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Abstract—The Qinglongshan isotope anomaly has unusually low values of 88@ andéD. Grnets from
coesite-bearing eclogite are as low-a%1%. (VSMOW) and rutiles are-15%.. Phengites havgD of —120%o
(VSMOW). The low values were acquired in an ancient geothermal system prior to subduction during Triassic
continental collision. New data shows that depleted isotope values in different rock types extend over
distances of 20 40 km demonstrating that the geothermal system retained structural coherence throughout
subduction and exhumation. The finding of structural coherence suggests that not only eclogites, with their
characteristic ultra-high pressure mineral assemblages, but also gneisses, meta-granites, and meta-sediments
were all subjected to metamorphism in the coesite-eclogite facies. Oxygen isotope fractionation between
quartz and garnet gives estimates of peak metamorphic temperatures at 754—893°C. The spatial extent of
oxygen isotopic equilibration between different rock types was limited to tens of centimeters. The persistence
of hydrous minerals such as epidote and phengite approaching high temperature oxygen isotope exchange
equilibrium with ultrahigh pressure minerals in coesite-bearing rocks shows that mineral-bound water can be
subducted into the upper mantl€Copyright © 1998 Elsevier Science Ltd

1. INTRODUCTION longshan anomaly is that its well-preserved protolith charac-
teristics are a benchmark against which subsequent tectonic and
metamorphic effects can be measured.

Previous investigations showed that protolith basalts and
sandstones of the area were at or near the Earth’s surface and
were subjected to alteration by meteoric water, in a geothermal
system, prior to subduction (Yui et al., 1995, 1997; Baker et al.,
1997; Zheng et al., 1996, 1998). New data reported herein
demonstrates that: (1) A wide variety of rock types including
meta-granites, schists, and gneisses in addition to previously
described eclogites and quartzites have deplétéd values.

The Qinglongshan oxygen and hydrogen isotope anomaly is
defined by unusually low values 60 andéD in metamor-
phic minerals. Garnets, omphacites, and epidotes from
eclogites are as low as11%o in 820 and rutiles even lower at
—15%o. Phengites hav&'®0 values of—10%. anddD extends

to —120%o. The rarity of such isotopic values — their shock
effect—may be appreciated by comparison with compilations
of data for metamorphic quartz and hydrous minerals (Sharp et
al., 1993; their Figs. 8 and 9). Qinglongshan quartz;-&b%o

50, is 12%. lower than the lowest posted value (out of a total 2 Mi Is f ks of diff . loqical and i .
range of variation of 25%0), and phengites are at the extreme (2) Minerals from rocks of different mineralogical and isotopic

low end of the distribution irdD for hydrous minerals (Sharp composition failed to equilibrate in respect to oxygen isotopes
et al., 1993). Blattner et al. (1991, 1997) report |30 over distances as short as a few meters during UHP metamor-

¢ Phism. Intermineral fractionations dfO/%0 are consistent,

analyses of—13%. for contact metamorphosed andesites bu . i ! c 8
however, with the attainment of grain-scale isotopic exchange

Qinglongshan marks the lowest record for eclogites thus far. A > ) >
Since the announcement of the discovery of I§® values at equilibrium, (or at least communication), between minerals in

the First International Eclogite Workshop, Stanford University, Mutual contact under UHP conditions. But mineral pairs have
in 1994 (Yui et al., 1994; Baker et al., 1994) there has been subsequently re-equilibrated during cooling from peak meta-

intensive research on the rocks (Yui et al., 1995, 1997; Zheng MOTPhiC temperatures. (3) The discovery that a variety of
et al., 1996; 1998; Baker et al., 1997). different rock types are isotopically depleted suggests that the
The significance of the low isotopic values does not lie in surroundin_g UHP metamorphic terrai_n, including host gneisses,
their ephemeral existence as a world's record for eclogite, Meta-granites, and eclogites, retained structural coherence
however. The isotopic geochemistry of Qinglongshan is re- throughout continental collision, UHP metamorphism, and ex-
markable for the fidelity with which protolith depositional ~humation over an area of at least 20 by 40 km. Meta-granites
conditions have been preserved. Their preservation is all the With 8"°0 of quartz as low as ~2.5% may represent the heat
more astonishing when it is realized that the rocks survived €ngine that powered the ancient geothermal system. (4) The
subduction to depths of 75 km, metamorphism at that depth provisional conclusion that there was no |soFop|c e>.<change
under ultra-high pressure (UHP) (coesite-forming) conditions, between crustal rocks and the upper mantle into which they

and exhumation to the surface. The significance of the Qing- Were subducted is supported by the new data. Data in the form
of sample traverses across lithologic contacts at a scale of

centimeters to meters as well as regional mapping of the
*Author to whom correspondence should be addressed (rumble@ @nomaly at a scale of kilometers will be presented below
gl.ciw.edu). supporting these interpretations.
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Fig. 1 Metamorphic facies belts of E. China and Tanlu Fault. Inset map shows location of Qinglongshan, Donghai, and
sample locations mentioned in text. Two scale bars show scale of main map and inset, respectively.

2. LOCATION AND GEOLOGY

Qinglongshan, in Northern Jiangsu Province, is a low ridge
extending NNE-SSW for several kilometers with outcrops of

eclogite flanked by quartz-feldspar-amphibole gneiss to the
west (Figs. 1, 2). The ridge is surrounded by flat plains planted
in bean fields. The lower part of its eastern slope is a cemetery.
Hushan and Fangshan, both underlain by meta-granitic rocks
with mafic segregations, are higher ridges to the SSW (Figs. 1,

2). Both have been quarried extensively and provide well-
dressed stone to build handsome homes in nearby villages.

to contain UHP rocks. Continental collision, subduction, and
metamorphism took place in the Triassic followed by exhuma-
tion and widespread intrusion of Cretaceous granites (Wang, Q.
et al., 1996). The Sulu terrain includes quartz-feldspar-biotite
gneiss, amphibolite, marble, metamorphosed granites, eclogite,
metasedimentary, and ultramafic rocks. Of these, UHP mineral
assemblages have been found in garnetiferous peridotite and
pyroxenite, eclogite, meta-granitoids, and meta-sedimentary
kyanite quartzite and garnet-quartz-jadeite rock (Enami and
Zang, 1988; Hirajima et al., 1993; Yang et al., 1993; Enami et

Qinglongshan is located at the southern end of the Sulu UHP &) 1993; Zhang et al., 1994; Zhang et al, 1995; Zhang et al.,

metamorphic terrain (Fig. 1). The terrain extends 500 km from

1995). Apart from Cretaceous granite intrusions 25 km to the

northern Jiangsu province to the northeast tip of the Shandong West, post-collisional geologic history in the vicinity of Qing-
peninsula. Sulu was separated from the Dabieshan UHP terrainlongshan is represented by isolated erosional remnants of Ter-
in the Cretaceous by 500 km left-lateral displacement on the tary basalt flows and a gaping unconformity at the base of the

Tanlu (Tancheng-Luijiang) strike-slip fault (Xu, J., 1993;
Wang, Q. et al., 1996). Coesite, diagnostic of UHP metamor-

phism, is widespread in Sulu as inclusions in garnet, omphacite,
kyanite, and epidote (Yang and Smith, 1989; Enami and Zang,

1990; Hirajima et al., 1990; Hirajima et al., 1992; Hirajima et

al., 1993; Enami et al., 1993; Wang et al., 1993; Wang, X. et
al., 1995; Zhang et al., 1995; Zhang and Liou, 1997). Inter-
granular coesite is known from one locality in Sulu (Liou and

Zhang, 1996; Ye et al., 1996). The UHP terrains of Dabieshan
and Sulu lie along the common boundary separating the Ar-
chaen Sino-Korean craton to the North from the Proterozoic

Quaternary sedimentary cover.

The geologic age of UHP metamorphism at Qinglongshan
has been dated by measuring Sm-Nd and Rb-Sr mineral and
whole rock isochrons (Li et al., 1994; Li, 1996) and by ana-
lyzing U-Pb systematics in zircons (Ames et al., 1996). A
mineral-whole rock isochron including the UHP minerals gar-
net, omphacite, and phengite from Qinglongshan eclogite gives
a Sm-Nd age of 226.% 4.5 Ma and a Rb-Sr age of 219.5
+ 0.5 Ma (Li et al., 1994; Li, 1996). Zircon ages are 27
Ma (lower discordia intercept) and 762 28 Ma (upper inter-
cept) (Ames et al., 1996). Thus, three independent geochro-

Yangtze craton to the South. The suture between the two nometers agree on the age of UHP metamorphism at Qinglong-

tectonic plates is occupied by the Qingling-Tongbai-Dabies-
han-Sulu orogenic belts, only the latter two of which are known

shan as 217-226 Ma. The protolith age of 2628 Ma is less
precisely known, however, because the zircon chord on a
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Fig. 2. Outcrop map, sample localities (in parenthesis), and topography of the Qinglongshan area. Inset maps show two
summit outcrops, QL-1 and QL-2. Values&fO of garnet plotted for QL-2. Othe¥*®0 values designated as &tgarnet,
Ep = epidote, Qz= quartz. Separate scale bars given for main map and inset maps.

discordia plot is dominated by metamorphic ages ( Ames et al., drill holes ZK 703 (samples M-1A and M-1G), ZK 2304 (M-2A), and

1996). Phengite from Qinglongshan yieltBAr/2°Ar plateau ZK-2302 (M-3A) near Maobei-Mengzhong (Fig. 2), access to which

: - was graciously provided by the Donghai County Geology Team of
ages_ Of. 876.5+ 159 Ma (LI. et alf' 1994). ParadOXICa”y‘ ._Jiangsu Province. Samples were collected by D. Rumble, R. Zhang, and
despite its older apparent radiometric age, phengite textures ink ve in August, 1995. Tape and compass maps of the Qinglongshan

the analyzed sample suggest it grew later than garnet, ompha-summit outcrops were surveyed by Y. Ogasawara and J. G. Liou.
cite, and rutile, perhaps during exhumation. The source of Regional mapping was controlled by Y. Ogasawara with a portable
excess?®Ar is thought to have been the K- arftfAr-rich GPS receiver.

. . . . Minerals were analyzed for oxygen isotopes with a,d@&3er fluo-
Proterozoic leucocratic country gneisses (Li et al., 1994). rination system in the Geophysical Laboratory similar to that of Sharp

The age of eclogite country rocks from Qinglongshan has not (1990) but differing in that Q gas is analyzed directly in the mass
been measured radiometrically. Samples of felsic gneiss from spectrometer without conversion to ¢@Rumble and Hoering, 1994).
the northern Sulu UHP terrain give poorly defined zircon Reported values 08'°O are averages of duplicate or triplicate deter-
discordia ages of 17F 45 Ma, (lower intercept) and 782 32 minations with a precision of 0.1-0.2%.. The accuracy of the measured

; . / . isotope ratios may be assessed by comparing the results of Zheng et al.
Ma (upper intercept; Ames et al., 1996). Gneisses from Dabie- (199g) obtained by conventional fluorination (Clayton and Mayeda,
shan have lower intercepts of 219—-227 Ma and upper intercepts1963), and those of Yui et al. (1995) with the laser system, on analyzed
of 772—-854 Ma (Ames et al., 1996; Rowley et al., 1997). It is minerals from kyanite quartzite from the Qinglongshan summit out-

assumed that both metamorphic and protolith ages of Qing- €rop. In the list that follows§*®0 values for each mineral are given in
. . . pairs, (e.g., laser, conventional), the first of which is from Yui et al.
longshan gneisses and metagranites are similar to those mea(lggs) Table 1, sample SQ) and the second from Zheng et al. (1996),

sured in northern Sulu and Dabieshan. Table 1, sample QL95-8): quartz 7.3, —7.1), phengite 8.8, —8.9),
kyanite (—9.1, —8.9), epidote {10.1, —9.5), and garnet {10.3,
3. METHODS —10.3). Additional validation of analytical results for oxygen isotopes

is given by observing that a total of 277 analyses of UHP minerals and
Most samples were collected from weathered surface outcrops. In two tank O, standard gases give a least squares regression with slope
some of these the feldspars, biotite, and phengite appear altered in thin0.518 (R = 0.9998) on a plot 0620 vs570, in good agreement with
section. The freshest samples of gneiss, meta-granites, and mafic segthe 0.52 slope of the terrestrial fractionation line (Clayton, 1993).
regations were found in working quarries at Hushan and Fangshan (Fig. Hydrogen isotope analyses of phengite were conducted by T.F. Yui in
2). Unweathered eclogite was obtained from drill cores recovered from the Institute of Earth Sciences, Academia Sinica, Taipei, Taiwan. The
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Table 1.5'%0,syow Values of minerals (%o), rock types and alteration

Rock QZ Pl Bt Ky Ph Am Gt Ep om Rt Cc Alteratich
BH-1A%  eclg® 6.4
BH-1D eclg 8.2
DL-1A eclg 3.7
FA-1A m-grt -16 —-30 -6.9
FA-1B seg -1.1
FA-1C seg -13 -6.0
HU-1A seg —-25 —6.1 —5.6
HU-1B m-grt -24 -38 -65
HU-1C m-grt -23 —-43 77
HU-2A  qgtzite -0.5 -15
M-1A eclg 0.3 —-0.4
M-1G eclg 1.9 1.8
M-2A gn 3.2 2.1 -1.1 0.0
M-3A gn 45 45
QL-1A ep-eclg 4.0 Ph
QL-1B ep-eclg 0.8 -0.5 -1.2 -1.6 -2.4 -2.2 -5.3
QL-1C ep-eclg -2.1
QL-2C am-eclg -100 -11.0 -111 -11.1 -111 -1438 Oom
QL-2D eclg -10.1 -99 -101 -141 Oom
QL-2E eclg -9.4 -10.3 -10.8 -—11.2 -142
QL-2H eclg -10.3 -104 141 vein
QL-2M  eclg -7.7 -10.7 -10.1 -104 -10.7 -146
QL-2N eclg -9.3 -10.3 -10.1 -10.0 Oom
QL-20 sh -65 -24 -9.0 -9.4
QL-2P eclg -8.9 -9.3 -9.0 -86 —134 Om, Ph
QL-2Q qtzite -7.4 -9.7 -10.1 Ph, Ky
QL-3A alt-grt —2.8 -8.1
QL-3B vein —3.0(-0.3f
QL-4A gn 1.7 0.5
QL-5A eclg -8.7 -84 -9.2 -124 Oom
QL-5B eclg —8.7
QL-5C eclg -7.6 Om
QL-6B eclg -6.3 -6.3 -6.4 -9.9
QL-7 GN 2.0 -1.1
QL-8A eclg -4.3 -4.9 -5.6 -8.2
QL-8B eclg -4.6 -54 -55 -8.7
YS-1 eclg -54 -5.9

1 Minerals: QZ= quartz, PI= plagioclase, BT= biotite, Ky = kyanite, Ph - phengite, Am= amphibole, Gt= garnet, Ep= epidote, Om=
omphacite, Rt= rutile, Cc = calcite.
2 Localities: BH= Buhou, DL = Dahling, FA = Fangshan, HU= Hushan, M= Mengzhong, QL= Qinglongshan, YS= Yanshuifang.
3Rock: -eclg= eclogite, mn-grt= meta-granite, segc mafic segregation, gtzite quartzite, gn= gneiss, ep-eclg- epidote-eclogite, am-eclg
= amphibole-eclogite, sk schist, alt-grt= altered granite.
4Value in parenthesis i8°Cyppg.
5 Names of altered minerals and whether secondary vein is present.

D/H measurements were obtained with the method of Godfrey (1962) 5.1. Eclogite: (abbreviated eclg in Table 1)
and a precision oft3%. is estimated.

The primary mineral assemblage is garrebmphacite+ phengite
4. NOTATION + rutile = epidote=x kyanite = barrosite+ quartz* quartz pseudo-
morph after coesite. The rocks show a gneissic layering and volumetric
proportions of minerals are non-uniform on a scale of centimeter, thick
layering. In most samples omphacite is altered to a symplectic rim of
R — R plagioclase+ sodic augite. More rarely, kyanite is rimmed by albite
X STD,

5,= —5 (1000 and secondary white mica.
RSTD

Isotope data are reported as parts per thousand differences from a
reference standard. Thienotation is defined as

where R and Ry are the isotope ratid§0/*°0 or D/H (H/*H) of the
sample (x) and standard (STD), respectively. Data for oxygen and
hydrogen are reported relative to VSMOW (Vienna Standard Mean
Ocean Water) (Coplen, 1995).

5.2. Epidote—eclogite: (ep-eclg, Table 1)

The primary assemblage is the same as eclogite, however, large
porphyroblasts of epidote (1-2 cm in length) cross-cut gneissic layering
and contain inclusions of all the primary minerals. Symplectic alter-

Minerals separated from hand samples of a variety of rock types ation rims of plagioclase and sodic augite are common on omphacite.
including gneiss, eclogite, and meta-granitoid were analyzed'fi@. This rock type is distinctive in the field and was found without other
(The discussion follows the abbreviated rock names of Table 1.) rock types at only one locality (QL-1, Fig. 2).

5. PETROGRAPHY
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5.3. Amphibole—eclogite: (am-eclg, Table 1)

Amphibole—eclogite consists of the primary eclogite assemblage
with 1-cm barrosite porphyroblasts cross-cutting foliation. Omphacite
is immed by plagioclase and sodic augite in most samples. Amphibole
— eclogite is interlayered with eclogite at locality QL-2 (Fig. 2).

5.4. Gneiss: (abbreviated gn, Table 1)

The gneiss is exposed in water-filled pits extending 2 km NNE-SSW
along the west flank of Qinglongshan (Fig. 2). Outcrops of gneiss are

deeply weathered and their contacts are not exposed. The primary

assemblage is plagioclas¢ microcline + quartz + hornblende
+ sphenet+ magnetitet+ monazite+ ilmenite = garnet with a strong
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tion, metamorphism, and exhumation is a known feature of
medium- and high-pressure rocks from amphibolite and blue-
schist facies terrains (Anderson, 1967; Taylor and Coleman,
1968; Sheppard and Schwarcz, 1970; Rumble, 1978; Rumble
and Spear, 1983; Chamberlain and Conrad, 1991; Bebout,
1991; Wickham and Peters, 1992; Todd and Evans, 1993).
What these and other workers have observed is the failure of a
mineral such as quartz to achieve uniform oxygen isotopic
composition across contacts between rocks differing in whole
rock isotopic composition. The spatial extent of isotopic equil-

ibration during metamorphism may be measured quantitatively

gneissic foliation. Weathering alteration appears as hematite replacing by collecting millimeter- to centimeter-scale sample profiles

magnetite along octahaedral (111) faces and leucoxene rimming
sphene.

5.5. Meta-granite: (m-grt, Table 1)

Unweathered, weakly foliated meta-granite consisting of plagioclase
-+ microcline + quartz+ epidote+ biotite + monazite+ magnetite
=+ garnet crops out over a distance of at least 7 km in quarries on

Hushan and Fangshan (Fig. 2). Contacts between the meta-granite an

its wall rocks were not found. Relatively unaltered meta-granite is
present in other UHP localities. Meta-granite in contact with coesite-
bearing eclogite has been reported from Yangkou (Hirajima et al.,

perpendicular to rock contacts and analyzing mineral separates.
Recognition of gradients in isotopic composition has been
exploited in a number of studies to obtain estimates of the
magnitude of material flux across contacts between dissimilar
rock types (Lassey and Blattner, 1988; Baumgartner and Rum-
ble, 1988; Ganor et al., 1989; Bickle and Baker, 1990; Jamtviet
al., 1992; Bowman et al., 1994; Baker and Spiegelman, 1995;

t
OEerdes etal.,, 1995; Bickle et al., 1997; Abart and Sperb, 1997).

These investigations have made valuable contributions to un-
derstanding metamorphism because they have established

1993), 250 km northeast of Qinglongshan. The coesite-bearing, pyrope whether fluids were present and free to infilirate lithologic

quartzite from Dora Maira is present as lenses within granitic ortho-
gneiss (Compagnoni et al., 1995). The meta-granite of this study,
however, does not show the intensity of mineralogical alteration re-
ported from the other localities.

5.6. Mafic segregations: (seg, Table 1)

Mafic segregations with assemblages of biotiteepidote + horn-
blende+ plagioclaset+ microcline+ quartz+ garnet+ sphene occur

boundaries. Thus, it is appropriate to search outcrops of UHP
rocks for gradients in isotopic composition in order to test for
the presence or absence of infiltrating water. The persistence of
recognizable differences in isotopic composition denies perva-
sive infiltration across lithologic contacts of exotic fluids
strongly out of equilibrium with protoliths. If such infiltration
had occurred it would have homogenized isotopic compositions

as lenses in meta-granite on Hushan and Fangshan (Fig. 2). Texturally(Ganor et al., 1996; Matthews et al., 1996).

similar mafic segregations are present in the meta-granite of Dora
Maira (Tilton et al., 1997; Fig. 3).

5.7. Schist: (sh, Table 1)

A phengite+ quartz+ plagioclaset biotite + garnet schist is found
in 2 m thick layers in contact with eclogite on Qinglongshan (Fig. 2).
The schist contains a surprisingly oxidized sub-assemblage of rutile
+ ilmeno-hematite (hematite with exsolution lamellae of ilmenite)
(Rumble, 1973).

5.8. Quartzite: (qtzite, Table 1)

Quartzite occurs as a 0.5 m thick layer in contact with eclogite on
Qinglongshan and in an excavation south of Hushan (Fig. 2). The
primary assemblage is quartz phengite+ epidote+ kyanite + gar-
net + rutile. Secondary replacement consists of kyanite rimmed con-
centrically by white mica and albite. Phengite is rimmed by biotite.

5.9. Altered gneiss and vein: (alt-gn, vein, Table 1)

Altered gneiss and a vein of massive calcite were found in a pit on

Pre-metamorphic differences in isotopic composition be-
tween rock types are present throughout the Qinglongshan
region. The eclogite outcrop belt shows both along- and cross-
strike changes in garnet composition freni 1.1 6%0%o (QL-
2C) at Qinglongshan summit t68.2 at Buhou (BH-1D);+3.7
at Dahling (DL-1A), and —5.4 at Yanshuifang (YS-1) over a
distance of 30 km in a North-South direction (Fig. 3, Table 1).
Eclogite is flanked to the west by quartz-feldspar-amphibole
gneisses with quartz values efl.7 to +2.0%. (Samples QL-
4A, and QL-7) (Fig. 4; Table 1). The metamorphosed granites
and mafic segregations of Hushan and Fangshan, to the South,
have depleted values 6f1.6 to —2.5%0 6*°0 in quartz (sam-
ples FA-1A, HU-1A) (Fig. 3). A traverse from West to East, 25
km across the region, shows gneisses with quartz 8f2 to
+4.5% and eclogites with garnets of0.3 to +1.9 in the
Maobei-Mengzhong drill hole (drill holes ZK 703, 2302, and
2304, samples M-1A, M-1G, M-2A, M-3A), Qinglongshan
summit eclogites with quartz of —-7.4 and garnet of —-11.1,

the eastern slope of Qinglongshan. The gneiss consists of relict primary followed by Hongtoushan eclogite (QL-8A, 8B) with garnet of

plagioclase, sphene, and apatite with secondary subhedral epidote,

calcite, and radiating sheaves of fine-grained chlorite. The vein has
rhomboid calcite crystals up to 6 cm on a side with a thin mantle of
dark green chlorite.

6. RESULTS

6.1. Isotopic Equilibration versus the Persistence of
Differences in Protolith Composition

The persistence of differences in protolith stable isotope
composition throughout a complete collisional cycle of subduc-

—5.4 80 (Fig. 4, Table 1).

Qinglongshan rocks record a humber of examples of persis-
tent pre-metamorphic differences'{f0/*°0 composition at the
scale of single outcrops. Rocks separated by several meters did
not equilibrate. Eclogite garnets from the summit outcrop are
mostly homogeneous at10.2%. 820 but one sample at the
east end of the outcrop i511.1%0 (QL-2C) and another at the
west end is—9.3%0 (QL-2P) (Fig. 2,4). A phengite-quartz-
biotite-garnet schist (QL-20) interlayered with eclogite has
garnet at—9.4%. 6*°0 (Fig. 2, 4). A second outcrop 30 m east
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Fangshan Yanshuifang Table 2. Values 06D and §*®0 for phengite
8 T 1.
o oD 880
al o BH-5D —-55 7.9
> DL-1C -87 5.3
S R QL-1 -113 -9.07
I E—— S ————— QL-1B -124 -1.2
S NI & QL-1C —-121 -1.5
@ o A 4 A v QL-1F —-124
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12 ©  Plagiociase v +  Epidote QL-8B —118 —-4.6
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v Omphacte v >v< Rutle 5Q-92-3 —114 —-8.8
-16 . :
fTee§gzg2§eggges o 2Yui, et al. 1995;
fff222 2300033337 a a > b Estimated from average mineral-mineral fractionations (Table 3.)

Fig. 3. South to north profile 08*%0,gyow Values of coexisting
minerals with sample numbers.

oxygen isotopes but conclusions are less certain because fewer
samples were analyzed for D/H than f8i0/*°0. Eclogites
of the summit has epidotes from eclogite that range froth QL-2C (—10.0%0) and QL-2P {8.9%.) have phengites differ-
(QL-1A) to —2.4 (QL-1B)%. over a distancef @ m (Fig. 2, 4; ing in 880 by 1.1%o, a significant discrepancy given analytical
compare Zheng et al.,, 1998). Qinglongshan rocks in close uncertainties of 0.15%.. ThedD values of the phen-
proximity to each other, however, such as schist (QL-20) and gites, however,—104%. (QL-2C) and—106%. (QL-2P), are
eclogite (QL-2P) or kyanite quartzite and eclogite (Yui et al, indistinguishable £ 3 %) (Table 2). The entire summit out-
1995; Zheng et al., 1996) have almost identical minét&D crop (QL-2C, 2E, 20, 2P, 2Q) is uniform &D of —101 to
values (Fig. 2, 4). Qinglongshan rocks are not alone among HP —106%.. Three nearby outcrops, QL-1, Hongtoushan (QL-8),
and UHP examples in their failure to attain oxygen isotope and QL-6 are lower aiD of —118 to—127%.. Phengites from
equilibrium between dissimilar lithologies. Baker et al. (1997) Buhou and Dahling, however, are considerably heaviéDaif
found in the UHP Dabieshan terrain garnets from small eclogite —55 and —87%o, respectively, reflecting their heaw/?0
pods enclosed in marble wi#0 as high as+9.5 to +11%o values of+6.4 to + 8.2%. (garnet, BH-1A, -1D) and- 3.7
but garnet from a neayb3 m thick eclogite boudin was 2.3.  (DL-1A) (Table 2). Zheng et al. (1998) give a smaller range of
Examples of oxygen and carbon isotopic disequilibrium across variation in 6D, from —104 to—83%o.
rock contacts in high pressure (HP) and ultra-high pressure The differences in protolith oxygen and hydrogen isotopic
terrains are reported by Sharp et al. (1993) and Getty and composition are thought to have arisen owing to local differ-
Selverstone (1994). ences in the intensity of geothermal alteration. Observed iso-
The length scale of hydrogen isotope equilibration across topic alteration in fossil hydrothermal systems is known to be
lithologic contacts appears to be somewhat longer than that for influenced by water/rock ratio, temperature, proportion of me-
teoric vs. magmatic water, proximity to permeable fracture
zones, and superposition of successive hydrothermal events

Mengzhong Qinglongshan (Taylor, 1974). For example, Sheppard and Taylor (1974) list
i ' ' ] sericite analyses from the Butte, Montana, hydrothermal ore
o Y Y/
ar . 1 deposit that range from —10 t¢10%o in %0 and —175 to
2 2l oo .a 1 —110%o in &D.
= o A
2 0§ O ;‘ ........................
a o
éj 2F o v, . 6.2. Oxygen Isotope Geothermometry
o
) v "Avv% | The measurement of oxygen isotope partitioning between
61 A R ] coexisting minerals to estimate paleo-temperatures has the po-
Bl s Qe % 4 A * N TV tential to quantify the thermal conditions of metamorphism
-10f "+ Kyanie oV a oW & £ 1 Clayton and Epstein, 1961). To realize this potential, much
ty Y| p p
A Phengite —|—v [FNEY . .
A2 5 e 1 effort has been expended to complete laboratory calibration of
aafl T S v ey oxygen isotope fractionation between commonly occurring
PP | L A . . pairs of rock-forming minerals (Chiba et al., 1989; Clayton et
0538833588888 28 s§8 al., 1989; Zheng et al., 1994; Rosenbaum and Mattey, 1995;
2222550000300 000 83 O3

Chacko et al., 1996). Parallel work on calibration has included

Fig. 4. West to east profile 08'80,gyow Values of coexisting empirical observation of natural mineral pairs (Bottinga and
minerals with sample numbers. Javoy, 1975; Sharp, 1995; Sharp and Kirschner, 1994) and
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theoretical calculations (Kieffer, 1982; Clayton and Kieffer, phacite is vulnerable to retrograde mineralogical alteration and
1991; Zheng, 1991, 1993). Nevertheless, when application of is commonly rimmed by symplectites of plagioclasesodic
oxygen isotope geothermometry is made to metamorphic rocks, augite or sodic plagioclase Ca-amphibolet+ epidote (Zhang
it is frequently observed that pairs of minerals from the same et al., 1995). Yui et al. (1997) found a correlation between
hand specimen give discordant temperature estimates (Deinesdisequilibrium garnet-omphacité®0/*°0 fractionations and
1977) and, furthermore, disagree with mineralogical geother- symplectic alteration. Whether the correlation is due to retro-
mometers. Among the reasons advanced to explain discrepantgrade isotopic exchange or the difficulty of separating ompha-
temperatures are (1) failure of minerals to attain isotope ex- cite from symplectite with rigorous purity is difficult to assess.
change equilibrium under metamorphic conditions; (2) inaccu- The minerals phengite and epidote are undoubtedly bona fide
rate calibration of temperature dependence of fractionation; and members of UHP assemblages in many eclogites (Liou et al.,
(3) down-temperature re-equilibration, that is, continued ex- 1995). At Qinglongshan, however, epidote grows across
change of isotopes between minerals as rocks cool during gneissic foliation and includes garnet, omphacite, rutile, quartz,
exhumation (Giletti, 1986). Each of these factors will be eval- and coesite (or coesite pseudomorphs). Some phengites cross-
uated below in interpreting geothermometric results from cut foliation suggesting growth following the primary assem-
Qinglongshan. blage. Routine mineral separation schemes would fail utterly to
purify different generations of the same minerals. Kyanite is
rimmed concentrically by white mica and albite. Feldspar and
6.2.1. Failure to equilibrate under peak metamorphic biotite are typically susceptible to both retrograde isotopic
conditions. exchange and mineralogical alteration.
Examples of clear-cut oxygen isotope disequilibrium are
It was shown, above, that there is a tendency for dissimilar obvious, especially in country-rock gneisses and meta-grani-
rocks separated by more than one meter to fail to equilibrate toids: sample QL-20 has a large, reversed quartz-plagioclase
during UHP metamorphism. The observation does not, how- fractionation; sample QL-3A, a heavily metasomatized gneiss,
ever, disqualify Qinglongshan rocks as candidates for success-shows a quartz-epidote fractionation larger than other samples.
ful geothermometry. The scale of equilibration required to The quartz-feldspar-garnet-phengite schist interlayered with
record temperatures is that of single mineral grains in mutual eclogite at Qinglongshan summit (sample QL-20) has feldspar
contact over millimeter or submillimeter distances. Thus, sam- enriched ly 4 %o in 'O relative to coexisting quartz (Fig. 4,
pling small volumes of visibly homogeneous rock for mineral Table 1, 3). The phengites of the rock are the most inhomoge-
separates, as was done in this study, should promote the like-neous analyzed. Here is an example of the effects of normal
lihood of obtaining minerals in mutual equilibrium. One should waters when they gain access to rocks depletédn Gneiss
note, however, that taking mineral separates from thinly lay- (QL-3A) pervasively penetrated by vein calcite (QL-3B) is
ered and gneissic rocks may sample across differences in bulkexposed in a pit on the east slope of Qinglongshan (Fig. 4).
oxygen isotope composition. Supporting the hypothesis of an Quartz-epidote fractionation in the gneiss is at variance with
approach to mineral-mineral equilibrium at Qinglongshan is a those measured in other rock types but consistent with miner-
systematic order of enrichmentifiO, e.g., quartz> (phengite, alogical evidence of post-metamorphic metasomatism and
kyanite) > (epidote, clinopyroxene, garnet, amphibole) gives an apparent temperature of 361°C (Table 3, 4), (calibra-
rutile despite differences in bulk'§0 and mineralogy from tion of Matthews, 1994). The quartz-biotite partitioning values
sample to sample (Figs. 3, 4). Comparing mineral-mineral of the Hushan and Fangshan meta-granitoids range from 3.6 to
fractionations measured in this study with published values 5.4 corresponding to an apparent temperature difference of
reveals discrepancies for garnet-phengite, garnet-epidote, andsome 150°C (Table 3, 4).
garnet-omphacite (Table 3). Garnet-phengite varies from —0.6
(this study) to —1.2 to —1.5 (Yui et al., 1995; Zheng et al., 1996,
1998) to —1.9 (1000lm) in Dabieshan (Zheng et al., 1998) and 6.2.2. Inaccurate calibration of geothermometers
the Western Gneiss region (Agrinier et al., 1985). Garnet-
epidote ranges from 0.1 (this study) to —1.2 (1008)nn the Comparison of temperature estimates based on different cal-
Western Gneiss region (Agrinier et al., 1985). The compiled ibrations of oxygen isotope geothermometers provides a direct
data illustrates that mineral pairs like garnet-epidote and gar- evaluation of the accuracy of thermometry. Results presented in
net-phengite have small and rather variable fractionations. Table 4 compare empirical-theoretical (Javoy, 1977) calibra-
Given an analytical precision of 0.15%. on each mineral anal- tions with experimental determinations by various investigators
ysis, it may be seen that pairs of these minerals are unlikely to (Matthews, 1994; Rosenbaum and Mattey, 1995; Chacko et al.,
provide precise geothermometry. Mineral pairs with larger 1996). Differences in temperature estimates are as high as 90°C
fractionations such as quartz-omphacite, quartz-garnet, quartz-for quartz—phengite and 150°C for quartz-biotite. Thermomet-
epidote, quartz-rutile, quartz-biotite, and garnet-rutile are more ric estimates using the calibrations of Zheng (1991, 1993) give
appropriate. Among the latter group, quartz-omphacite, quartz- 650—-765°C for quartz-garnet, 655-760°C for quartz-ompha-
epidote, and quartz—garnet are relatively consistent but quartz-cite, 595-725°C for quartz-phengite, and 390-510°C for
rutile, quartz-biotite, and garnet-rutile fractionations are irreg- quartz-rutile from Qinglongshan (Zheng et al., 1998; Table 1).
ular (Table 3). Additional evaluation of accuracy of geothermometry may
Observations of regular or irregular fractionations are not be made by comparing isotopic thermometry with mineral
sufficient in themselves to establish isotopic equilibrium or its chemistry thermometry. Typical values of mineral thermome-
failure. Other data are useful in evaluating mineral pairs. Om- ters from Sulu eclogites are 750°€%0°C ) at 30 kbars and for
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Table 3. Mineral-mineral fractionations

Sample Qz-PI Qz-Ph  Qz-Ky  Qz-Om Qz-Ep Qz-Gt Qz-Bt Qz-Rt Gt-Ky Gt-Ph Gt-Ep Gt-Om  Gt-Rt

FA-1A 1.33 5.27

HU-1A 3.11 3.58

HU-1B 1.36 4.08

HU-1C 1.94 5.44

HU-2A 0.94

M-1A 0.69

M-1G 0.12

M-2A 1.14 3.16

M-3A 0.02

QL-1B 2.02 1.35 2.99 3.21 2.40 6.16 —1.06 —-0.38 0.81 0.58 3.76
QL-2C -1.17 0.01 —-0.02 3.74
QL-2D —-0.18 —-0.05 3.99
QL-2E —-0.95 0.48 0.87 4.00
QL-2H 0.20 3.90
QL-2M 3.06 3.05 2.71 2.39 6.96 0.67 0.31 0.66 4.57
QL-2N —0.98 —-0.23 —-0.28

QL-20 —4.08 2.58 2.94 —0.36

QL-2P -0.41 —-0.25 —-0.69 4.17
QL-2Q 2.31 2.65

QL-3A (5.39)

QL-4A 1.15

QL-5A —-0.35 0.47 3.69
QL-6B -0.01 0.07 3.63
QL-8A —-0.64 0.73 3.34
QL-8B -0.83 0.05 3.30
YS-1 0.57

Average 2.5 1.1 3.0 2.9 2.7 4.6 6.6 —0.6 0.1 0.3 3.8
Std. Dev. 0.4 0.3 0.3 0.4 0.9 0.6 0.6 0.4 0.5 0.4
Qinglongshah 1.46 1.81 2.77 2.98 -1.16 —-1.51 —-0.20 —-0.24
Qinglongshaﬁ 1.92 1.85 2.37 2.42 3.13 -1.31 -1.21 -0.81 -0.71
Qinglongshaﬁ 2.10 1.87 2.27 3.54 3.53 7.44 -1.67 —-1.43 —0.06 —-1.26 3.73
Dabieshaf 0.89
Dabieshapn -0.43

Dabieshah 2.12 2.56 3.00 3.79 5.74 —1.86 —-0.70 -1.23 1.95
Dora Mair& 2.02 2.25 2.82 4.78 483 —-0.56 —-0.80 2.02
Western Gr. 1.78 2.48 2.98 2.68 4.82 —-1.89 —-1.20 —-0.54 1.77
Tauern Wind® 2.50 6.66

Sesia Zon& 2.73 3.29 6.75

Européo 2.86 3.24 3.64 6.47 —0.45 —0.50 2.87

1Yui et al., 1995;

2Zheng et al., 1996;

3 Zheng et al., 1998;

4Yui et al., 1997;

5 Baker et al., 1997;

6 Sharp et al., 1993;

”Western Gneiss Region, Agrinier et al., 1985;
8 Tauern Window, Matthews, 1979;

® Desmons and O’'Neil, 1978;

19Vogel and Garlick, 1970.

Mineral abbreviations as in Table 1. Std. Dev.standard deviation.

garnet peridotites 850°CH50°C ) at 40—60 kbars. Zhang etal. 1990) give 750-900°C at 45-50 kb for mineral rims and
(1995) used Fe-Mg partitioning between garnet and clinopy- 800-1200°C at 50-70 kb for cores in garnet peridotites. Zhang
roxene in eclogites to calculate temperatures of 685-830° et al. (1994) estimated peak temperatures of 822—920°C at 39
(Powell, 1985) or 710-850°C (Ellis and Green, 1979) at a kb for Donghai ultramafic rocks.

pressure of 30 kb, as indicated by the presence of coesite. The In summary, quartz-garnet oxygen isotopic and mineralogi-
same geothermometer was used by Enami et al. (1993) to cal geothermometers overlap in the range 725-875°C, consis-
obtain 650—-850°C for < 26 to 28 kb and by Hirajima et al. ~ tent with an approach to isotopic exchange equilibrium be-
(1992) to find 740°C £60°C) for P> 28 kb. Intersections of tween UHP minerals at high temperature. There is significant
P-T curves plotted by Yang et al. (1993) for olivine-garnet disagreement between experimental, theoretical, and empirical
(O’Neill and Wood, 1980), orthopyroxene-garnet (Carswell calibrations for a number of geothermometers, however. Res-
and Harley, 1990), clinopyroxene-garnet (Krogh, 1988), and Al olution of the problem of discordant temperatures requires not
in orthopyroxene (Nickel and Green, 1985; Brey and Kohler, only consideration of analytical uncertainties and inaccuracies
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Table 4. Selected temperature estimates

Qz-Pt  QzBf QzBT QzEFf QzGF QzPR QzPF QzOnf QzAm? QzRf QzRf GtRY

FA-1A 647 520 375
HU-1A 666 500 562

HU-1B 637 615 450

HU-1C 490 509 360

M-2A 719 725 555

QL-1B 548 872 643 550 610 630 580 455
QL-2C 456
QL-2D 434
QL-2E 432
QL-2H 441
QL-2M 622 875 502 400 600 576 525 387
QL-20 762 558 475

QL-2P 418
QL-2Q 632 596 500

QL-3A 361

QL-4A 714

QL-5A 461
QL-6B 467
QL-7 687

QL-8A 499
QL-8B 504

Geothermometer calibrationklavoy, 1977, Z, = 0.15;2 Javoy, 1977Chacko et al., 1996 Matthews, 1994, X, = 0.22;° Rosenbaum and
Mattey, 1995:° Matthews, 1994, X, = 0.4; ” Matthews, 1994.

in the calibration of isotope fractionations but also evaluation rock that had been thoroughly dehydrated by mineral reactions
of the role of post-metamorphic, down-temperature oxygen would preserve its high temperature oxygen isotope inter-

isotope exchange. mineral fractionations more faithfully than a rock with wet
grain boundaries.

6.2.3. Post-metamorphic, down-temperature oxygen An example of a model calculation of re-equilibration in

isotope exchange epidote-eclogite sample QL-1B is given in Fig. 5 for a cooling

rate of 75°C/my (cf. Gebauer et al., 1997) using the Fast Grain
Boundary (FGB) model of Eiler et al. (1992, 1994). It may be
seen that garnet, epidote, and kyanite remain unchanged in
composition throughout cooling. Rutile and omphacite change
composition initially but close to further isotopic exchange at
600°C. Phengite retains its high temperature composition over
the first 150°C of cooling but, upon the closure of rutile and

Temperature estimates given in Table 4 show that certain
mineral pairs, such as quartz-garnet, record higher apparent
temperatures than other pairs such as quartz-rutile. Discordant
temperatures are the rule rather than the exception in many
metamorphic rocks (Deines, 1977). In a pioneering study, Gi-
letti (1986) showed that diffusive re-equilibration of oxygen
isotopes between minerals during cooling from metamorphic S ) ;
temperatures may produce strongly discordant apparent tem-omphfc'te’ It pegms to decreasedtfO. Quartz gam'égo and.
peratures. Among the controls on diffusive re-equilibration are loses™®0 continually as the r.ock‘ coqls. In es:logltes 'aCk'”Q
the speed of oxygen diffusion in minerals (magnitudes of guartz, the cpmputed behavior is different in th_at phengite
activation energy and pre-exponential factor), cooling rate, increases, ru_tlle decreas_es, barrosite decreases sllghtl_y and gar-
grain size, and mineral abundances, as well as inter-mineral "6t omphacite, and epidote are unchanged. Choosing faster
isotope partitioning. A number of theoretical models of diffu- €0°ling rates, larger grain sizes, and dry diffusion coefficients
sion-dominated isotopic re-equilibration have been proposed results in higher closure temperatures. Slower cooling, finer
and applied to natural examples (Eiler et al., 1992, 1994; Jenkin 9rain size, and wet diffusion coefficients give lower closure
et al., 1994; Massey et al., 1994; Sharp and Moecher, 1994; temperatures. No combination of variables was found in the
Farquhar et al., 1996; Ghent and Valley, 1998). The results of Models, including a search for a specific cooling rate, that
model calculations are highly specific to each rock investi- reproduced measured isotopic compositions within analytical
gated; nevertheless, it is evident that re-equilibration during uncertainty. The predictions of model calculations agree qual-
cooling can produce the entire range of discordant temperaturesitatively, if not quantitatively, with observations. Qinglongshan
observed in natural samples, including the reversal of equilib- €clogites have variable quartz-phengite fractionations of 2 to 3
rium partitioning. A common theme of experimental research is (1000lnx), low quartz-rutile temperatures, and garnet-ompha-
the role of water in accelerating oxygen diffusion in minerals cite fractionation reversals. The high quartz-garnet tempera-
(Elphick et al., 1988; Sharp et al., 1991; Watson and Cherniak, tures are puzzling, however, in view of the computed behavior
1997). Dry rocks are more likely to record higher apparent in which garnet remains unchanged but quartz increases in
temperatures than wet rocks, a concept graphically portrayed in "0, which should lead to lower apparent temperatures. Test
the phrase hydrothermal quench (G. R. T. Jenkin, pers. com- calculations comparing the Fast Grain Boundary (FGB) model
mun.). According to this idea, a high temperature metamorphic of Eiler et al. (1994) and the Giletti (1986) model embodied in
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Fig. 5. Diffusional re-equilibration of eclogite (QL-1B) during cooling from 850° to 400°C at a cooling rate of 75°C per
million years (cooling rate after Gebauer et al., 1997). Whole @0 values calculated from modal abundances and
analyzed mineral compositions. Fast Grain Boundary model of Eiler et al. (1992,1994). Diffusion data of Giletti and
Yund,1984; Farver and Giletti, 1985; Fortier and Giletti, 1989; Farver, 1989; Fortier and Giletti, 1991; Sharp et al., 1991;
and Moore et al., in press. Diffusion parameters for kyanite and epidote calculated after Fortier and Giletti (1989) (cf. Ghent
and Valley, 1997).

program COOL (Jenkin et al., 1994) show qualitatively similar 1992,1994; Jenkin et al., 1994; Sharp and Moecher 1994;
behaviors except that COOL closure temperatures are generallyFarquhar et al., 1996). Geodynamic models of continental
higher. The tentative nature of the calculations should be em- collision, subduction, and exhumation combined with the pres-
phasized especially as there is no experimental data availableervation of minerals susceptible to alteration such as coesite
on diffusion coefficients and pre-exponential factors for UHP suggest that UHP terrains were exhumed rapidly under dry
minerals within some 25 kilobars of coesite-eclogite facies conditions. Prediction by the FGB and COOL models of spe-
conditions. cific patterns of*®0/*®0 zonation within individual mineral
grains as a consequence of diffusional re-equilibration during
exhumation offers a new means of achieving a more definitive
interpretation of geothermometry. The advent of in situ oxygen
Previous studies (Yui et al., 1995; Zheng et al., 1996, 1998) isotope analysis (Eiler et al., 1995; Wiechert et al., 1995;
concluded that the minerals of Qinglongshan had attained high Rumble et al., 1997) brings the promise of measuring isotope
temperature oxygen isotope exchange equilibrium during UHP zoning and distinguishing between calculated models of cool-
metamorphism. The results of the present investigation suggesting behavior.
a more cautious conclusion. The data are consistent with an
approach to grain-scale oxygen isotope equilibrium under UHP 7. GEOLOGICAL IMPLICATIONS
conditions but this is seen through an obscuring veil of diffu-
sional re-equilibration and retrograde metamorphism. It has to  Qinglongshan rocks failed to achieve oxygen isotope equi-
be admitted that there are as yet no uniquely definitive conclu- librium over distances as shors & m across lithologic con-
sions to be made regarding the application of oxygen isotope tacts. Qinglongshan minerals, however, approached high tem-
geothermometry to Qinglongshan rocks. Failure to equilibrate perature oxygen isotope equilibrium at the scale of millimeter-
during prograde metamorphism, erroneous calibration of frac- sized grains. These contrasting behaviors are the basis for
tionation, diffusional re-equilibration during exhumation, ret- drawing inferences about the geologic age at which the de-
rograde mineralogical alteration, as well as analytical errors all pleted isotopic signature was acquired and about the environ-
may contribute to uncertainties in temperature estimates. Eachment of protoliths. Grain-scale equilibration between UHP
rock sample or outcrop must be evaluated in relation to mineral minerals of anomalous isotopic composition under high tem-
reaction textures and tectonic history in order to interpret perature conditions demonstrates that depletiot®@ and D
geothermometric data. In this study quartz-garnet mineral pairs was imposed prior to metamorphism (Yui et al. 1995, 1997,
give apparent temperatures most consistent with overall petro- Zheng et al., 1996, 1998; Baker et al., 1997). The persistence of
logic and tectonic evidence. The recording of high temperatures premetamorphic differences in isotopic composition between
by quartz-garnet pairs is consistent with rapid cooling of rocks different rock types throughout the collisional cycle suggests
with dry grain boundaries (Giletti, 1986; Eiler et al.,, thatinformation on protolith conditions survives to the present.

6.2.4 Evaluation of oxygen isotope geothermometry



The Qinglongshan O and H isotope anomaly 3317

7.1. Protolith Environment evidence of a fossil hydrothermal system in the Dabieshan
UHP terrain, remarkably similar to the one from Sulu described
The low 50 and3D values of eclogites and their country  herein. The Dabieshan terrain h30 depletions as low as
rocks in Table 1 record that UHP protoliths were once at or _s5 5%, in eclogite and-6.8 in country rock gneisses. The area
near Earth’s surface and were subjected to alteration in a of ynysually low §*%0 values measures 15 by 25 km. A
geothermal area charged with meteoric water from high paleo- regjonal view of the scale of structural coherence recorded by
latitude or high paleoaltitude. Groundwater from a cold cli- isotopic data may be obtained by restoring approximately 500
mate, recharged by rain, melted snow, or glacier ice is the only ym of Cretaceous left-lateral displacement on the Tanlu Fault
plausible reservoir with sufficiently low*0/*®0 and D/H (Fig. 1). The UHP terrains of Sulu and Dabieshan are contig-
ratios to accomplish the observed alteration (Craig, 1961; Tay- yous, once restoration has been made, and the ancient geother-
lor, 1974). Seawater is too enriched'ffD and D as are waters  mga| areas are made whole, as well. The length scale of the
from continental and oceanic crust and the mantle to be viable gynified geothermal areas is now seen to be 100 km; that is the
as potential agents of alteration (Yui et al., 1995, 1997; Zheng gym of 25 km in Dabieshan (Baker et al., 1997), 50 km
etal., 1996,1998; Baker et al., 1997). The proposed origin of separating Qinglongshan from the trace of the Tanlu Fault, and
the Qinglongshan oxygen and hydrogen isotope anomaly re- 25 km North and South beyond Qinglongshan. It is emphasized
sembles that deduced for many younger and less intenselythat geochemical mapping with stable isotopes in Dabieshan
metamorphosed terrains. Depletions® and D are presentin - and Sulu is incomplete, thus, estimates of the length scale of
contact aureoles of high latitude epizonal plutons (Taylor, stryctural coherence are to be understood as preliminary min-
1974) and in batholiths (Magaritz and Taylor, 1976). Negative jmum values.
values of8*®0 in basaltic rocks and associated intrusives are The combined Dabieshan-Qinglongshan oxygen and hydro-
known from the North Atlantic Igneous Province (Hattori and gen isotope anomaly is comparable to well-known geothermal
Muehlenbachs, 1982; Brandriss et al., 1995; Nevle et al., 1994). systems such as the Idaho Batholith, as reviewed by Criss and
The lowest published®O for metamorphic rocks are from Taylor (1986). The Cretaceous Idaho Batholith is intruded by a
contact metamorphosed volcanics from the former South Polar nymber of Eocene epizonal plutons, extending over a North-
region of Gondwanaland (Blattner et al., 1997). In the reported gguth distance of more than 150 km. Each of the younger
examples, meteoric water from cold climates was responsible pjytons is the center of concentric zones of progressively more
for isotopic exchange. Subjacent intrusives, epizonal, or batho- jniense hydrothermal alteration. Oxygen isotope values of
lithic plutons supplied the heat necessary to drive water circu- feldspar vary from —7 to+10 820 and hydrogen isotopes of
lation and permit isotopic exchange to proceed detectably. biotite from —170 to —705D. Note that the pattern of lateral
heterogeneity ir5*0 andsD seen at Qinglongshan is repeated
7.2. Structural Coherence in Idaho and is attributed to local disparities in water-rock
ratios caused by highly anisotropic variations in permeability.
Deducing the internal structure of UHP rocks is important ~ The most convincing evidence of structural coherence un-
because of the light it may shed on the physical mechanisms by doubtedly is supplied by geologic mapping and structural anal-
which continental collision, subduction, and exhumation is ysis. The isotopic evidence is useful in that it supports the hard
accomplished. Mapping the structure of the UHP rocks at work of field mapping. Xue et al. (1996) mapped a crystalline,
Qinglongshan is difficult because outcrops are widely scattered, folded nappe no more than a few kilometers thick, cut above
and many are deeply weathered. Furthermore, available out-and below by thrust faults and extending over 10 by 10 km in
crops show isolated occurrences of rock types such as quartzitethe Dabieshan UHP terrain. Sample traverses across the nappe
and eclogite embedded in a rather unremarkable matrix of gray show three areas in which garnets from eclogite, amphibolite,
gneisses and meta-granites lacking distinctive marker horizons.and country-rock gneisses have unusually 8%D of —5 to 0%
The observed depletion O and D of geothermal alteration ~ (Baker et al., 1997, Fig. 3, p.1688). A thrust-bounded coherent
provides a most welcome and needed pre-metamorphic bench-slab of UHP eclogite, marble, quartzite, schist, and gneiss is at
mark against which subsequent deformation can be measured Shuanghe, Dabieshan (Cong et al., 1995). The slab has been offset
An ancient geothermal system, preserved in Qinglongshan by a late, right lateral fault and is truncated by a Mesozoic granite
UHP metamorphic rocks, is the chief isotopic evidence of intrusion so its maximum extent cannot be determined. The slab is
structural coherence. Despite tectonic disruption that accompa- now exposed over a strike length of 1 km with a width of 0.2 km.
nied subduction and exhumation, isotopic evidence of geother-  The interpretation of structural coherence detailed above has
mal alteration remains recognizable over an area of 20 by 40 implications for the ongoing debate about whether UHP meta-
km. The westernmost outcrops known with 16%0 values are morphism is allochthonous or in situ. Proponents of an alloch-
from the Maobei-Mengzhong drill core (drill holes ZK-703, thonous origin cite the sheared contacts of eclogite pods and the
-2302, and -2304 ) with quartz at3.2%. (M-2A) in quartz- failure of enclosing gneiss mineral assemblages to record the
feldspar gneiss and garnets in eclogite at 0 (M-2A)tb.9%o high pressures of eclogite assemblages as evidence that
(M-1G; Fig. 1, 4; Table 1). Low'®0O rocks extend 40 km eclogites were subjected to UHP metamorphism before tectonic
North-South from Fangshan through Hushan and Qinglongshan emplacement into their presently exposed hosts (Smith, 1995;
to Yanshuifang (Fig. 1) with quartz from meta-granite—¢t.6 see reviews of Coleman and Wang, 1995; Harley and Carswell,
(FA-1A) at Fangshan, quartz at Hushan witt2.4 (HU-1B), 1995; Cong and Wang, 1996; Krogh and Carswell, 1995; and
and, far to the North, eclogite garnets wittb.4%. (YS-1) at Schreyer, 1995). In contrast, advocates of the in situ hypothesis
Yanshuifang (Fig. 1, 3; Table 1). Structural coherence has also note the presence of high pressure mineral relics in host gneis-
been demonstrated by Baker et al. (1997) who report isotopic ses (Wang, X. et al., 1995), identical ages of metamorphism for
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host and eclogites measured radiometrically (Ames et al., 1996; indicated fluid-rock behavior is consistent with a model of

Li, 1996; Rowley et al., 1997), and geologically mapped, metamorphism in which fluid is present only episodically,

structurally coherent units in UHP terrains (Compagnoni et al., when released by dehydration reactions. Fluids do not remain at
1995; Cong et al., 1995; Michaud et al., 1995; Xue et al., 1995). reaction sites but are driven away by buoyancy, facilitated by
Stable isotopic evidence of structural coherence supports the inreaction- and deformation-enhanced permeability (Rumble,
situ hypothesis. Baker et al. (1997; Fig. 5) found a virtually 1994). The coexistence of the hydrous minerals epidote and
one-to-one correspondence between &M of eclogite gar- phengite approaching oxygen isotope exchange equilibrium
nets and that of host gneisses, a relationship inconsistent withwith UHP assemblages of garnet, omphacite, and kyanite,
the proposed tectonic juxtaposition of low pressure gneisses demonstrates that water chemically bound in minerals can be
and high pressure eclogites. The results of this study are in transported to depths of at least 75-100 km into the upper

accord with the in situ hypothesis, as well. The Qinglongshan
eclogite belt, which contains quartz as low a§%. &0
(QL-2M, -20, -2Q), is flanked to the west by quartz-feldspar-
amphibole gneisses with1.7 to +2.0%0 quartz (QL-4A, -7)
and to the southeast by meta-granitoids witth.1 to —2.5%o
quartz (FA-1B, HU-1A; Fig. 2; Table 1). It should be recog-
nized that even positive values ofl.7 to +2.0 are unusually
low for gneisses of metasedimentary origin. Negative values of
—1.1 to—2.5 for meta-granitoids are still more unusual. Thus,
the entire Qinglongshan terrain is an artifact of a relict geo-
thermal system, an isotopically coherent whole that has not
been dismembered tectonically.

8. SUMMARY AND CONCLUSIONS

The preservation of an ancient geothermal system with dis-
tinctive oxygen and hydrogen isotope composition demon-
strates that slabs of UHP rocks at Qinglongshan retained struc-
tural coherence throughout the orogenic cycle. The isotopic
evidence also shows the UHP metamorphism to be in situ, not
allochthonous; that is, adjacent protoliths experienced UHP
metamorphism at the same time and under similar pressure-
temperature conditions. Neither the maximum lateral extent,
the thickness of Qinglongshan’s coherent UHP slabs, nor the
structures (presumably faults) bounding the slabs are known.
The 5 km deep scientific drill hole planned by the Chinese
Academy of Geological Sciences at Maobei (near Mengzhong,
Fig. 1) will provide definitive information on slab thickness and
bounding structures by direct sampling (Prof. Xu Zhigin, pers.
commun.).

Given that the length scale of oxygen isotope equilibration
across lithologic contacts between UHP rocks was less than
3 m, itis clear that no isotopic exchange could have taken place
between subducted crustal rocks and the upper mantle. Th
closest pristine mantle samples are xenoliths in Neogene vol-
canics erupted along the Tanlu fault. Clinopyroxene from the
xenoliths hass*®0 of +5.5 to +5.8 (Xu,Y.G. et al., 1996) in
comparison to omphacites with 10 to —11%. at Qinglong-
shan.

The data do not support the presence of a pervasive fluid free
to infiltrate across lithologic contacts during metamorphism.
The persistence of pre-metamorphic differences in isotopic
composition between dissimilar rock types indicates the lack of
flowing fluid to mediate isotope exchange. The preservation of
high-temperature oxygen isotope fractionations between UHP
minerals indicates dry, not wet conditions after the peak of
metamorphism. The dramatic effects of retrograde isotope al-

teration, discussed above, as well as retrograde mineral reac-

tions illustrate the devastating impact on these rocks when
fluids gain access to them following UHP metamorphism. The

mantle.
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