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Occurrences of intergranular coesite in ultrahigh-P rocks from the Sulu region,
eastern China: Imptications for lack of fluid during exhumation
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Ansrnlcr

Several coesite grains along garnet-omphacite grain boundaries were discovered in eclo-

gites from Yangkou Beach ofthe Sulu region, eastern China. These gtains exhibit variable

extents ofconversion ofcoesite to palisade- through mosaic- to granoblastic-quartz aggre-
gates. The rare occurrence of intergranular and matrix coesite in ultrahigh-pressure (UHP)

crustal rocks is related to the fast rate of exhumation and the low amount of fluid infiltra-

tion required during retrograde recrystallization. Sluggish reactions due to the lack of fluid

in both UHP and retroglade metamorphism resulted in the occurrence of intergranular

coesite in these eclogites, the preservation of gabbroic texture and relict igneous minerals,

and the metastable persistence of low-P assemblages in the coesite-stability field.

Irvrnooucrrox <200 "C. All recognized UHP minerals such as coesite

when C. Chopin discovered inclusions of relict coesite and microdiamond occur only as inclusions in rigid

in pyrope porphyroblasts of quartzite from th;;;; minerals such as zircon' garnet' omphacite' and kyanite

Alpine Dora Maira Massif in 1984, it *u, urr,r,o"i-ri* {":t'., 91:* 
and Sobolev 1995)' inasmuch as rapid ex-

the matrix quartz of the rock was also on.. 
"o"r^lt"*t..i, 

hl-u*?-l invariably converted coesite to quartz aggre-

chopin et al. l99l; Schreyer 1988). Durins th;;";;; 9il:::IT,ll"ssure-vesselefectrestrictsthecoesite-quartz
from mantle depths to crustal levels, the mafii;;il re^trogression to only moderate amounts (-25-30 volo/o)

recrystallized completely under amphiUofit.-fu"i"t".oo- of the large-volume polymorph before the host garnet

ditions to intergranular polygonal qrru.t, uggr";; ffi1 fractures' allowing ingress of fluid and more complete

undulatory extinction (e.g., Schertl et al. l99l; Michard conversron'

et al. 1995). Subsequent studies of other uftruttigi-pit] ^ 
In our on-going study of UHP rocks from the Dabie-

sure (UHP) regions have revealed accumulating';Tid:;;. Sulu region' we have found several intergranular coesite

of UHP metamorphism of supracrustal rocks ;il ffi crystals in some eclogites from the Sulu UHP region'

been taken to mantle depths. These includ. t*;;; easternmost China' This short paper describes their oc-

rence of microdiamond and coesite inclusions i; ;;;t 
culrence and P'T condition of formation as well as im-

and zircon from pelitic gneiss and carbonate;;il t:h" plicationsfortheroleoffluidandtherateofexhumation

Kokchetav Massif, northern Kazakhstan 1e.g., Sobolev of the UHP metamorphic reglon'

and Shatsky 1990; Shatsky et al. 1995) and inclusions of n-----
coesite or coesite pseudomorphs in zircon, garnet, jadeite, DnscnrrrroN oF INTERGRANUT'AR COESTTE IN

and dolomite of calc-silicate rocks and jadeite quartzite UHP nclocrrn

from the Sulu-Dabie region of east-central China (e.g., Intergranular coesite crystals occur in eclogitic rocks

Schertl and Okay 1994; Sobolev et al. 1994; Wang et al. from a UHP metamorphic slab at Yangkou Beach near

1995;ZhangundLiou 1996a;Liouetal.1996).Thepres- QingdaointheSuluregion(ZhangandLiou 1996c).The

ervation olcoesite and microdiamond in UHP crustal UHP rocks are blocks of metagabbro, metagranitoid, ul-

rocks depends on many petrochemical and tectonic fac- tramafic rock, and mylonitic orthogneisses of variable bulk

tors, including rate of eihumation, fluid content, and P-T composition enclosed in granitic gneiss; the latter consists

conditions of superimposed retrograded metamorphism, of plagioclase + potassium feldspar + quattz + epidote

and possibly other unknown factois. Rigid minerals such + muscovite, with minor garnet and titanite. Metagran-

u, ,i^r"on, garnet, and omphacite are the most common itoid with relict igneous microcline and granitic texture

containers preserving thes; UHP minerals. However, to contains high-P minerals, including omphacite and gar-

ourknowledge,intergranularcoesiteormatrixcoesitehas net (Hirajima et al. 1993). Similarly, various stages of

not been deicribed in rocks from any recognized UHP recrystallization from metagabbro with relict igneous tex-

terranes. Employing elastic calculations, Gillet et al. (1984) tures and minerals (augtte, bronzite, biotite, and ilmenite)

and Van der Molen and Van Roermund (1986) conclud- to weakly eclogitized gabbro containing neoblastic om-

ed that coesite can be preserved as inclusions only if 7 is phacite * zoisite * kyanite + garnet, to the assemblage
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600-700t, > 15 kbar
Frcunn l. Schematic of steps and summarized p-f estimates

for transformation of gabbroic to coesite eclogite assemblages
from Yangkou Beach, eastern China.

sodium plagioclase * muscovite + kyanite + zoisite +
garnet, and to coesite-bearing eclogite were identified in
a single mafic block 20 m long; details of this mineralogic
transformation are describedby Zhangand Liou (1996c).
Igneous augite of the metagabbro is rimmed by sodic au-
gite or omphacite, and orthopyroxene is rimmed by a
corona of cummingtonite + actinolite and omphacite *
quartz layers. Coarse plagioclase grains (>75 volo/o) are
replaced by very fine-grained skeletal aggregates ofalbite
* zoisite * muscovite, primary biotite by an aggregate
of neoblastic muscovite flakes + fine-grained relict bio-
tite, and ilmenite grains by irregularly shaped rutile ag-
gregates. Thin coronas of fine-grained garnet developed
at interfaces between plagioclase and other phases. In
transitional rocks, augite and orthopyroxene are totally
replaced by omphacite (Jdro); the lower pressure assem-
blage albite + kyanite * phengite + zoisite * garnet
coexists with domains of omphacite (Jd?0_i3) + kyanite
* phengite (Si. r) in plagioclase pseudomorphs. Both
massive and weakly deformed coesite-bearing eclogites
at the margins of the block contain omphacite (Jdru_rr) +

Frcunr 2. Plane-light photomicrograph of an intergranular
coesite grain at the contact between garnet (Grt) and omphacite
(Omp) crystals of eclogite (95YK-4E) from Yangkou Beach. Note
the thin rim of palisade qtaftz around the coesite crystal and
the well-developed cleavage of the relict coesite crystal. Width
o f  v i e w : 0 . 3 7  m m .
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Transformation of gabbro to coesite eclogite

Frcunr 3. Plane-light photomicrograph of an intergranular
coesite grain at the contact between garnet (Grt) and omphacite
(Omp) crystals of eclogite (95YK-4E) from Yangkou Beach. Note
advanced conversion ofcoesite to quartz aggegates around the
rim and along cleavages, with a few relict coesite strips. Width
of view : 0.37 mm.

kyanite + garnet * phengite (Siro_rr) + zoisite + coesite
or quartz * rutile and preserve a faint gabbroic texture.
Abundant coesite relics occur as inclusions in garnet and
omphacite and exhibit limited conversion to palisade
quartz aggregates. Some were also identified as intergran-
ular grains in the matrix as described below. Eclogites do
not show distinct retrogression. Figure I summarizes the
stages and the estimated P- I conditions for the transfor-
mation from recognized corona metagabbro through
transitional to coesite eclogite assemblages.

Figure 2 shows an oval-shaped coesite grain 0.06 mm
in diameter at the boundary between garnet and two om-
phacite grains in eclogite sample 95YK-4E; a rutile grain
occurs nearby. The coesite shows a thin palisade ofquartz
aggregates around its rim, with sharp contacts against both
garnet and omphacite. This texture is similar to other
recognized coesite inclusions in UHP rocks, including the
one in dolomite from eclogite enclosed within impure
marble (see Fig. 28 of Zhang and Liou 1996a). Another
intergranular coesite crystal displaying advanced conver-
sron to qvartz aggregates (Fig. 3) occurs along a garnet-
omphacite grain boundary in the same eclogite sample.
More than 600/o of the coesite has been converted to quartz
aggregates around the margin and along the cleavage of
the original coesite crystal; several minute coesite string-
ers are preserved. The radial texture ofquartz aggregates
replacing intergranular coesite is illustrated in Figures 4
and 5. In another eclogitic sample (92SL-lD), the initial
growth ofquartz aggregates at the boundary between gar-
net and omphacite exhibits a radiating palisade texture
(Fig. 4); later-grown q\aftz aggregates at the center ofthe
pseudomorph show mosaic or patchy textures similar to
those generated in the laboratory during the experimental
transformation of a synthetic coesite rock to qvartz ag-
gregates (Bohlen and Mosenfelder 1995). Figure 5 shows
quartz aggregates after coesite included in garnet and as
an intergranular grain along a garnet-omphacite bound-



Frcunr 4. Cross-polarized photomicrograph of polycrystal-
line aggregates of quartz after intergranular coesite at the contact
between garnet (Grt) and omphacite (Omp) crystals of eclogite
(92SL-1D) from Yangkou Beach. Note the characteristic radial
growth texture at the rim and the mosaic texture at the center.
Width of  v iew:0.37 mm.

ary (95YK-4E). Several domains of quartz aggregates oc-
cur; those at the contact with garnet and omphacite show
palisade growth texture, whereas those at the center ex-
hibit a fine-grained mosaic intergrowth.

Very similar intergranular coesite rimmed with thin
palisade-quartz aggregates occurs at the grain boundary
of a grospydite xenolith from the Roberts-Victor kim-
berlite, South Africa (Smyth 1977).It these rocks, coarse-
grained coesite occurs as a primary phase as inclusions
or along grain boundaries of kyanite, garnet, sanidine,
and clinopyroxene; polycrystalline quartz ag1tegates are
well developed around the rim and along internal frac-
tures. An example is shown in Figure 6.

The two eclogite samples from China with intergran-
ular coesite also contain medium-grained garnet + om-
phacite + kyanite + phengite + rutile with abundant
inclusions of both coesite and coesite pseudomorphs in
garnet and omphacite. Garnet from the coesite eclogites
is rich in almandine and grossular components (Almoo-ro-
Spso r-, rGrsro-rrPrp,u-,r), whereas the jadeite component
in omphacite varies from 56 to 73 molo/0. Phengite has
3.4-3.5 Si atoms pfu. Peak P-Z conditions of the coesite
eclogites range from 790"C (95-YK-4E) to 850'C (92SL-
lD) at P > 28 kbar. These eclogites show very minor
retrogression; omphacite grains are not bordered by sym-
plectic intergrowths of amphibole * plagioclase as is
common in other UHP rocks, and only rare garnet crys-
tals are rimmed by taramitic amphiboles.

DrscussroN
The kinetics of the coesite + quarlz transformation

and the preservation of coesite during exhumation of UHP
rocks have attracted a great deal ofattention in terms of
both natural observation and experimental investigation
(e.g., Rubie 1990; Mosenfelder et al. 1994 Hacker and
Peacock 1995; Bohlen and Mosenfelder 1995). Our pre-
vious petrologic studies of many inclusions of coesite and
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Frcunr 5. Cross-polarized photomicrograph of polycrystal-
line aggregates of quartz after intergranular coesite at the contact
between garnet (Grt) and omphacite (Omp) crystals of eclogite
(95YK-48) from Yangkou Beach' Note an inclusion of quartz
aggregates after coesite in gamet. p1p : phengite. width of view
:0 .37  mm.

coesite pseudomorphs in garnet and omphacite have de-
lineated the following steps for the conversion: (l) growth

of fi ne-grained, thin, palisade-quartz aggregates from the
grain boundary inward (Figs. 2 and 6); (2) coarsening and
coalescing of palisade-quaftz Io mosaic-quartz aggregates
and progressive conversion of coesite to quartz along
cleavages of coesite, preserving relict coesite islands (Fig.

3); (3) total replacement of coesite by fibrous quartz ag-
gregates with mosaic-quartz boundaries (Fig. 4); (a) po-

lygonal coarser grained quartz aggregates resulting from
prolonged annealing; (5) recrystallization of quartz age-
gates to a few coarser quartz crystals with a granoblastic

texture; and (6) formation of a single quartz grain with

either homogeneous or undulatory extinction. This trans-

Frcunr 6. Cross-polarized photomicrograph of several in-

tergranular coesite grains (Coe) in grospydite from the Roberts-

Victor kimberlite, South Africa (Smyth 1977). Note the coarse-
grained size of these coesite crystals and the polycrystalline quartz

aggregates around the rim and along internal fractures, as well

as an inclusion of coesite and quartz aggregates after coesite in
garnet (Grt). Cpx : clinopyroxene, Ky : kyanite. Width of view
: 0 . 7 4  m m .
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formation process suggests that conversion of coesite to
quartz aggregates does not take place by epitaxial growth
but is due to a reconstructive, interface-controlled mech-
anism (Bohlen and Mosenfelder 1995). photomicro-
graphs of these stages have been published (e.g., Zhang
and Liou I 996b); various stages ofthe conversion process
ofcoesite + quartz aggregates can be observed in a single
thin section. The rate of the transformation has not been
well determined, but it must depend on factors such as
the exhumation rate and the P-T path of a UHp slab, the
availability of fluid during retrogression, and the grain
size ofprecursor coesite. Similar textures for different ex-
tents of transformation of synthetic coesite rock to
quartzite have been documented in the experimental ki-
netic studies (Mosenfelder et al. 1994; Bohlen and Mo-
senfelder 1995).

The finding of intergranular coesite and coesite pseu-
domorphs described above in Yangkou Beach is unique.
Metagabbro and metagranitic rocks with preserved relict
igneous minerals and textures occur at this locality; they
represent the early stages of a progressive conversion of
metagabbro to coesite-bearing eclogites (Zhang and Liou
1996c). Moreover, most of these UHP eclogites show only
incipient retrogression, with only minor late-stage am-
phibole. These petrologic features together with the oc-
currence of intergranular coesite grains suggest slow re-
action kinetics. Lack of fluids during and after the UHp
metamorphism may be the key to such sluggish prograde
and retrograde reactions; reconnaissance experiments by
Dachille et al. (1963) indicate that the coesite + quartz
reaction is sluggish in the absence of HrO. This suggestion
is consistent with the occurrence of similar intergranular
coesite grains (Fig. 6) from a mantle-derived grospydite
xenolith in a kimberlite pipe in South Africa and with
the extremely negative d'8O values for garnet, omphacite,
phengite, and quartz from nearby eclogites and quartzites
ofthe Sulu region (Yui et al. 1995).

Minor hydrous and carbonate phases, including talc,
epidote-zoisite, phengite, nybdite, magnesite, and dolo-
mite, have been identified as matrix phases or as mineral
inclusions in some UHP rocks from the Dabie-Sulu ter-
ranes, and it has been suggested that they are important
carriers of minor amounts of fluid to mantle depths (e.g.,
Liou et al. 1995). Petrologic and geochemical data indi-
cate that most of the HrO and CO, is bound within these
phases in cold subduction zones during UHP metamor-
phism of sialic continental materials; a separate UHp flu-
id phase is not likely. The very limited devolatilization
from a cold subducting slab at mantle depths may fail to
induce large-scale partial melting, accounting for the ab-
sence of a typical calc-alkaline magmatic arc.

In comparison with typical crustal and mantle d'8O val-
ues of +2 to +7Va. some eclogites and interlayered
quartzites from the Sulu UHP terrane have the most neg-
ative d'8O values ever recorded for high-Z silicates such
as garnet, omphacite, quartz, and phengitic mica, ranging
from -10.4 to -7.3Vu (yui er al. 1995). Near isotopic
equilibrium among minerals and host rocks suggests that
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these rock types must have acquired such low negative
6'80 compositions before the UHP metamorphism, ap-
parently through near-surface meteoric water-rock inter-
actions. The rocks were then subducted to mantle depths
during continent-continent collision, forming UHP min-
erals with concomitant O-isotope redistribution. Such a
hypothesis suggests that fragments of old continental ma-
terials with strongly negative D'8O compositions were iso-
lated from fluid interaction during their descent to mantle
depths and later returned to the surface.

The extremely rare occurrence of intergranular or ma-
trix coesite and coesite pseudomorphs suggests that the
lack of fluid during exhumation of UHP rocks may play
a more important role than the pressure-vessel effect on
the preservation of coesite described by previous inves-
tigators. Except for mantle-derived eclogitic rocks such
as the one from the Roberts Victor kimberlite (Fig. 6;
Smyth 1977), mosaic and granoblastic quartz aggregates
in the matrix have been documented in pyrope quartzite
(e.g., Chopin 1984), calc-silicate country rock ofeclogite-
bearing unit (Zhang and Liou 1996a), and jadeite quartz-
ite and its adjacent quartz-rich eclogitic layer (Liou et al.
1 996). Therefore, positive identification of intergranular
or matrix coesite in UHP rocks strongly indicates the lack
of fluids during rapid exhumation.
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