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AB STRACT

Eclogite com po si tions are crit i cal pa ram e ters for un der stand ing chem i cal evo lu tion in the Earth, par tic u larly in subduction 

zones. A group of eclogites from the Sulu ul tra-high pres sure (UHP) meta mor phic terrane in east ern China shows un com mon

petrographic and compositional fea tures. They are char ac ter ized by (1) zoisite porphyroblasts co ex ist ing with in clu sion-free,

in clu sion-con tain ing, and net work kyan ite, (2) high Al2O3 of 18.4 - 29.2% with high MgO of 8.59 - 11.3%, and (3) in ten sive

HFSE-REE fractionations rep re sented by [Zr/Sm]ch and [Ti/Gd]ch ra tios of 0.1 - 3.9 and 1.1 - 9.0, re spec tively. High-pres sure

flu ids played a ma jor role on de vel op ing these fea tures. Kyan ite shows two tex tural va ri et ies. KyI is in clu sion-free and in

ap par ent tex tural equi lib rium with gar net and omphacite, im ply ing for ma tion from plagioclase break down. KyII in cludes

kyan ite net works and porphyroblasts; the for mer oc curs mostly in gar net, whereas the lat ter en closes gar net and omphacite

grains. KyII were crys tal lized at the ex pense of gar net and omphacite dur ing eclogite-fluid in ter ac tion. The low [HREE]ch ratios 

of 1 - 2 in di cate that the protoliths were arc cumulates. The well-de fined in verse Al2O3-SiO2 and Al2O3-CaO cor re la tions are

not the char ac ter is tics of ig ne ous pre cur sors; there fore, must re flect meta mor phic mod i fi ca tions. The com par i son to mafic

cumulates shows that the low-Al sam ples are compositionally better rep re sen ta tives of protoliths. Mass bal ance cal cu la tions

point to an ol iv ine gabbronoritic protolith. The in ten sive HFSE-REE frac tion ations re flect compositional dif fer ences be tween

two sam ple groups. Group I sam ples have superchondritic HFSE-REE ra tios [(Nb/La, Zr/Sm, Ti/Gd)ch = 2 - 7] with de ple tions

in LREE. In con trast, group II sam ples show HFSE de ple tions and LREE en rich ments. These compositional dif fer ences were

ex plained as re flect ing el e ment mo bil ity dur ing eclogite-fluid in ter ac tion. Re leased at tem per a tures > 750°C, the high-pres sure

flu ids were en riched in HFSE, REE, and LILE. Upon mi gra tion, the flu ids first pre cip i tated HFSE into the group I sam ples,

then, LILE and LREE into the group II sam ples. This model is sup ported by the oc cur rence of zoisite porphyroblasts in the

group II sam ples, and in ter sti tial zir con and clus ters of small rutile grains along an nealed frac tures in the group I sam ples. Our

in ter pre ta tion for the ob served compositional vari a tions im plies lim ited el e ment mo bil ity dur ing subduction and exhumation of 

continental lithosphere, consistent with existing models, which proposed that the chemical flux to metasomatized mantle

wedge is mainly from subducted sediments.
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1. IN TRO DUC TION

Mod els for mass trans fer in subduction zones are mainly 

built upon el e ment fractionations in subducted ma te ri als and

erupted arc lavas. Com pared to that of arc lavas, com po si -

tions of eclogites are di verse, pro vid ing crit i cal in for ma -

tion for com pre hend ing subduction zone pro cesses (e.g.,

Spandler et al. 2003; John et al. 2004). Var i ous ex tents of

el e ment frac tion ation have been doc u mented from the
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com po si tions of eclogites hav ing an oce anic af fin ity. The

compositional sim i lar i ties be tween the Al pine eclogites

and their pre cur sors led Chalot-Prat et al. (2003) and Miller 

et al. (2007) to con clude isochemical meta mor phism dur -

ing subduction and ex hu ma tion of the Tethys litho sphere.

In con trast, us ing a da ta base com piled from the Al pine,

Münchberg, and Variscan eclogites, Becker et al. (2000)

argued that subducted al tered oce anic crust can lost > 95% 

K and Ba with < 10 - 20% de creases in the abun dances of

high-field strength el e ments (HFSE), Th, Nd, Sm, and

heavy- rare-earth el e ments (HREE). Some Zam bia eclo -

gites, how ever, have Zr/Sm and Nb/La ra tios higher than

their MORB-like protoliths, re flect ing rel a tively in ten sive

light-REE (LREE) and mid dle-REE (MREE) re moval by

flu ids with out changes on the HFSE bud gets dur ing sub -

duction (John et al. 2004). In con trast to the im mo bile be -

hav ior of HFSE in most eclogite suites, the oc cur rence of

rutile and zir con in an eclogite-fa cies vein from the West -

ern Alps in di cates that HFSE can be mo bile in the eclogite

sta bil ity field (Rubatto and Hermann 2003). The ab sence of 

zir con from the rutile-en riched veins and segregations in

the Tianshan subudction com plex (mainly blueschists and

eclogites) pro vides ev i dence for Zr and Hf de coup led from

Ti, Nb, and Ta (Gao et al. 2007). These re sults lead to a ge -

neral mo bil ity or der of LILE (large-ion lithophile el e ments)

> LREE > MREE > HFSE > HREE for the for ma tion of

eclogites hav ing an oce anic af fin ity. The dif fer ence in el e -

ment mo bil ity re flects meta mor phic pres sure-tem per a ture

(P-T) con di tions and the amount of fluid that in ter acted

with eclogites (e.g., Hermann et al. 2006; Gao et al. 2007).

In con trast to the pros per ous da ta base for eclogites hav -

ing an oce anic af fin ity, el e ment frac tion ation dur ing sub -

duction and ex hu ma tion of con ti nen tal crust has not been as

in ten sively in ves ti gated. Meta mor phosed at ul tra-high pres -

sures (UHP), eclogites from the Dabie-Sulu meta mor phic

terrane in east ern China have drawn much at ten tion in the

last de cade. While most stud ies fo cused on the con ti nen tal

na ture of protoliths (Jahn 1998, 1999; Zheng et al. 2003) and 

min eral char ac ter is tics at the UHP con di tions (e.g., Zhang et

al. 1995; Hwang et al. 2000; Ye et al. 2000), Liu et al. (2007)

re ported a prom i nent compositional fea ture from the high

Fe-Ti eclogites in the Sulu terrane. That is the Ti-en rich ment

ac com pa nied by de ple tions of other HFSE (Nb, Ta, Zr, and

Hf). Based on mass bal ance cal cu la tions, they con cluded

that such a de coup ling be tween HFSE re flects protolith cha -

r ac ter is tics. In con trast, Zhao et al. (2007) em pha sized that

the andesitic com po si tions of some eclogites and am phi bo -

lites re cov ered from the Chi nese Con ti nen tal Sci en tific Dril -

l ing (CCSD) pro ject were re sulted from meta mor phic mod i -

fi ca tions. They also pro posed that the phengite-free eclo -

gites with strong de ple tions in LREE and LILE were res i -

dues af ter melt ex trac tion. Al though sig nif i cant amounts of

wa ter were also re leased dur ing UHP meta mor phism (e.g.,

Chen et al. 2007; Zhang et al. 2008), lit tle is known about the 

chem i cal im pacts of high-pres sure flu ids on eclogites with a

con ti nen tal af fin ity, hin der ing a thor ough un der stand ing on

el e ment cy cling within the in te rior of the Earth.

In this con tri bu tion, we pres ent un usu ally high Al2O3

con cen tra tions and in ten sive REE-HFSE fractionations from

a sub group of kyan ite eclogites col lected near the CCSD

site. Based on petrographic tex tures, mass bal ance cal cu la -

tions and com par i sons to ig ne ous pre cur sors, we show that

these compositional fea tures were re sulted from in ter act ing

with high-pres sure flu ids. We also sug gest that the ob served

el e ment fractionations oc curred in a lim ited scale; there fore,

did not con trib ute sig nif i cantly to the el e ment fractionations

in subduction zone lavas.

2. GEO LOG I CAL SET TING AND SAM PLES

The Dabie-Sulu orogenic belt in east-cen tral China is a

sur face man i fes ta tion from col li sion be tween the Sino-

 Korean and Yang tze cratons (Fig. 1). The east ern Sulu ter -

rane is off set ~530 km to the north of the west ern Dabie

terrane by the NE-trending Tanlu fault on the west. Bounded

by the Wulian-Qingdao-Yantai fault (WQYF) on the north -

west and the Jiashan-Xianshui fault (JXF) on the south east,

the Sulu terrane has been di vided into north ern UHP and

south ern high-pres sure (HP) meta mor phic zones (Zhang et

al. 1995; Fig. 1). In the UHP zone, eclogites and ser pen -

tinized peri dot ites oc cur as lay ers and blocks in gneiss es and

schists or as “boudins” and nod ules in mar bles (e.g., Zhang

et al. 1995). These meta mor phic rocks are over lain by Ju ras -

sic sed i men tary and Cre ta ceous volcanoclastic suc ces sions,

which were in truded by post-orogenic Me so zoic gran ites.

Protoliths of the meta mor phic lithologies are Neopro tero -

zoic with sub or di nate amounts of Paleoproterozoic-Archean 

relicts (sum ma rized by Zheng et al. 2003). The oc cur rence

of coesite in eclogites, ultra mafic rocks, and coun try gneisses

is in dic a tive of UHP meta mor phism (e.g., Hirajima et al.

1990; Liou and Zhang 1996; Kato et al. 1997). Equi lib rium

P-T cal cu la tions and geo chron ol ogi cal stud ies on these meta -

mor phic lithologies con cluded peak meta mor phism at 680 -

890°C and 28 - 44 kb (Zhang et al. 1995, 2006) dur ing 210 -

230 Ma (e.g., Li et al. 1993, 2000; Ames et al. 1996) fol -

lowed by am phi bo lite fa cies ret ro gres sion at 180 - 200 Ma

(e.g., Chavagnac and Jahn 1996; Li et al. 2000). The HP belt

con sists of quartz-mica schists, mar bles and rare blueschists. 

They have not been in ten sively in ves ti gated due to scarce

out crops. Eclogite sam ples were ex ca vated from a quartz

crys tal min ing pit, which was ~5 m deep with a sur face area

of ~20 m2 and was lo cated ~1 km south east of the CCSD

site. The spa tial re la tion ships of these sam ples are un cer tain

be cause of the lack of ex posed out crops.

3. PETROGRAPHIC DE SCRIP TIONS

The eclogite sam ples are com posed mainly of gar net
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and omphacite with di verse pro por tions of phengite, kyan -

ite, zoisite, rutile, and zir con. On hand spec i men and thin

sec tion scales, seven of the nine eclogite sam ples show

banded tex ture of al ter nat ing 0.5 - 5 mm gar net-rich and

omphacite-rich lay ers (Fig. 2a). Gar net and omphacite oc cur 

as anhedral to subhedral grains or as in clu sions in kyan ite,

zoisite, or phengite porphyroblasts (> 6 mm). With out the

banded tex ture, sam ples MB004 and 0724 are char ac ter ized

by ag gre gates and porphyroblasts of gar net and omphacite.

Kyan ite pro por tion var ies in a large range of 1 - 24 vol%

(Ta ble 1). Zoisite is rare in sam ples MB004, MB006, MB99-2,

and 0724 (£ 0.2%), but com mon in other five sam ples (4 -

20 vol%; Ta ble 1). Other ac ces sory min er als in clude phen -

gite, rutile, zir con, and ret ro gres sion phases, such as am phi -

bole, plagioclase, and epidote. Quartz only oc curs as a mi nor 

phase in amphibolitic veins.

The sam ples are dis tinct from most Sulu eclogites for

con tain ing sig nif i cant amounts of kyan ite. The kyan ite grains

are clas si fied into two tex tural groups. KyI is in clu sion-free,

anhedral, tex tur ally in equi lib rium with gar net and om pha -

cite (Fig. 2b), and usu ally < 3 mm. An other group of kyan ite

ini tially crys tal lized along the grain bound aries and frac tures 

within gar net and, in rare case, omphacite, form ing ir reg u lar

net works as de scribed in Zhang et al. (1995) (Fig. 2c). Con -

tin u ous crys tal li za tion of such an ir reg u lar net work could

form kyan ite porphyroblasts of up to 9 mm, en clos ing gar -

net, sub or di nate amounts of omphacite, and rare rutile grains 

(Fig. 2d). The ir reg u lar net work and in clu sion-con tain ing

kyan ite are re ferred to as KyII, which ap par ently crys tal lized

at the ex pense of gar net, omphacite, and rutile.

Zoisite gen er ally oc curs as subhedral elon gated por phy -

roblasts aligned along gar net-omphacite lay ers. They usu -

ally con tain gar net, omphacite, phengite, and KyI in clu sions

(Fig. 2e). Some zoisite grains show net work tex ture sim i lar

to that of KyII.

Most phengite grains (< 1.8 mm) are in tex tural equi lib -

rium with gar net, omphacite, and KyI (Fig. 2b). Few ph -

engite grains oc cur as in clu sions in gar net, omphacite, zo -

isite, and am phi bole. Mus co vite and bi o tite only oc cur in the 

amphibolitic veins and symplectites. In sam ples MB99-1,

MB99-3, and MB99-4, phengite porphyroblasts (> 3 mm)

con tain gar net, omphacite, and rutile in clu sions.

Rutile grains of 0.05 - 0.7 mm in di am e ter are tex tur ally

in equi lib rium with gar net and omphacite. Clus ters of smaller

rutile in clu sions (10 - 50 mm, mostly < 20 mm) oc cur along

an nealed frac tures or veins in gar net and omphacite (Fig. 2f).

They are com mon in sam ples MB004, MB006, and 0724,

and less abun dant in sam ple MB99-2, but rare in other sam -

ples. Zir con (~35 mm) with gar net and omphacite in clu sions

oc curs as in ter sti tial grains or near frac tures within gar net

and omphacite.

Based on these petrographic tex tures, it is in ferred that

gar net, omphacite, phengite, and KyI were equil i brated at

peak meta mor phism. KyII, zoisite, and prob a bly some phen -

gite crys tal lized dur ing early ret ro gres sion. Symplectites and

veins formed when the eclogites ex humed to shal lower le -

Kyan ite For ma tion and El e ment Fractionations in Eclogites 279

Fig. 1. A sim pli fied geo log i cal map for the rect an gle area in the lower in sert show ing the eclogite out crops near the Donghai County in the Sulu meta -

mor phic terrane. The star in di cates sam pling lo cal ity, which is ~1 km south east of the CCSD drill ing site (34°25’N, 118°40’E). The up per in set shows

the Qinling-Dabie-Sulu col li sion zone lo cated at east-cen tral China with a rect an gle en clos ing the Sulu terrane, which is bounded by the

Wulian-Qingdao-Yantai fault (WQYF), Jiashan-Xianshui fault (JXF) and Tanlu fault. The area in the rect an gu lar is en larged at the lower in sert,

which il lus trates the UHP and HP meta mor phic belts in the Sulu meta mor phic terrane.

(a)

(b)



vels. The pro por tions of veins and symplectites are < 3 vol%

(Ta ble 1), ex cept for sam ples MB99-3 (7.3 vol%) and

MB004 (5.6 vol%). There fore, the com po si tions of these

eclogites were not sig nif i cantly mod i fied dur ing ex hu ma tion 

to shal lower lev els.

4. AN A LYT I CAL METH ODS

Min eral com po si tions (Ta ble 2) were de ter mined by

elec tron microprobe with wave length dispersive spectro -

meters (WDS; JEOL JXA-8900R) at the In sti tute of Earth

280 Liu et al.

Fig. 2. Pho to mi cro graphs (a), (b), (e) and SEM BSE im ages (c), (d), (f). (a) Al ter nat ing gar net-rich and omphacite-rich lay ers re flect ing meta mor phic

dif ferentiation (sam ple MB99-2; crossed polars). (b) Peak meta mor phic as sem blage rep re sented by the co ex is tence of gar net (Grt), omphacite

(Omp), phengite (Phen), and kyan ite (KyI) (sam ple MB99-1; crossed polars). (c) Ir reg u lar kyan ite net work (KyII) crys tal lized along frac tures within

gar net, in di cat ing crys tal li za tion af ter gar net (sam ple MB99-3). (d) A kyan ite porphyroblast (KyII) con tain ing gar net, omphacite, and rutile in clu sions

(sam ple MB006). The num bers la bel omphacite in clu sions and grains of same ex tinc tion an gles. (e) An elon gated zoisite porphyroblast (Zo) with KyI, 

gar net, and omphacite in clu sions (sam ple MB99-1; crossed polars). (f) A clus ter of small rutile in clu sions (10 - 50 mm, mostly < 20 mm) crys tal lized

along an nealed frac tures and veins in a gar net grain (sam ple MB004).

(a) (b) (c)

(d) (e) (f)
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Sciences (IES), Ac a de mia Sinica, and with an en ergy dis -

persive spec trom e ter (EDS; Hitachi S-3000N) at the Na -

tional Sun Yat-Sen Uni ver sity. The an a lyt i cal con di tions and 

data re duc tion are de scribed in Liu et al. (2007).

Abun dances of ma jor ox ides and trace el e ments were

de ter mined us ing a X-ray flu o res cence (XRF) spec trom e ter

at the Uni ver sity of Mas sa chu setts and an in duc tively cou -

pled plasma mass spec trom e ter (ICP-MS; Agilent 7500ce)

at the De part ment of Earth Sci ences, Na tional Cheng-Kung

Uni ver sity (NCKU) fol low ing the pro ce dures of Liu et al.

(2007). The ac cu ra cies and precisions were < 1% for XRF

and ~5% for ICP-MS anal y ses (Liu et al. 2007; Ta ble 3).

Low val ues for Nb, Ta, Zr, Hf, and La were con firmed by the 

stan dard ad di tion method. The ICP-MS and XRF data for

Ti, Sr, Zr, Y, Cr, Ni, and Ba gen er ally agree with in 10%

(Table 3). The rel a tively large dif fer ences of up to 70% for

Nb and Zr re flect large un cer tainty of XRF anal y sis for Nb <

1 ppm and Zr < 10 ppm. These dif fer ences do not af fect data

in ter pre ta tion but con firm the low con cen tra tions of these

elements. The ICP-MS and XRF Ti data dif fer within 10%,

except for two sam ples with ICP val ues higher by 20 - 30%,

con firm ing com plete dis so lu tion of Fe-Ti ox ides in the so lu -

tions for ICP-MS anal y sis.

Sr and Nd iso tope ra tios were mea sured by Ther mal Ion -

iza tion Mass Spec trom e ter (TIMS; Finnigan MAT262 and

TRI TON TI) at NCKU (Liu et al. 2007). The to tal pro ce -

dural blanks were < 200 pg for both Sr and Nd. The 87Sr/86Sr

ra tios of NBS987 and BCR-2 mea sured from MAT262 were

0.710251 ± 18 (n = 5) and 0.705014 ± 15 (n = 4), re -

spectively. The 143Nd/144Nd ra tios from MAT262 were

0.512616 ± 7 (n = 4) for BCR-2. Mea sured on Tri ton, mean
143Nd/144Nd ra tios were 0.511837 ± 4 (n = 3), and 0.512623

± 5 (n = 3) for La Jolla and BCR-2, re spec tively.

5. RE SULTS

5.1 Min eral Com po si tions, Equi lib rium P-T, and
Zoisite For ma tion Re ac tion

In gen eral, gar net, omphacite, and phengite are com -

positionally ho mo ge neous. The con stit u ent com po nents of

these phases (e.g., pyrope, as “Pyp”, of gar net) vary within 7

mo lar per cent (e.g., Pyp43-50) in each sam ple. How ever, there 

are larger vari a tions among sam ples. As a whole, the com -

po sition of gar net var ies in the range of Alm23-38Pyp35-50

Grs25-36Sps0-1.1, ex cept for higher Fe/Mg ra tios (Alm33-47

Pyp28-46) near frac tures and ret ro grade veins (Ta ble 2). Gar -

net in clu sions in KyII and zoisite are char ac ter ized by

slightly lower pyrope pro por tions of < 45% (Ta ble 2). Om -

phacite grains con tain 24 - 48 mol% jadeite and < 6.5 mol%

ac mite with low jadeite pro por tions of < 42% for in clu sions

in KyII and zoisite (Ta ble 2). Phengite grains and in clu sions

in gar net and omphacite have higher Si con tents than in clu -

sions in zoisite and am phi bole (Ta ble 2). It has been pro -

posed that Si con tent in phengite in creases with in creas ing

pres sure (Carswell and Harley 1990; Ravna and Terry 2004).

The Ps value [Fe3+/(Fe3+ + Al) ´ 100] of zoisite por phy -

roblasts var ies be tween 2 and 5 (Ta ble 2), lower than that of

epidote (Ps = 7 - 16) in the ret ro grade veins. Am phi bole

grains in symplectites have lower Al2O3 and higher CaO

than those in the veins (Ta ble 2). Di op side (4 - 14 mol%

jadeite; Ta ble 2) is as so ci ated with am phi bole and plagio -

clase. Some small rutile in clu sions con tain ~0.5% CaO, im -

ply ing a dis tinct or i gin from larger in ter sti tial rutile.

Cal cu lated from the gar net-clinopyroxene-phengite ba -

rom e try (Ravna and Terry 2004) and gar net-clinopyroxene

thermometery (Ravna 2000), gar net, omphacite and phen -

gite were equil i brated at 36.1 - 39.2 kb and 760 - 835°C

(Table 4 and Fig. 3), within the peak meta mor phic P-T for

most Sulu eclogites (28 - 44 kb and 680 - 890°C; Zhang et al. 

1995, 2006; Fig. 3). Zoisite porphyroblasts en close gar net,

omphacite, and kyan ite grains, im ply ing crys tal li za tion with

ex pense of the en closed phases. This in fer ence is sup ported

by the re ac tion of

7 grossular + 3 hendenburgite + 12 kyan ite + 6 H2O ®

almandine + 12 zoisite (1)

which is de rived from a ther mo dy nam i cally based soft -

ware, THERMOCALC 3.21, us ing min eral com po si tions

as in put pa ram e ters (Hol land and Powell 1998). THER -

MOCALC 3.21 also cal cu lates that the zoisite for ma tion

re ac tion oc curred along tra jec to ries of de creas ing pres sure

and in creas ing tem per a ture, in ter cept ing the P-T paths of

the Sulu eclogites at ~17 kbar and ~750°C (Fig. 3). This in -

ferred P-T for zoisite for ma tion is com pa ra ble to that for

the crys tal li za tion of hy drous porphyroblasts in other Sulu

eclogites dur ing stage III ret ro gres sion (Fig. 3; Zhang et al.

1995). Ev i dently, the high-Al eclogite sam ples and most

Sulu eclogites un der went a com mon meta mor phic P-T path.

5.2 Bulk Com po si tions

The eclogites sam ples have high Al2O3 con tents of

18.4 - 29.2% with other ma jor ox ide con tents in the ranges

of bas alts and gab bros (Ta ble 3). Abun dance of TiO2, a rel -

a tively im mo bile el e ment, is lower than that of most bas alts 

(> 0.7%), im ply ing der i va tion from gabbroic cu mu late pro -

toliths. How ever, the in verse SiO2-Al2O3 and Al2O3-CaO

cor re la tions are in con sis tent with mag matic cu mulates

(Fig. 4).

The sam ples show prom i nent REE-HFSE fractionations 

(Fig. 5a). Four sam ples, MB004, MB006, MB99-2, and 0724, 

are char ac ter ized by HFSE en rich ments rel a tive to REE with 

sim i lar com pat i bil ity (Fig. 5a). These four sam ples are re -

ferred to as group I. The group I sam ples are also char ac ter -

ized by LREE de ple tions, slight Eu en rich ment, and < 30%

vari a tions in HREE abun dances (Fig. 5b). Re ferred to as

group II, other five sam ples have subchondritic Nb/La ra tios
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with out Ti anom aly (Fig. 5a). Their HREE con tents mostly

vary within a fac tor of 2 (Ta ble 3) and La/Yb ra tio ranges

from near chondritic to superchondritic val ues (Fig. 5b). The 

group II sam ples have higher Th and U con tents than the

group I sam ples (Fig. 5a).

5.3 Sr and Nd Iso topes

87Sr/86Sr and 143Nd/144Nd ra tios range from 0.70469 to

0.70567 and 0.51229 to 0.51279, re spec tively (Ta ble 5). Af -

ter cor rected to the time of meta mor phism, 220 Ma (e.g., Li

et al. 1993, 2000; Ames et al. 1996), all the sam ples have

sim i lar meta mor phic ini tial 87Sr/86Sr and 143Nd/144Nd ra tios

(Fig. 6). On the eNd(220 Ma) ver sus (87Sr/86Sr)220 Ma plot, the

sam ples fall on the man tle ar ray within the field for the Sulu

high-Fe-Ti eclogites (Fig. 6), whose protoliths were in ferred

to be lay ered in tru sions formed in con ti nen tal or arc set tings

(Liu et al. 2007).

6. DIS CUS SION

The sam ples of this study dif fer from most Sulu ec -

logites for strong HFSE-REE fractionations, high Al2O3 of

18.4 - 29.2% ac com pa nied by high MgO of 8.59 - 11.3%,

and the co ex is tence of KyI and KyII. The causes of these fea -

tures are ad dressed to better un der stand chem i cal evo lu tion 

for subduction and ex hu ma tion of con ti nen tal crust.

6.1 Mech a nisms and Tim ing for Kyan ite and Zoisite
For ma tion

The co ex is tence of gran u lar and ir reg u lar-shaped kyan -
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Fig. 3. Com par ing the peak meta mor phic P-T con di tions for the stud ied sam ples (grey area) and CCSD kyan ite- and phengite-eclogites (dashed rec -

tan gu lar; Zhang et al. 2006) to the P-T path of Zhang et al. (1995) for Sulu eclogites. The peak meta mor phic pres sure (lines 1 to 5) was cal cu lated

from re ac tion of di op side + mus co vite = grossular + pyrope + celadonite (Ravna and Terry 2004) and peak tem per a ture (lines 6 - 10) was cal cu lated

from gar net/omphacite Fe-Mg ex change reaction (Ravna 2000). Four meta mor phic stages la beled I - IV were pro posed for the Sulu eclogites (Zhang et

al. 1995). Cal cu lated from “THERMOCALC 3.21” us ing min eral com po si tions from three dif fer ent sam ples, the P-T tra jec to ries for zoisite for ma tion 

en coun ter the P-T con di tions for stage III, at which hy drous porphyroblasts crys tal lized. Also shown is the dis tri bu tion of meta mor phic fa cies (Dry

EC: dry eclogite fa cies; Lw- EC: lowsonite-eclogite fa cies; Ep-EC: epidote-eclogite fa cies; Amp- EC: am phi bole-eclogite fa cies; BS: blueschist fa -

cies; HGR: kyan ite- bear ing granulite fa cies; GS: greenschist fa cies; EA: epidote-am phi bo lite fa cies; AM: am phi bo lite fa cies; GR: granulite fa cies).



ite (KyI and KyII, re spec tively; Figs. 2b - d) has been re -

ported for other Sulu eclogites (Zhang et al. 1995). How -

ever, its for ma tion mech a nism has not yet been ad dressed.

Kyan ite eclogites are mostly meta mor phosed from high-Al

mafic rocks (e.g., Becker et al. 1999; John and Schenk

2003). As prod ucts from sur face al ter ation, mix tures of ma -

fic ig ne ous rocks and clays have also been pro posed as al ter -

na tive pro toliths (Enami and Na ga saki 1999). Low MgO

con tents and high 87Sr/86Sr ra tios off the man tle ar ray in the
87Sr/86Sr- 143Nd/144Nd space are the char ac ter is tics of such

mix tures (e.g., In no cent et al. 1997; Ma et al. 2007) but not

ob served in the stud ied sam ples. At meta mor phic P-T con di -

tions, pla gioclase in mafic rocks de com poses to form kyan -

ite and other min er als with or with out the pres ence of wa ter

(Wayte et al. 1989). The re ac tions are:

3 an or thite ® 1 grossular + 2 kyan ite + 1 quartz (2)

and

4 an or thite + 1 wa ter ® 2 zoisite + 1 kyan ite + 1 quartz (3)

Ex em pli fied by the Zam bian eclogites, re ac tion (2) re -

sulted in gar net laths intergrown with kyan ite, quartz, and

omphacite grains (< 50 mm), re plac ing for mer plagioclase

(Fig. 5 of John and Schenk 2003). As our KyI, ma trix kyan -

ite grains (~250 mm) in some Austroalpine eclogites are

tex tur ally in equi lib rium with gar net and omphacite with -

out pla gioclase relicts. They were also con sid ered as pro -

ducts from prograde plagioclase break down (Sassi et al.

2004). Sim i lar petrographic tex ture could de velop from
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Fig. 4. Abun dance of Al2O3 ver sus (a) SiO2 and (b) CaO con tents com par ing the sam ples to mafic cumulates (troctolites: Benoit et al. 1996; Turner

1996; Markl 2001; Lissenberg et al. 2005; gabbronorites: Greene et al. 2006; ol iv ine gab bros: Benoit et al. 1996; Turner 1996; norites: Turner 1996;

Markl 2001; Maji and Sarkar 2004; high-Al gab bros: Mitch ell et al. 1995). The sam ples form in verse cor re la tion trends ex tend ing to higher Al2O3 but

lower SiO2 and CaO con tents than that of the cumulates. The com po si tions of cu mu late min er als are also shown. See the foot note of Ta ble 6 for the

com po si tions of Cpx1 and Cpx2 (Greene et al. 2006).

(a)

(b)



meta mor phic break down of lawsonite (e.g., Li et al. 2004),

which is an in dex min eral for subduction of cold oce anic

slab (Clarke et al. 2006). How ever, the ab sence of law -

sonite, hot subduction (Zhang et al. 1995; Fig. 3), and the

con ti nen tal af fin ity for the sam ples are in con sis tent with law -

sonite pre cur sor. There fore, we pro pose that most KyI grains

in the sam ples were formed from plagioclase break down.

KyII grains show tex tures dis tinct from the ap par ent gar -

net-omphacite-KyI equil i bra tion. They oc cur as net works

mostly on gar net ma trix (Fig. 2c) and as porphyroblasts con -

tain ing anhedral gar net and sub or di nate amounts of om -

phacite in clu sions (Fig. 2d). These tex tures can be ex plained 

by KyII crys tal li za tion with the ex pense of gar net. High-

 pres sure flu ids re leased from meta mor phism (e.g., Zheng et

al. 2003; Li et al. 2004; Sheng et al. 2007) could play a role

for gar net con sump tion and kyan ite pre cip i ta tion. Based on

a the o ret i cal anal y sis, Man ning (2004) con cluded that the

dom i nant sol utes in deep flu ids are Si, Na, Ca, and Al. In
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Fig. 5. Abun dances of (a) trace el e ments and (b) REE nor mal ized to (a) prim i tive man tle and (b) CI chondrite (Sun and McDonough 1989), then ar -

ranged in an or der of in creas ing com pat i bil ity dur ing man tle melt ing. The fields for the Talkeetna “up per-level” and “lower-level” gabbronorites are

from Greene et al. (2006).

(a)

(b)
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Fig. 6. Plot of eNd(220 Ma) ver sus (87Sr/86Sr)220 Ma com par ing the high-Al eclogite sam ples to other Dabie-Sulu eclogites. The high-Fe-Ti eclogites
plot within the man tle ar ray, rep re sent ing protolith char ac teristics (Liu et al. 2007). Some Bixiling eclogites de vi ate from the mantle ar ray to slightly
lower eNd(220 Ma) val ues, re flect ing lower- crust con tam i na tion (Chavagnac and Jahn 1996). Maowu eclogites de vi ate to higher (87Sr/86Sr)220 Ma

values, in di cat ing in volve ment of up per-crust com po nent (Jahn et al. 2003). The low eNd(220 Ma) and high (87Sr/86Sr)220 Ma val ues of the
Qinglongshan eclogites were in her ited from con ti nen tal flood ba salt (Jahn 1998).



response to de creas ing P-T, the high-pres sure flu ids could

pre cip i tate kyan ite, zoisite, paragonite, quartz, phengite, om -

phacite, glaucophane, gar net, rutile, and zir con. These are

typ i cal con stit u ent min er als of veins in eclogites (e.g.,

Holland 1979; Becker et al. 1999; Rubatto and Hermann

2003; Spandler and Hermann 2006). In the Tauern Win dow

eclogites, the kyan ite-con tain ing veins co ex ist with kyan ite

and zoisite porphyroblasts (Hol land 1979). Al though the

kyan ite-con tain ing veins are ab sent from our sam ples, the

oc cur rence of zoisite porphyroblasts con firms the role of

high-pres sure flu ids. It is pro posed that the ini tial stage of

gar net-fluid in ter ac tion pro duced the ir reg u lar KyII net -

works, which grad u ally de vel oped into KyII porphyroblasts

of up to ~9 mm by con tin u ous kyan ite crys tal li za tion and

gar net con sump tion (Figs. 2c - d). In this sce nario, gar net

could pro vide Si and Al for KyII crys tal li za tion, and the

absence of quartz might re flect rel a tively higher sol u bil ity

of Si com pared to Al at the P-T con di tions (e.g., Man ning

2004; John et al. 2008).

Lack ing rel e vant thermo ba rom eters, the P-T con di tions

for kyan ite crys tal li za tion can only be in ferred from petro -

graphic tex tures. Be cause the KyI grains are in ap par ent

textural equi lib rium with gar net and omphacite, it is in ferred 

that they formed dur ing peak meta mor phism. In con trast,

KyII en closes peak gar net and omphacite, im ply ing for ma -

tion dur ing ret ro gres sion. Sim i larly, three lines of ev i dence

in di cate that zoisite porphyroblasts are also of ret ro grade

origin. They are: (1) rel a tively low P and T for the zoisite

formation re ac tion cal cu lated from THERMOCALC (re ac -

tion 1), (2) rel a tively low Si con tents of phengite in clu sions

in zoisite (Ta ble 2; Carswell and Harley 1990), and (3) the

tex ture of zoisite porphyroblasts en clos ing KyI, gar net and

omphacite (Fig. 2e). If evolved along the P-T path for most

Sulu eclogites, the zoisite for ma tion re ac tion (1) oc curred at

~750°C and 17 kbar (Fig. 3). The paragenetic se quence of

zoisite and KyII, how ever, can not be un am big u ously de ter -

mined, be cause inter growth re la tion ship be tween these two

min er als is not ob served.

6.2 Protolith Char ac ter is tics

A com mon ap proach for re veal ing the geo chem i cal evo -

lu tion at con ver gent mar gins is to com pare the com po si tions

of eclogites to that of their protoliths (e.g., Becker et al.

2000). Nd iso tope ra tio and abun dances of im mo bile el e -

ments are usu ally used to eval u ate the na ture of the pro -

toliths (Jahn 1998, 1999; Liu et al. 2007). Sim i lar to many

other eclogites from the Sulu meta mor phic terrane, the sam -

ples have eNd val ues rang ing from -5.1 to -2.5, in di cat ing

con ti nen tal rather than oce anic protoliths (Fig. 6; Jahn 1998,

1999). The low HREE abun dances of 1 - 2 times of the

chondritic val ues re quire mafic cu mu late protoliths, such as

gab bros, gabbronorites, and troctolites. These protoliths

can not be readily dis tin guished us ing ma jor ox ide con tents

be cause Si, Al, Ca, and Na are sub jected to meta mor phic

mod i fi ca tion and the con cen tra tions of rel a tively im mo bile

Fe and Mg (Becker et al. 1999; Man ning 2004; John et al.

2008) are sim i lar in these protoliths. The sys tem atic vari a -

tions be tween ma jor ox ide abun dances, how ever, pro vide

clues to the na ture of cu mu late protoliths. The well-de fined

in verse SiO2-Al2O3 and Al2O3-CaO cor re la tions of the sam -

ples con tra dict the pos i tive trends formed by mix ing cu mu -

la tive ol iv ine and plagioclase and are not the char ac ter is tics

of gab bros (Fig. 4). There fore, they re flect the con trol of

meta mor phism in stead of protolith char ac ter is tics. The three 

sam ples with high est Al abun dances are plot ted out of the

fields of mafic cumulates (Fig. 4). They are ob vi ously not

rep re sen ta tives of protolith com po si tions. Three sam ples

hav ing ~25% Al2O3 are plot ted in the troctolite field (Fig. 4). 

How ever, their low Ni con tents of < 200 ppm are not the

char ac ter is tics of troctolites. As in di cated by the high 

DNi
eclogite fluid  val ues of > 124 (Green and Adam 2003) and low

Ni con tents in eclogite veins (Zhang et al. 2008), Ni is im -

mo bile dur ing eclogite-fluid in ter ac tion. Com posed of ~20

- 40% cu mu late ol iv ine (~Fo80), most troctolites con tain

> 400 ppm Ni (Benoit et al. 1996; Turner 1996; Lissenberg

et al. 2005). The rel a tively low Ni con tents of < 285 ppm in

the sam ples re quire < 20% ol iv ine in the protoliths; there -

fore, gab bro or gabbronorite or norite protoliths are fa vored

over the troctolite protoliths. Three sam ples with Al2O3 con -

tents lower than 22% are better compositional rep re sen ta -

tives for the protoliths. Their ma jor ox ide abun dances are fur -

ther con sid ered to better con strain the protolith com po si tion.

Pro por tions of con stit u ent min er als in cu mu late pro -

toliths can be es ti mated by bal anc ing com po si tions of the

cumulate min er als against bulk eclogite com po si tions, which

are (nearly) free from meta mor phic mod i fi ca tions. Al though 

this ap proach ig nores vari a tions in min eral com po si tions,

Liu et al. (2007) suc cess fully used it to con strain min eral

pro por tions of the protoliths of Sulu high Fe-Ti eclogites. In

our mass bal ance cal cu la tions, six sets of min eral com po si -

tions vary ing from strongly mafic (Fo90-An90-En80) to mo -

derately mafic (Fo80-An80-En71) to weakly mafic (Fo70- An70-

 En60) were bal anced against the bulk com po si tions of three

low-Al sam ples, MB006, MB004, and 0724. Based on mafic 

cumulates from Talkeetna (Greene et al. 2006), clino py -

roxene com po si tion is kept un changed with a Mg# of 77

(Cpx2 in Ta ble 6) for all min eral as sem blages, ex cept for the

value of 86 (Cpx1 in Ta ble 6) for the strongly mafic as sem -

blage. For a given min eral as sem blage, bal anc ing against the 

com po si tion of MB006 al ways re sults in higher sum of

squared re sid u als (SR2) of 10 - 16, which mostly re flects the

dis crep an cies be tween mod eled and ob served Na2O con -

tents. The rel a tively high Na2O con tent of 3.66% in sam ple

MB006 is not typ i cal for gab bro but re flects its high om -

phacite pro por tion of 62%. Omphacite en rich ment could be

a con se quence from min eral seg re ga tion in re sponse to duc -

tile de for ma tion or from in ter act ing with high-pres sure flu -
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ids. Both pos si bil i ties in di cate meta mor phic mod i fi ca tion.

For a given set of min eral com po si tions, min eral pro por tions 

cal cu lated from the com po si tions of sam ples MB004 and

0724 are sim i lar with the low est SR2 val ues from sam ple

0724. The ab sence of banded tex tures in these two sam ples

also im plies min i mum ex tents of min eral seg re ga tion. Al -

though low SR2 value of < 2 are ob tained from weakly mafic 

as sem blages, the re sult ing min eral pro por tions are not rea -

son able; spe cif i cally, neg a tive pro por tion val ues for ortho -

pyroxene and > 20% ol iv ine. The lat ter is in con sis tent with

the low Ni con tents of the sam ples. The best fit is rep re -

sented by a SR2 of 2.25 from bal anc ing the com po si tions of

mod er ate mafic as sem blage and the bulk com po si tion of

0724. The re sult ing plagioclase, orthopyroxene, clino pyro -

xene, and ol iv ine pro por tions are 67%, 10%, 3%, and 18%,

re spec tively. Such ol iv ine gabbronorites usu ally oc cur on

the ultra mafic to mafic tran si tion in a lay ered in tru sion (e.g.,

Mathison and Ham lyn 1987; Latypov et al. 2007).

6.3 Meta mor phic Mod i fi ca tions on Bulk Com po si tions

Be ing mix tures of sev eral cu mu lus and intercumulus

phases, gabbroic rocks do not show sys tem atic vari a tions in

the SiO2-Al2O3-CaO-MgO space as in di cated by the com pi -

la tion of Greene et al. (2006) and Liu et al. (2007). There -

fore, the in verse SiO2-Al2O3 and Al2O3-CaO cor re la tions of

the sam ples must be re sulted from meta mor phic pro cesses

(Fig. 4). They can be ex plained by Al-en rich ment ac com pa -

nied with Si-Ca-losses or Al-loss with Si-Ca-en rich ments

dur ing in ter ac tion with high-pres sure flu ids. Min eral seg re -

ga tion as ex em pli fied by the garnetite (Jahn 1998) can also

af fect ma jor el e ment dis tri bu tion in the protoliths. Al though

not as ex treme as garnetite, two group I sam ples, MB99-2

and MB006, show banded tex ture of al ter nat ing gar net-rich

and omphacite-rich lay ers with gar net/omphacite ra tios of

3.4 and 0.51, re spec tively (Ta ble 1). The low SiO2 (41.9%),

high Al2O3 (28.6%) and MgO (9.16%) con tents in sam ple

MB99-2 (Figs. 7a, c) are con sis tent with gar net en rich ment

re sulted from min eral seg re ga tion dur ing meta mor phism.

Sim i larly, the high Na2O (3.66%) and MgO (10.0%) in sam -

ple MB006 (Fig. 7f) is not the char ac ter is tic of gabbroic

cumulates but re flects the role of omphacite. Sam ple MB006 

also has the low est HREE abun dances, con sis tent with its

low gar net/omphacite ra tio of 0.51 (Ta ble 1). Meta mor phic

min eral seg re ga tion might be ini ti ated or en hanced by fluid

in tro duc tion. Other sam ples with gar net/ omphacite ra tios

vary ing from 0.78 to 1.81 were sub jected to lesser ex tents of

min eral seg re ga tion and fluid in fil tra tion.

The gar net-rich MB99-2, omphacite-rich MB006, and

other group I sam ples show sim i lar trace el e ment vari a tion

pat terns, ex cept for the slightly lower HREE abun dances of

MB006 (Fig. 5). This fea ture is also ob served for the group
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II sam ples, de spite of the vari a tions in their gar net/om -

phacite ra tio. Con se quently, the dif fer ences in trace el e ment

vari a tion pat terns be tween the two sam ple groups are not

con trolled by meta mor phic seg re ga tion but re flect protolith

char ac ter is tics and/or the ef fects of eclogite-fluid in ter ac -

tion. Mo bil ity of el e ments in high-pres sure flu ids con trols

the ex tent of meta mor phic mod i fi ca tion on protolith com po -

si tions. It has been es tab lished that LILE and LREE are rel a -

tively mo bile than HREE and HFSE (e.g., Hermann et al.

2006; John et al. 2008). Al though Gao et al. (2007) mod eled

~65% HREE loss for few Tianshan eclogites that were sub -

jected to rel a tively larger vol umes of high-pres sure flu ids,

HREE are gen er ally im mo bile dur ing HP/UHP meta mor -

phism (e.g., Becker et al. 1999, 2000; John et al. 2004; Zhao

et al. 2007). In con trast, HFSE be have complicatedly; im mo -

bile in some meta mor phic suites (e.g., Becker et al. 1999,

2000; John et al. 2004), but mo bile from cen ti me ters to se -

veral tens of me ters in oth ers (Franz et al. 2001; Rubatto

and Hermann 2003; Gao et al. 2007). These con straints pro -

vide a ba sis for elu ci dat ing the pos si ble protolith-pro cess
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Fig. 7. MgO vari a tion di a grams com par ing the high-Al eclogite sam ples, Maobei high-Fe-Ti eclogites (Liu et al. 2007), and the Talkeetna up per- and

lower-level gabbronorites (Greene et al. 2006).

(a) (b)

(c) (d)

(e) (f)



com bi na tions to ex plain the trace el e ment vari a tions in the

sam ples.

The HREE and Zr con tents of the eclogite sam ples and

arc gab bros/gabbronorites are com pa ra ble but lower than

that of the mafic cumulates at intra-plate set tings, even when 

a 65% loss is con sid ered for the sam ples (Gao et al. 2007;

Fig. 8a). The low HREE con tents in arc cumulates were in -

her ited from arc lavas, which were de rived from re sid ual

man tle af ter MORB ex trac tion. How ever, the HFSE-en rich -

ments in the group I sam ples (Fig. 5a) do not co in cide with

Kyan ite For ma tion and El e ment Fractionations in Eclogites 293

Fig. 8. (a) Abun dance of Zr ver sus Yb con tent show ing that the low Zr and Yb con cen tra tions of the high-Al eclogite sam ples are dis tinct from that of

con ti nen tal gabbroic cumulates (Liu et al. 2007 and re ferred therein) but sim i lar to that of the arc cumulates (Sisson et al. 1996; Zhou et al. 2002, 2006;

Ling et al. 2003; Claeson and Meurer 2004; Greene et al. 2006). Zr/Y ver sus (b) Zr/Sm and (c) Ti/Gd plots com par ing the high-Al eclogite sam ples,

Zam bia eclogites (John et al. 2004), Austroapline kyan ite eclogites (Sassi et al. 2004), and Talkeetna up per- and lower-level gabbronorites (Greene et

al. 2006). Also shown are fields for the Yang tze Neoproterozoic rift and arc cumulates (Zhou et al. 2002, 2006; Ling et al. 2003), con ti nen tal gab bros

(Liu et al. 2007 and re ferred therein) and other arc cumulates (Sisson et al. 1996; Claeson and Meurer 2004). (d) - (f) Abun dance of Y ver sus Nb/La,

La/Yb, and Th/Yb ra tios com par ing the sam ples to CHUR, N-MORB, E-MORB, and OIB of Sun and McDonough (1989). The el e ment fractionations 

in the sam ples are ex plained by in ter ac tion with high-pres sure flu ids.

(a)

(b)

(c)

(d)

(e)

(f)



most mag matic mafic cumulates for their high Zr/Sm, Ti/Gd, 

and Nb/La ra tios (Figs. 8b - d). Al though sim i larly high Ti/Gd 

ra tios also oc cur in the Talkeetna “lower level” gab bro -

norites, a typ i cal sec tion of plagioclase-rich cumulates from

the arc en vi ron ments, these gabbronorites dif fer from the

group I sam ples for the lower Zr/Sm and Zr/Y val ues

(Greene et al. 2006; Fig. 8b). There fore, the HFSE en rich -

ments in the group I sam ples are not protolith char ac ter is tics 

but re flect meta mor phic mod i fi ca tions. The superchondritic

Zr/Sm and Nb/La ra tios from a sub group of Zam bia ec -

logites were ex plained by LILE and LREE re moval by de -

hydration while HFSE re mained in tact (John et al. 2004;

Figs. 8b, d). This pro cess, how ever, does not re sult in the

high [Ti/HREE]ch ratios of the group I sam ples (Fig. 8c).

Con se quently, meta mor phic ad di tion of HFSE must be con -

sid ered for the HFSE- en rich ments in the group I sam ples.

Ex per i ments showed that F- and Na-Al-Si poly mers in high-

 pres sure flu ids en hanced rutile sol u bil ity (e.g., Audétat and

Keppler 2005). The oc cur rence of rutile and zir con in ec -

logitic veins con firms that HFSE were trans ported via flu ids

(e.g., Franz et al. 2001; Rubatto and Hermann 2003). Al -

though eclogite fa cies veins are not ob served in hand spec i -

men, clus ters of smaller rutile in clu sions (10 - 50 mm, mostly 

< 20 mm) con cur with epidote along an nealed frac tures in

gar net and om phacite (Fig. 2f), im ply ing crys tal li za tion

from fluid in fil tra tion. The high CaO con tent of ~0.5% in

some of these small rutile in clu sions is not the char ac ter is tic

of the larger in ter sti tial rutile (0.05 - 0.7 mm), pos si bly re -

flect ing fluid in fil tra tion that re sulted in the superchondritic

Nb/La and Ti/HREE ratios. Sim i larly, the pos i tive Zr and

Hf anom a lies (Fig. 5a) can be ex plained by zir con crys tal li -

za tion fa cil i tated by in ter ac tion with high-pres sure flu ids

(Wil liams et al. 1996; Dempster et al. 2008). This HFSE en -

rich ment mech a nism might also op er ate in other eclogites;

how ever, its chem i cal con se quences are ob scured by rel a -

tively higher HFSE con cen tra tions in protoliths.

In con trast to the HFSE en rich ments and LREE de -

pletions of the group I sam ples, the group II sam ples are

cha racterized by HFSE de ple tions with LREE en rich ments

(Fig. 5a). Their Ti/HREE and Zr/Y ra tios are com pa ra ble to

that of the arc mafic cumulates and most sim i lar to that of the 

Talkeetna “up per level” gabbronorites (Figs. 8b, c). There is

a sur pris ing match in the trace el e ment vari a tion pat terns of

these Talkeetna “up per-level” gabbronorites and a group II

sam ple, 0729, which has the low est zoisite pro por tion (Fig. 5).

Other group II sam ples have higher LILE and LREE con -

tents (Figs. 5a and 8e - f), in di cat ing meta mor phic en rich ments.

In sum mary, ma jor el e ment com po si tions of the stud ied

eclogites were con trolled by min eral seg re ga tion and, to a

less ex tent, by fluid in fil tra tion. In con trast, trace el e ment

dis tri bu tion was dom i nated by eclogite-fluid in ter ac tion that

re sulted in HFSE-en rich ments in the group I sam ples and

LILE-LREE en rich ments in the group II sam ples. These re -

sults show that even Zr/Sm and Ti/Eu ra tios are not re li able

protolith trac ers. For a suite of meta mor phic rocks, crit i cally

eval u at ing their compositional sys tem at ics and petrographic 

tex tures are required to infer the nature of protoliths.

6.4 Im pli ca tions on El e ment Fractionations in
Eclogites

Stud ies on the com po si tions of eclogites hav ing an oce -

anic af fin ity have doc u mented var i ous ex tents of el e ment

fractionations from isochemical meta mor phism (Chalot- Prat

et al. 2003; Miller et al. 2007) to LREE-MREE re moval

with out changes on the HREE and HFSE bud gets (John et

al. 2004) to < 10 - 20% loss for HFSE and HREE (Becker et

al. 2000). In con trast, chem i cal con se quences from sub duc -

tion and ex hu ma tion of rocks with a con ti nen tal af fin ity have 

not been as in ten sively in ves ti gated. Lower ex tents of el e -

ment frac tion ation might be pre dicted from low wa ter con -

tent in con ti nen tal crust due to ae rial ex po sure. Rapid sub -

duction dur ing the prograde meta mor phism in the Dabie- Sulu 

terrane also pre vented devolatilization (sum ma rized by Zheng

et al. 2003). How ever, the oc cur rences of eclogite fa cies

veins and fluid in clu sions in the Sulu meta mor phic terrane

con firm the ex is tence of flu ids (Chen et al. 2007; Zhang et

al. 2008). Also, gar net and omphacite in the Sulu eclogites

con tain re spec tively 522 - 1584 and 1170 - 20745 ppm of

wa ter with ~100 - 400 ppm of struc tural hydroxyl (Chen et

al. 2007). Such sig nif i cant amounts of wa ter could be lib er -

ated when meta mor phic tem per a ture reached max i mum at

early ex hu ma tion (Fig. 3; Zheng et al. 2003; Chen et al.

2007). Con se quently, these ret ro grade flu ids might be re -

leased at higher pres sures than prograde flu ids. There fore,

they were more re ac tive for higher sol u bil ity on most rock-

 con stit u ent el e ments, dom i nat ing the dif fer ences in trace

element dis tri bu tion be tween the groups I and II sam ples.

The oc cur rence of rutile and zir con in eclogitic veins

from the Sulu meta mor phic terrane (Zhang et al. 2008) con -

firms that HFSE were dis solved into and trans ported by the

ret ro grade flu ids. Based on the oc cur rence of clus ters of se -

condary rutile in clu sions along the frac tures, it is pro posed

that the dis solved HFSE were pre cip i tated af ter short mi -

gration dis tance form ing the pos i tive HFSE anom a lies in

the group I sam ples (Fig. 5a). The U-shaped REE pat terns of 

the group I sam ples (Fig. 5b) re quire that small amounts of

LREE were also in cor po rated into eclogite con stit u ent mi -

n er als. Sub se quently, the flu ids be came rel a tively en riched

in LILE and, to lesser ex tents, LREE. They were trans ported

for lon ger dis tances then pre cip i tated into the group II sam -

ples, re sult ing in higher LREE/HREE, REE/HFSE, and

LILE/REE ra tios (Fig. 8). In this model, the groups I and II

eclogite sam ples were sub jected to a com mon fluid whose

com po si tion evolved dur ing in ter ac tion with eclogites and

the ob served HFSE-REE and HFSE-LILE fractionations

were re sults of dif fer ences in el e ment sol u bil ity and mo bil ity 

in flu ids. Al ter na tively, the compositional dif fer ences be -
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tween the two groups might re flect in ter act ing with flu ids of

dis tinct or i gins. The first in ter pre ta tion is fa vored be cause

all sam ples have sim i lar Sr and Nd iso tope ra tios (Fig. 6).

The in ter pre ta tion of high-pres sure flu ids pre cip i tat ing

HFSE, LREE, and LILE into the eclogite sam ples im plies

that these el e ments were re tained in the subducted con ti nen -

tal litho sphere, al though once re leased into high-pres sure

flu ids. Sim i larly, nearly isochemical meta mor phism was

con cluded for subduction and ex hu ma tion of most oce anic

litho sphere (e.g., Becker et al. 1999, 2000; Chalot-Prat et al.

2003; Miller et al. 2007). Al though some Zam bia eclogites

were LILE-LREE de pleted by de hy dra tion, they co ex ist

with LREE and LILE en riched coun ter parts (John et al.

2004), in di cat ing lim ited mi gra tion dis tances for these el e -

ments. Even the rel a tively long HFSE trans port dis tance of

10 - 100 me ters in ferred from the Tianshan eclogites are

min ute com pared to the thick ness of the subducted litho -

sphere (Gao et al. 2007). The pro cess of ini tial dis so lu tion

fol lowed by prompt pre cip i ta tion might not be lim ited to

eclogitization but ex tend to most meta mor phosed litho -

logies. Spandler et al. (2003) com pared min eral trace-el e -

ment data and bulk-rock data at dif fer ent meta mor phic grades 

to con clude that the el e ments re leased into flu ids by min eral

break down re ac tions are promptly in cor po rated into the

newly- formed min er als. If there is no sig nif i cant el e ment

loss, ex cept for highly in com pat i ble el e ments such as Rb,

Cs, and Ba, from subducted litho sphere to meta mor phic flu -

ids, the chem i cal flux to metasomatized man tle wedge must

be mainly from the top most part of subducted slabs; most

likely subducted sed i ments as con cluded from the cor re la -

tion be tween com po si tions of sed i ment in puts and arc mag -

matism out puts (Plank and Langmuir 1993; Elliott 2003).

7. CON CLU SIONS

Petrographic tex tures and compositional vari a tions of

the high-Al eclogites from the Sulu meta mor phic terrane all

re flect the role of high-pres sure flu ids. Dis tinct from the in -

clu sion-free kyan ite grains, kyan ite net works and kyan ite

grains con tain ing anhedral gar net-omphacite in clu sions cry -

s tal lized at the ex pense of gar net and omphacite dur ing

eclogite-fluid in ter ac tion. The oc cur rence of zoisite por phy -

roblasts strength ens the role of flu ids. Low HREE con cen -

tra tions are com mon to all the sam ples and re quire der i va -

tion from arc cumulates. Com par i son to mafic cumulates

shows that high Al con cen tra tions of > 22% are re sults from

meta mor phic mod i fi ca tion whereas low-Al sam ples are com -

positionally better rep re sen ta tive of protolith. An ol iv ine

gabbronorite protolith is in ferred from mass bal ance be -

tween the bulk com po si tions of low-Al sam ples and hy po -

thet i cal cu mu late min eral com po si tions. The in ten sive HFSE-

 REE frac tion ations be tween the groups I and II sam ples are

ex plained by dif fer ence in el e ment mo bil ity dur ing eclogite-

 fluid in ter ac tion. The model in volves dis so lu tion of LREE,

LILE, and HFSE into flu ids re leased dur ing ini tial stage of

ret ro gres sion at > 750°C. HFSE pre cip i tated promptly af ter

a short mi gra tion dis tance form ing clus ters of small rutile

grains along an nealed frac tures in the group I sam ples.

HFSE pre cip i ta tion also par tially con trib uted to the crystal -

lization of in ter sti tial zir con. Mi grat ing fur ther away from

the HFSE sinks, the flu ids then de pos ited LREE and LILE

into newly-formed zoisite in the group II eclogites, re sult ing

in the ob served HFSE-REE and HFSE-LILE fractionations.

This model re quires lim ited trans port dis tances for el e ments

in high-pres sure flu ids. If so, chem i cal con tri bu tions to man -

tle wedges from subducted litho sphere are much less than

from subducted sed i ments.
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