite formed in
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95-FA-R1B

95-FA-R1B

95-FA-R1

95-FA-R1B

95-FA-R1B

Fig.5 (A-F) BSE and CL image pairs of zircon crystals showing cores containing mineral inclusions and complex
internal morphologies. Rims are inclusion-free and display irregular patterns with some patchy zoning. In B, D and I,
the boundary between the dark core and overgrowths shows embayments probably due to partial resorption. This
boundary is surrounded by a bright rim. In Fig. 4F, rims (at the bottom right of the grain) might reflect
recrystallization during metamorphism. For abbreviations see Figs. 2 and 3.

hydrothermal systems (Exley, 1980; Gromet and
Silver, 1983; Sawka et al., 1984). Such zoning could
be related to variations in fluid compositions or
changes in REE contents of the melt during crys-
tallization of allanite. However, in the Qinglong-
shan meta-granite, destabilization or partial disso-

lution of allanite-(Ce) during metamorphism and
recrystallization could also explain the variable
REE compositions. Some allanites contain fine-
scale oscillatory zoning (Fig. 3B ). Gromet and Sil-
ver (1983) observed sharp euhedral oscillatory
zoning in a few allanite grains which they inter-
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Ay

Total area of inclu-

sions = 6% of entire
grain area

95-FA-R1B

preted as evidence for growth from a melt. How-
ever, Sorensen (1991) argued that such oscillatory
zoning could also be related to sub-solidus
growth.

5. Zircon

Zircon generally occurs as long (100-400 um),
weakly developed prisms in feldspar, biotite, and
quartz (Fig. 2). The zircons cores are inclusion-
rich, containing biotite, quartz, K-feldspar, mag-
netite and apatite (Figs.4,5A-E,6A). A laser Ra-
man microprobe was used to search for coesite,
but quartz was the only S10, phase identified re-
gardless of the size of the inclusions. No Si0, in-
clusions were observed in the rims of the investi-
gated zircons. CL images reveal zircon morpholo-
gies consistent with a multistage growth history
(Figs. 5B, D, F, 6B).The zircon cores exhibit irreg-
ular sector zoning and amoeboid and chaotic in-
ternal structures without any oscillatory CL zon-
ing. The zones with strong CL zoning correspond
to the locations within the crystals where inclu-
sions occur. The cores are surrounded by over-

95-FA-R1B

Fig. 6 BSE (A)and CL (B) images of a zircon. (C) line
drawing of the same zircon crystal with estimates of
relative areas. The results are given in Table 2.

growths (not observed in all zircons grains) that
are free of inclusions and generally characterized
by zones of irregular shape and patchy oscillatory
zoning. The bright CL band between core and
rims (Fig. 5B, D, F and 6B) show embayments,
which could be the result of partial zircon resorp-
tion.

6. Oxygen isotope results

The 880 values of quartz, feldspar, biotite, mag-
netite, and garnet range from +3.5 to —=9.5%o, with
significant heterogeneities observed between the
different samples (Table 1). For example, samples
95-HU-R2 and 95-HU-R3 are from the Hushan
outcrop but have very different 8*0 values. Inter-
estingly, the coexisting minerals in each meta-
granite sample have nearly the same quartz-min-
eral fractionations, consistent with isotopic equi-
librium (Fig. 7). Zircons have 80 values ranging
from 0.2 to —7.4%0, representing some of the
most negative values ever recorded for zircons
(Bindeman and Valley, 2000). The 8'30 values ob-
tained for each sample are reproducible, suggest-
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ing that the number and the nature of the inclu-
sions are quite similar between the different indi-
vidual zircon grains and that broken crystals
probably have a minor influence on the 8%0 val-
ues. The 8O values obtained for the abraded
grains are 0.3 to 1.0%0 heavier than the whole
grains (Table 1), due to the variable modal abun-
dance of the isotopically heavier inclusions.

7. Oxygen isotope thermometry

Metamorphic temperatures were calculated for
the Qinglongshan meta-granite using the stable
isotope results (Table 1). Except for the quartz-
garnet pairs, empirical calibrations from Zheng
(1991, 1993a and 1993b) yield temperatures that
are systematically lower than temperatures ob-
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tained using calibrations of Javoy (1977) and
Clayton and Kieffer (1991). The oxygen isotope
thermometry results show significant inter-sam-
ple variation, especially when comparing fast oxy-
gen-diffusing minerals such as magnetite and bi-
otite. These results are consistent with variable
diffusional re-equilibration and cannot be inter-
preted with any certainty. Rumble and Yui (1998)
also suggested caution in applying isotope ther-
mometry in these UHP rocks. Nevertheless, the
range in mineral fractionations observed in the
present investigation are similar to those of Rum-
ble and Yui (1998) for Qinglongshan eclogites.
This observation is consistent with the interpreta-
tion that the Qinglongshan meta-granite had a
similar metamorphic history to the associated
eclogitic rocks.

If zircon overgrowths crystallized during UHP
metamorphism they should be in oxygen isotopic
equilibrium with the garnet. For a temperature of
800 °C, Valley et al. (1994) suggest a garnet-zircon
fractionation of 0.0. This implies that in sample
95-FA-R1B (the only sample with metamorphic
garnet), the 80 wvalues of zircon overgrowths
should be similar to those of garnet. Indeed, the
stable isotope data are qualitatively consistent
with this hypothesis, as the 8'*O value of the gar-
net (-5.3) is between lower 880 values for the
bulk zircon (-5.7) and higher 80 values for the
abraded zircon (—4.7). In addition, systematic
fractionations between some of the other coexist-
ing minerals including quartz-zircon, and feld-
spar-zircon suggest that 1sotopic equilibrium was
approached, if not attained (Fig. 7).

8. Effects of inclusions in zircons

To evaluate the importance of rim overgrowths
and inclusions in zircons on their 830 values, the
volume proportion of each of these domains was
estimated using BSE and CL images with Auto-
CAD Map® software for image analysis. Because
of the irregular shape of the zircons and their
cross sections in BSE, we chose not to impose
geometric constraints for these calculations and
instead simply assume that the proportions deter-
mined in two dimensions are equally appropriate
over the volume of the mineral grain (Fig. 6C).
The results are given in Table 2. Estimations from
the image analysis indicate overgrowths repre-
sent between 0 and 50% of the total zircon. In
rare instances, overgrowths can represent up to
70% of the zircon (Fig. 5A), but this is probably
due to uncompensated 3D effects. One risk of as-
suming that rim and inclusion proportions esti-
mated from two dimensional images can be ap-

plied over the volume of the crystal may be that
we overestimate the percentage of rims and un-
derestimate the percentage of inclusions. Conse-
quently, the volume proportions of rims and inclu-
sions indicated in Table 2 are thought to be maxi-
mum and minimum estimates, respectively.

The difference in 80O values between abrad-
ed and non-abraded grains (Table 1) can be inter-
preted to reflect either the effect of inclusions or
differences in the 880 signature of zircon cores
versus rims, or a combination of both. Inclusions
(mainly quartz, plagioclase and biotite) are esti-
mated to represent between 0 and 6 vol% of the
total zircon, and between 0 and 12 vol% of the
abraded zircons (Table 2). Calculations have been
made using these volume proportions together
with several assumed 8'*0 values for inclusions
(mainly quartz and plagioclase), in order to esti-
mate the average 80 values of the inclusion-free
cores and rims. Assuming that inclusions have an
average 80 value between 0 and 3%e heavier
than that of zircon, consistent with the data in Ta-
ble 1, values of inclusion-bearing cores are esti-
mated to be about 0.2 and 1.0%0 heavier than the
inclusion-free rims. Thus, it appears that in addi-
tion to the minor effects that inclusions have on
the overall 88O values of the zircons, small but
noticeable differences in the 8'80 values exist be-
tween the cores and rims of the zircons. Accepting
the oxygen diffusion parameters by Watson and
Cherniak (1997), it should not be possible to ho-
mogenize the 8180 values between zircon cores
and rims by diffusion during UHP metamor-
phism. Consequently, zircon cores are interpreted
to record low 330 values that were acquired prior
to UHP metamorphism. This low 880 signature
not only survived conditions of UHP metamor-
phism, but the coexisting minerals in the meta-
granites such as quartz, feldspar, and biotite also
acquired correspondingly low 8O values during
UHP metamorphism and retrograde history be-
cause of limited isotopic exchange with an exter-
nal isotopic reservoir (Fig. 7).

9, Discussion

The absence of coesite in the zircons, the lack of
fluid circulation during UHP metamorphism
(Liou and Zhang, 1996; Liou et al., 1997; Rumble
and Yui, 1998), and the late Proterozoic 2*U/?%Pb
zircon ages obtained from the meta-granite
(Rumble et al., 2002) indicate that zircon cores
represent old (pre-UHP metamorphic) relics
from the protolith. Furthermore, the elastic mod-
els of Gillet et al. (1984) and Van der Molen and
Van Roermund (1986) suggest that quartz inclu-
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Table 2 Volume proportion estimates of cores, rims, and inclusions in different zircon grains.
vol% vol% vol%
Sample Mineral rim core inclusions  inclusions zircon
(inclusion free) in core inentire grain  (less inclusions)
L1008 Hu Z Zircon 1 19.3 80.7 5.8 4.7 95.4
Zircon 2 no rims 100.0 6.3 6.3 93.7
Zircon 3 no rims 100.0 8.5 8.5 91.5
Zircon 4 no rims 100.0 10.5 10.5 89.5
Zircon 5 no rims 100.0 6.9 6.9 93.1
95-FA-R1 Zircon 1 65.0 35.0 44 1.5 98.5
Zircon 2 394 40.6 5.0 2.0 98.0
Zircon 3 68.1 31.9 5.0 1.6 98.4
95-HU-R3 Zircon 1 no rims 100.0 6.4 6.4 93.6
Zircon 2 no rims 100.0 10.0 10.0 90.0
Zircon 3 no rims 100.0 6.7 6.7 933
95-FA-R1B Zircon 1 48.8 512 11.4 5.8 942
Zircon 2 50.1 49.9 4.8 24 97.6
Zircon 3 no rims 100.0 8.2 8.2 91.8
Zircon 4 38.8 61.2 10.4 6.4 93.6
Zircon 5 47.7 523 6.5 3.4 96.6

Volume proportions are assumed to equal area proportions. No estimates have been made for sample 95-HU-R2.

sions located in the inherited core of the zircons
cannot be transformed to coesite during prograde
UHP metamorphism. Such observations are in
agreement with a pre-UHP metamorphic origin
for the core of zircons. The overall irregular pat-
tern of the zircon rims is typical for metamorphic
zircon (Rubatto and Gebauer, 2000), which could
be related to the UHP metamorphism, although
the absence of mineral inclusions (especially co-
esite) in these overgrowth zones make it difficult
to test this hypothesis. In addition, resorption ob-
served at the boundary between core and rim
overgrowths are probably due to the UHP meta-
morphism. Moreover, both zircon and allanite
have significant variations in REE concentrations
at the sub-grain scale, suggesting that both miner-
als originally crystallized prior to UHP metamor-
phism.

The 80O heterogeneities between the differ-
ent zircon cores are significant (+0.2%o and —7.1%eo
for samples 95-HU-R2 and 95-HU-R3, respec-
tively) and consistent with the variations record-
ed by other coexisting minerals in these samples.
These heterogeneities are interpreted as pre-
metamorphic. The absence of magmatic oscillato-
ry zoning in the zircon cores 1s evidence that the
zircons did not crystallize from a typical magma.
Localized heterogeneity in 8'*O is known from
unmetamorphosed hydrothermal systems where
it is attributed to incomplete equilibration be-
tween heated meteoric waters circulating through
a fracture network and the wall-rocks (Sheppard
and Taylor, 1974). The inclusions concentrated in
the zircon cores are furthermore consistent with a

subsolidus environment, and the geochronologi-
cal data suggest the inclusions were incorporated
during zircon growth between 684 to 754 Ma
(Rumble et al., 2002), probably within a high-level
magmatic system with large-scale hydrothermal
circulation. One possible environment promoting
such subsolidus zircon crystallization could occur
in the regions affected by near surface hydrother-
mal fluids circulating in proximity to a cooling in-
trusion. Although the environment in which these
zircons crystallized is enigmatic, the low zircon
3180 values are consistent with crystallization in
the presence of high fluid activity where rocks in-
teracted differentially with meteoric water (e.g.,
Friedman et al., 1974; Hildreth et al., 1984). These
relationships lead us to speculate as to a possible
geological environment that could produce the
observed textures and oxygen isotope values. Iso-
topically zoned zircons with low 8'%0 values have
been reported from the Yellowstone magmatic
system (Bindeman and Valley, 2000), and demon-
strate that such features may not be unusual
What is unusual in the Qinglongshan meta-gran-
ite are the low 880 values recorded in all of the
minerals, including zircon, providing strong evi-
dence that the meteoric waters with which they
interacted were of cold climate (Rumble et al.,
2002).

10. Conclusions

Pre-metamorphic §%0 heterogeneities in zircon
cores, together with chaotic internal structures in
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zircon cores and allanite-(Ce) are consistent with
a scenario in which zircons and allanites crystal-
lized in a fluid-rich environment with a low 80/
160 imposed by a meteoric fluid. Such an environ-
ment is consistent with the paleo-hydrothermal
system proposed by Rumble et al. (2002) to ex-
plain the very negative 830 values recorded in
the UHP metamorphic rocks of the Qinglongshan
area. Furthermore, these data are in agreement
with Rumble and Yui (1998) and Rumble et al.
(2002), that the Qinglongshan meta-granite is a
reasonable candidate for the heat source of the
Qinglongshan hydrothermal system. Oxygen 1so-
tope signatures of quartz, feldspar, biotite, mag-
netite, garnet, and oxygen isotope thermometry
indicate that the Qinglongshan meta-granite had
a similar metamorphic history to the surrounding
UHP rocks. These data also suggest that, similar
to the Qinglongshan meta-basalts and meta-sedi-
ments, oxygen isotopic exchange was strongly
limited (at the meter scale) during UHP meta-
morphism. Not only are pre-metamorphic $%0
signatures preserved in zircon cores, but zircon
rims, quartz, biotite, feldspar, magnetite, and gar-
net that crystallized during UHP conditions also
inherited the low 3180 values of the protolith be-
cause of the limited scale of isotopic exchange.
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