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ABSTRACT

Eclogite compositions are critical parameters for understanding chemical evolution in the Earth, particularly in subduction
zones. A group of eclogites from the Sulu ultra-high pressure (UHP) metamorphic terrane in eastern China shows uncommon
petrographic and compositional features. They are characterized by (1) zoisite porphyroblasts coexisting with inclusion-free,
inclusion-containing, and network kyanite, (2) high Al,O; of 18.4 - 29.2% with high MgO of 8.59 - 11.3%, and (3) intensive
HFSE-REE fractionations represented by [Zr/Sm]., and [Ti/Gd], ratios of 0.1 - 3.9 and 1.1 - 9.0, respectively. High-pressure
fluids played a major role on developing these features. Kyanite shows two textural varieties. Kyy is inclusion-free and in
apparent textural equilibrium with garnet and omphacite, implying formation from plagioclase breakdown. Kyy; includes
kyanite networks and porphyroblasts; the former occurs mostly in garnet, whereas the latter encloses garnet and omphacite
grains. Ky were crystallized at the expense of garnet and omphacite during eclogite-fluid interaction. The low [HREE];, ratios
of 1 - 2 indicate that the protoliths were arc cumulates. The well-defined inverse Al,0;3-Si0, and Al,03-CaO correlations are
not the characteristics of igneous precursors; therefore, must reflect metamorphic modifications. The comparison to mafic
cumulates shows that the low-Al samples are compositionally better representatives of protoliths. Mass balance calculations
point to an olivine gabbronoritic protolith. The intensive HFSE-REE fractionations reflect compositional differences between
two sample groups. Group I samples have superchondritic HFSE-REE ratios [(Nb/La, Zt/Sm, Ti/Gd)., = 2 - 7] with depletions
in LREE. In contrast, group II samples show HFSE depletions and LREE enrichments. These compositional differences were
explained as reflecting element mobility during eclogite-fluid interaction. Released at temperatures > 750°C, the high-pressure
fluids were enriched in HFSE, REE, and LILE. Upon migration, the fluids first precipitated HFSE into the group I samples,
then, LILE and LREE into the group II samples. This model is supported by the occurrence of zoisite porphyroblasts in the
group II samples, and interstitial zircon and clusters of small rutile grains along annealed fractures in the group I samples. Our
interpretation for the observed compositional variations implies limited element mobility during 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. INTRODUCTION

Models for mass transfer in subduction zones are mainly erupted arc lavas. Compared to that of arc lavas, composi-
built upon element fractionations in subducted materials and tions of eclogites are diverse, providing critical informa-
tion for comprehending subduction zone processes (e.g.,
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compositions of eclogites having an oceanic affinity. The
compositional similarities between the Alpine eclogites
and their precursors led Chalot-Prat et al. (2003) and Miller
et al. (2007) to conclude isochemical metamorphism dur-
ing subduction and exhumation of the Tethys lithosphere.
In contrast, using a database compiled from the Alpine,
Miinchberg, and Variscan eclogites, Becker et al. (2000)
argued that subducted altered oceanic crust can lost>95%
K and Ba with < 10 - 20% decreases in the abundances of
high-field strength elements (HFSE), Th, Nd, Sm, and
heavy-rare-earth elements (HREE). Some Zambia eclo-
gites, however, have Zr/Sm and Nb/La ratios higher than
their MORB-like protoliths, reflecting relatively intensive
light-REE (LREE) and middle-REE (MREE) removal by
fluids without changes on the HFSE budgets during sub-
duction (John et al. 2004). In contrast to the immobile be-
havior of HFSE in most eclogite suites, the occurrence of
rutile and zircon in an eclogite-facies vein from the West-
ern Alps indicates that HFSE can be mobile in the eclogite
stability field (Rubatto and Hermann 2003). The absence of
zircon from the rutile-enriched veins and segregations in
the Tianshan subudction complex (mainly blueschists and
eclogites) provides evidence for Zr and Hf decoupled from
Ti, Nb, and Ta (Gao et al. 2007). These results lead to a ge-
neral mobility order of LILE (large-ion lithophile elements)
> LREE > MREE > HFSE > HREE for the formation of
eclogites having an oceanic affinity. The difference in ele-
ment mobility reflects metamorphic pressure-temperature
(P-T) conditions and the amount of fluid that interacted
with eclogites (e.g., Hermann et al. 2006; Gao et al. 2007).

In contrast to the prosperous database for eclogites hav-
ing an oceanic affinity, element fractionation during sub-
duction and exhumation of continental crust has not been as
intensively investigated. Metamorphosed at ultra-high pres-
sures (UHP), eclogites from the Dabie-Sulu metamorphic
terrane in eastern China have drawn much attention in the
last decade. While most studies focused on the continental
nature of protoliths (Jahn 1998, 1999; Zheng et al. 2003) and
mineral characteristics at the UHP conditions (e.g., Zhang et
al. 1995; Hwang et al. 2000; Ye et al. 2000), Liu et al. (2007)
reported a prominent compositional feature from the high
Fe-Ti eclogites in the Sulu terrane. That is the Ti-enrichment
accompanied by depletions of other HFSE (Nb, Ta, Zr, and
Hf). Based on mass balance calculations, they concluded
that such a decoupling between HFSE reflects protolith cha-
racteristics. In contrast, Zhao et al. (2007) emphasized that
the andesitic compositions of some eclogites and amphibo-
lites recovered from the Chinese Continental Scientific Dril-
ling (CCSD) project were resulted from metamorphic modi-
fications. They also proposed that the phengite-free eclo-
gites with strong depletions in LREE and LILE were resi-
dues after melt extraction. Although significant amounts of
water were also released during UHP metamorphism (e.g.,
Chen etal. 2007; Zhang et al. 2008), little is known about the

chemical impacts of high-pressure fluids on eclogites with a
continental affinity, hindering a thorough understanding on
element cycling within the interior of the Earth.

In this contribution, we present unusually high Al,O;
concentrations and intensive REE-HFSE fractionations from
a subgroup of kyanite eclogites collected near the CCSD
site. Based on petrographic textures, mass balance calcula-
tions and comparisons to igneous precursors, we show that
these compositional features were resulted from interacting
with high-pressure fluids. We also suggest that the observed
element fractionations occurred in a limited scale; therefore,
did not contribute significantly to the element fractionations
in subduction zone lavas.

2. GEOLOGICAL SETTING AND SAMPLES

The Dabie-Sulu orogenic belt in east-central China is a
surface manifestation from collision between the Sino-
Korean and Yangtze cratons (Fig. 1). The eastern Sulu ter-
rane is offset ~530 km to the north of the western 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 southeast,
the Sulu terrane has been divided into northern UHP and
southern high-pressure (HP) metamorphic zones (Zhang et
al. 1995; Fig. 1). In the UHP zone, eclogites and serpen-
tinized peridotites occur as layers and blocks in gneisses and
schists or as “boudins” and nodules in marbles (e.g., Zhang
et al. 1995). These metamorphic rocks are overlain by Juras-
sic sedimentary and Cretaceous volcanoclastic successions,
which were intruded by post-orogenic Mesozoic granites.
Protoliths of the metamorphic lithologies are Neoprotero-
zoic with subordinate amounts of Paleoproterozoic-Archean
relicts (summarized by Zheng et al. 2003). The occurrence
of coesite in eclogites, ultramafic rocks, and country gneisses
is indicative of UHP metamorphism (e.g., Hirajima et al.
1990; Liou and Zhang 1996; Kato et al. 1997). Equilibrium
P-T calculations and geochronological studies on these meta-
morphic lithologies concluded peak metamorphism at 680 -
890°C and 28 - 44 kb (Zhang et al. 1995, 2006) during 210 -
230 Ma (e.g., Li et al. 1993, 2000; Ames et al. 1996) fol-
lowed by amphibolite facies retrogression at 180 - 200 Ma
(e.g., Chavagnac and Jahn 1996; Li et al. 2000). The HP belt
consists of quartz-mica schists, marbles and rare blueschists.
They have not been intensively investigated due to scarce
outcrops. Eclogite samples were excavated from a quartz
crystal mining pit, which was ~5 m deep with a surface area
of ~20 m? and was located ~1 km southeast of the CCSD
site. The spatial relationships of these samples are uncertain
because of the lack of exposed outcrops.

3. PETROGRAPHIC DESCRIPTIONS

The eclogite samples are composed mainly of garnet
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(a)

(b)

Fig. 1. A simplified geological map for the rectangle area in the lower insert showing the eclogite outcrops near the Donghai County in the Sulu meta-
morphic terrane. The star indicates sampling locality, which is ~1 km southeast of the CCSD drilling site (34°25°N, 118°40’E). The upper inset shows
the Qinling-Dabie-Sulu collision zone located at east-central China with a rectangle enclosing the Sulu terrane, which is bounded by the
Waulian-Qingdao-Yantai fault (WQYF), Jiashan-Xianshui fault (JXF) and Tanlu fault. The area in the rectangular is enlarged at the lower insert,
which illustrates the UHP and HP metamorphic belts in the Sulu metamorphic terrane.

and omphacite with diverse proportions of phengite, kyan-
ite, zoisite, rutile, and zircon. On hand specimen and thin
section scales, seven of the nine eclogite samples show
banded texture of alternating 0.5 - 5 mm garnet-rich and
omphacite-rich layers (Fig. 2a). Garnet and omphacite occur
as anhedral to subhedral grains or as inclusions in kyanite,
zoisite, or phengite porphyroblasts (> 6 mm). Without the
banded texture, samples MB004 and 0724 are characterized
by aggregates and porphyroblasts of garnet and omphacite.
Kyanite proportion varies in a large range of 1 - 24 vol%
(Table 1). Zoisite is rare in samples MB004, MB006, MB99-2,
and 0724 (£ 0.2%), but common in other five samples (4 -
20 vol%; Table 1). Other accessory minerals include phen-
gite, rutile, zircon, and retrogression phases, such as amphi-
bole, plagioclase, and epidote. Quartz only occurs as a minor
phase in amphibolitic veins.

The samples are distinct from most Sulu eclogites for
containing significant amounts of kyanite. The kyanite grains
are classified into two textural groups. Ky is inclusion-free,
anhedral, texturally in equilibrium with garnet and ompha-
cite (Fig. 2b), and usually <3 mm. Another group of kyanite
initially crystallized along the grain boundaries and fractures
within garnet and, in rare case, omphacite, forming irregular
networks as described in Zhang et al. (1995) (Fig. 2¢). Con-
tinuous crystallization of such an irregular network could
form kyanite porphyroblasts of up to 9 mm, enclosing gar-
net, subordinate amounts of omphacite, and rare rutile grains
(Fig. 2d). The irregular network and inclusion-containing

kyanite are referred to as Kyy, which apparently crystallized
at the expense of garnet, omphacite, and rutile.

Zoisite generally occurs as subhedral elongated porphy-
roblasts aligned along garnet-omphacite layers. They usu-
ally contain garnet, omphacite, phengite, and Ky, inclusions
(Fig. 2e). Some zoisite grains show network texture similar
to that of Kyy;.

Most phengite grains (< 1.8 mm) are in textural equilib-
rium with garnet, omphacite, and Ky; (Fig. 2b). Few ph-
engite grains occur as inclusions in garnet, omphacite, zo-
isite, and amphibole. Muscovite and biotite only occur in the
amphibolitic veins and symplectites. In samples MB99-1,
MB99-3, and MB99-4, phengite porphyroblasts (> 3 mm)
contain garnet, omphacite, and rutile inclusions.

Rutile grains of 0.05 - 0.7 mm in diameter are texturally
in equilibrium with garnet and omphacite. Clusters of smaller
rutile inclusions (10 - 50 um, mostly < 20 um) occur along
annealed fractures or veins in garnet and omphacite (Fig. 2f).
They are common in samples MB004, MB006, and 0724,
and less abundant in sample MB99-2, but rare in other sam-
ples. Zircon (~35 um) with garnet and omphacite inclusions
occurs as interstitial grains or near fractures within garnet
and omphacite.

Based on these petrographic textures, it is inferred that
garnet, omphacite, phengite, and Ky; were equilibrated at
peak metamorphism. Kyy, zoisite, and probably some phen-
gite crystallized during early retrogression. Symplectites and
veins formed when the eclogites exhumed to shallower le-
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Fig. 2. Photomicrographs (a), (b), (¢) and SEM BSE images (c), (d), (f). (a) Alternating garnet-rich and omphacite-rich layers reflecting metamorphic
differentiation (sample MB99-2; crossed polars). (b) Peak metamorphic assemblage represented by the coexistence of garnet (Grt), omphacite
(Omp), phengite (Phen), and kyanite (Ky;) (sample MB99-1; crossed polars). (¢) Irregular kyanite network (Kyy) crystallized along fractures within
garnet, indicating crystallization after garnet (sample MB99-3). (d) A kyanite porphyroblast (Kyy) containing garnet, omphacite, and rutile inclusions
(sample MB006). The numbers label omphacite inclusions and grains of same extinction angles. (¢) An elongated zoisite porphyroblast (Zo) with Ky,
garnet, and omphacite inclusions (sample MB99-1; crossed polars). (f) A cluster of small rutile inclusions (10 - 50 pm, mostly <20 pum) crystallized
along annealed fractures and veins in a garnet grain (sample MB004).

vels. The proportions of veins and symplectites are <3 vol%
(Table 1), except for samples MB99-3 (7.3 vol%) and
MBO004 (5.6 vol%). Therefore, the compositions of these Mineral compositions (Table 2) were determined by
eclogites were not significantly modified during exhumation electron microprobe with wavelength dispersive spectro-
to shallower levels. meters (WDS; JEOL JXA-8900R) at the Institute of Earth

4. ANALYTICAL METHODS
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Sciences (IES), Academia Sinica, and with an energy dis-
persive spectrometer (EDS; Hitachi S-3000N) at the Na-
tional Sun Yat-Sen University. The analytical conditions and
data reduction are described in Liu et al. (2007).

Abundances of major oxides and trace elements were
determined using a X-ray fluorescence (XRF) spectrometer
at the University of Massachusetts and an inductively cou-
pled plasma mass spectrometer (ICP-MS; Agilent 7500ce)
at the Department of Earth Sciences, National Cheng-Kung
University (NCKU) following the procedures of Liu et al.
(2007). The accuracies and precisions were < 1% for XRF
and ~5% for ICP-MS analyses (Liu et al. 2007; Table 3).
Low values for Nb, Ta, Zr, Hf, and La were confirmed by the
standard addition method. The ICP-MS and XRF data for
Ti, Sr, Zr, Y, Cr, Ni, and Ba generally agree with in 10%
(Table 3). The relatively large differences of up to 70% for
Nb and Zr reflect large uncertainty of XRF analysis for Nb <
1 ppm and Zr < 10 ppm. These differences do not affect data
interpretation but confirm the low concentrations of these
elements. The ICP-MS and XRF Ti data differ within 10%,
except for two samples with ICP values higher by 20 - 30%,
confirming complete dissolution of Fe-Ti oxides in the solu-
tions for ICP-MS analysis.

Sr and Nd isotope ratios were measured by Thermal Ion-
ization Mass Spectrometer (TIMS; Finnigan MAT262 and
TRITON TI) at NCKU (Liu et al. 2007). The total proce-
dural blanks were < 200 pg for both Sr and Nd. The *’Sr/*Sr
ratios of NBS987 and BCR-2 measured from MAT262 were
0.710251 £ 18 (n = 5) and 0.705014 + 15 (n = 4), re-
spectively. The "“Nd/'"*Nd ratios from MAT262 were
0.512616 £ 7 (n = 4) for BCR-2. Measured on Triton, mean
"SNd/"**Nd ratios were 0.511837 + 4 (n = 3), and 0.512623
+ 5 (n=3) for La Jolla and BCR-2, respectively.

5. RESULTS

5.1 Mineral Compositions, Equilibrium P-T, and
Zoisite Formation Reaction

In general, garnet, omphacite, and phengite are com-
positionally homogeneous. The constituent components of
these phases (e.g., pyrope, as “Pyp”, of garnet) vary within 7
molar percent (e.g., Pypas.so) in each sample. However, there
are larger variations among samples. As a whole, the com-
position of garnet varies in the range of Almy;;5Pypss.so
Grsys.365pso.1.1, except for higher Fe/Mg ratios (Almss.4;
Pypas.46) near fractures and retrograde veins (Table 2). Gar-
net inclusions in Kyj and zoisite are characterized by
slightly lower pyrope proportions of < 45% (Table 2). Om-
phacite grains contain 24 - 48 mol% jadeite and < 6.5 mol%
acmite with low jadeite proportions of <42% for inclusions
in Kyy and zoisite (Table 2). Phengite grains and inclusions
in garnet and omphacite have higher Si contents than inclu-
sions in zoisite and amphibole (Table 2). It has been pro-
posed that Si content in phengite increases with increasing

pressure (Carswell and Harley 1990; Ravna and Terry 2004).
The Ps value [Fe*"/(Fe*" + Al) x 100] of zoisite porphy-
roblasts varies between 2 and 5 (Table 2), lower than that of
epidote (Ps = 7 - 16) in the retrograde veins. Amphibole
grains in symplectites have lower Al,O; and higher CaO
than those in the veins (Table 2). Diopside (4 - 14 mol%
jadeite; Table 2) is associated with amphibole and plagio-
clase. Some small rutile inclusions contain ~0.5% CaO, im-
plying a distinct origin from larger interstitial rutile.

Calculated from the garnet-clinopyroxene-phengite ba-
rometry (Ravna and Terry 2004) and garnet-clinopyroxene
thermometery (Ravna 2000), garnet, omphacite and phen-
gite were equilibrated at 36.1 - 39.2 kb and 760 - 835°C
(Table 4 and Fig. 3), within the peak metamorphic P-T for
most Sulu eclogites (28 - 44 kb and 680 - 890°C; Zhang et al.
1995, 2006; Fig. 3). Zoisite porphyroblasts enclose garnet,
omphacite, and kyanite grains, implying crystallization with
expense of the enclosed phases. This inference is supported
by the reaction of

7 grossular + 3 hendenburgite + 12 kyanite + 6 H,O —
almandine + 12 zoisite )]

which is derived from a thermodynamically based soft-
ware, THERMOCALC 3.21, using mineral compositions
as input parameters (Holland and Powell 1998). THER-
MOCALC 3.21 also calculates that the zoisite formation
reaction occurred along trajectories of decreasing pressure
and increasing temperature, intercepting the P-T paths of
the Sulu eclogites at ~17 kbar and ~750°C (Fig. 3). This in-
ferred P-T for zoisite formation is comparable to that for
the crystallization of hydrous porphyroblasts in other Sulu
eclogites during stage III retrogression (Fig. 3; Zhang et al.
1995). Evidently, the high-Al eclogite samples and most
Sulu eclogites underwent a common metamorphic P-T path.

5.2 Bulk Compositions

The eclogites samples have high Al,O; contents of
18.4 - 29.2% with other major oxide contents in the ranges
of basalts and gabbros (Table 3). Abundance of TiO,, a rel-
atively immobile element, is lower than that of most basalts
(>0.7%), implying derivation from gabbroic cumulate pro-
toliths. However, the inverse SiO,-Al,03 and Al,03-CaO
correlations are inconsistent with magmatic cumulates
(Fig. 4).

The samples show prominent REE-HFSE fractionations
(Fig. 5a). Four samples, MB004, MB006, MB99-2, and 0724,
are characterized by HFSE enrichments relative to REE with
similar compatibility (Fig. 5a). These four samples are re-
ferred to as group 1. The group I samples are also character-
ized by LREE depletions, slight Eu enrichment, and < 30%
variations in HREE abundances (Fig. 5b). Referred to as
group II, other five samples have subchondritic Nb/La ratios
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without Ti anomaly (Fig. 5a). Their HREE contents mostly
vary within a factor of 2 (Table 3) and La/YDb ratio ranges
from near chondritic to superchondritic values (Fig. 5b). The
group II samples have higher Th and U contents than the
group I samples (Fig. 5a).

5.3 Sr and Nd Isotopes

¥7Sr/%Sr and '*Nd/"**Nd ratios range from 0.70469 to
0.70567 and 0.51229 to 0.51279, respectively (Table 5). Af-
ter corrected to the time of metamorphism, 220 Ma (e.g., Li
et al. 1993, 2000; Ames et al. 1996), all the samples have
similar metamorphic initial *’Sr/**Sr and '*Nd/'**Nd ratios
(Fig. 6). On the £xg(220 Ma) versus (*'St/*°Sr)0 va plot, the
samples fall on the mantle array within the field for the Sulu
high-Fe-Ti eclogites (Fig. 6), whose protoliths were inferred

to be layered intrusions formed in continental or arc settings
(Liu et al. 2007).

6. DISCUSSION

The samples of this study differ from most Sulu ec-
logites for strong HFSE-REE fractionations, high Al,O; of
18.4 - 29.2% accompanied by high MgO of 8.59 - 11.3%,
and the coexistence of Ky, and Kyy;. The causes of these fea-
tures are addressed to better understand chemical evolution
for subduction and exhumation of continental crust.

6.1 Mechanisms and Timing for Kyanite and Zoisite
Formation

The coexistence of granular and irregular-shaped kyan-

Fig. 3. Comparing the peak metamorphic P-T conditions for the studied samples (grey area) and CCSD kyanite- and phengite-eclogites (dashed rec-
tangular; Zhang et al. 2006) to the P-T path of Zhang et al. (1995) for Sulu eclogites. The peak metamorphic pressure (lines 1 to 5) was calculated
from reaction of diopside + muscovite = grossular + pyrope + celadonite (Ravna and Terry 2004) and peak temperature (lines 6 - 10) was calculated
from garnet/omphacite Fe-Mg exchange reaction (Ravna 2000). Four metamorphic stages labeled I - IV were proposed for the Sulu eclogites (Zhang et
al. 1995). Calculated from “THERMOCALC 3.21” using mineral compositions from three different samples, the P-T trajectories for zoisite formation
encounter the P-T conditions for stage 111, at which hydrous porphyroblasts crystallized. Also shown is the distribution of metamorphic facies (Dry
EC: dry eclogite facies; Lw-EC: lowsonite-eclogite facies; Ep-EC: epidote-eclogite facies; Amp-EC: amphibole-eclogite facies; BS: blueschist fa-
cies; HGR: kyanite-bearing granulite facies; GS: greenschist facies; EA: epidote-amphibolite facies; AM: amphibolite facies; GR: granulite facies).
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ite (Ky; and Kyy, respectively; Figs. 2b - d) has been re-
ported for other Sulu eclogites (Zhang et al. 1995). How-
ever, its formation mechanism has not yet been addressed.
Kyanite eclogites are mostly metamorphosed from high-Al
mafic rocks (e.g., Becker et al. 1999; John and Schenk
2003). As products from surface alteration, mixtures of ma-
fic igneous rocks and clays have also been proposed as alter-
native protoliths (Enami and Nagasaki 1999). Low MgO
contents and high *’Sr/**Sr ratios off the mantle array in the
781/*0Sr-"Nd/"**Nd space are the characteristics of such
mixtures (e.g., Innocent et al. 1997; Ma et al. 2007) but not
observed in the studied samples. At metamorphic P-T condi-
tions, plagioclase in mafic rocks decomposes to form kyan-
ite and other minerals with or without the presence of water
(Wayte et al. 1989). The reactions are:

(a)

(b)

3 anorthite — 1 grossular + 2 kyanite + 1 quartz 2
and
4 anorthite + 1 water — 2 zoisite + 1 kyanite + 1 quartz (3)

Exemplified by the Zambian eclogites, reaction (2) re-
sulted in garnet laths intergrown with kyanite, quartz, and
omphacite grains (< 50 um), replacing former plagioclase
(Fig. 5 of John and Schenk 2003). As our Kyj, matrix kyan-
ite grains (~250 pm) in some Austroalpine eclogites are
texturally in equilibrium with garnet and omphacite with-
out plagioclase relicts. They were also considered as pro-
ducts from prograde plagioclase breakdown (Sassi et al.
2004). Similar petrographic texture could develop from

Fig. 4. Abundance of Al,O; versus (a) SiO, and (b) CaO contents comparing the samples to mafic cumulates (troctolites: Benoit et al. 1996; Turner
1996; Markl 2001; Lissenberg et al. 2005; gabbronorites: Greene et al. 2006; olivine gabbros: Benoit et al. 1996; Turner 1996; norites: Turner 1996;
Markl 2001; Maji and Sarkar 2004; high-Al gabbros: Mitchell et al. 1995). The samples form inverse correlation trends extending to higher Al,O; but
lower SiO, and CaO contents than that of the cumulates. The compositions of cumulate minerals are also shown. See the footnote of Table 6 for the

compositions of Cpx; and Cpx, (Greene et al. 2006).
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metamorphic breakdown of lawsonite (e.g., Li et al. 2004),
which is an index mineral for subduction of cold oceanic
slab (Clarke et al. 2006). However, the absence of law-
sonite, hot subduction (Zhang et al. 1995; Fig. 3), and the
continental affinity for the samples are inconsistent with law-
sonite precursor. Therefore, we propose that most Ky; grains
in the samples were formed from plagioclase breakdown.
Ky grains show textures distinct from the apparent gar-
net-omphacite-Ky; equilibration. They occur as networks

(@)

(b)

mostly on garnet matrix (Fig. 2¢) and as porphyroblasts con-
taining anhedral garnet and subordinate amounts of om-
phacite inclusions (Fig. 2d). These textures can be explained
by Kyy crystallization with the expense of garnet. High-
pressure fluids released from metamorphism (e.g., Zheng et
al. 2003; Li et al. 2004; Sheng et al. 2007) could play a role
for garnet consumption and kyanite precipitation. Based on
a theoretical analysis, Manning (2004) concluded that the
dominant solutes in deep fluids are Si, Na, Ca, and Al. In

Fig. 5. Abundances of (a) trace elements and (b) REE normalized to (a) primitive mantle and (b) CI chondrite (Sun and McDonough 1989), then ar-
ranged in an order of increasing compatibility during mantle melting. The fields for the Talkeetna “upper-level” and “lower-level” gabbronorites are

from Greene et al. (2000).
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Fig. 6. Plot of £x¢(220 Ma) versus (*’St/*°Sr),50 ma comparing the high-Al eclogite samples to other Dabie-Sulu eclogites. The high-Fe-Ti eclogites
plot within the mantle array, representing protolith characteristics (Liu et al. 2007). Some Bixiling eclogites deviate from the mantle array to slightly
lower eng(220 Ma) values, reflecting lower-crust contamination (Chavagnac and Jahn 1996). Maowu eclogites deviate to higher (*'St/**Sr)20 ma
values, indicating involvement of upper-crust component (Jahn et al. 2003). The low exg(220 Ma) and high (¥’Sr/*°Sr)»20 ma values of the
Qinglongshan eclogites were inherited from continental flood basalt (Jahn 1998).
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response to decreasing P-T, the high-pressure fluids could
precipitate kyanite, zoisite, paragonite, quartz, phengite, om-
phacite, glaucophane, garnet, rutile, and zircon. These are
typical constituent minerals of veins in eclogites (e.g.,
Holland 1979; Becker et al. 1999; Rubatto and Hermann
2003; Spandler and Hermann 2006). In the Tauern Window
eclogites, the kyanite-containing veins coexist with kyanite
and zoisite porphyroblasts (Holland 1979). Although the
kyanite-containing veins are absent from our samples, the
occurrence of zoisite porphyroblasts confirms the role of
high-pressure fluids. It is proposed that the initial stage of
garnet-fluid interaction produced the irregular Ky net-
works, which gradually developed into Kyy; porphyroblasts
of up to ~9 mm by continuous kyanite crystallization and
garnet consumption (Figs. 2c - d). In this scenario, garnet
could provide Si and Al for Ky crystallization, and the
absence of quartz might reflect relatively higher solubility
of Si compared to Al at the P-T conditions (e.g., Manning
2004; John et al. 2008).

Lacking relevant thermobarometers, the P-T conditions
for kyanite crystallization can only be inferred from petro-
graphic textures. Because the Ky, grains are in apparent
textural equilibrium with garnet and omphacite, it is inferred
that they formed during peak metamorphism. In contrast,
Ky encloses peak garnet and omphacite, implying forma-
tion during retrogression. Similarly, three lines of evidence
indicate that zoisite porphyroblasts are also of retrograde
origin. They are: (1) relatively low P and T for the zoisite
formation reaction calculated from THERMOCALC (reac-
tion 1), (2) relatively low Si contents of phengite inclusions
in zoisite (Table 2; Carswell and Harley 1990), and (3) the
texture of zoisite porphyroblasts enclosing Kyj, garnet and
omphacite (Fig. 2e). If evolved along the P-T path for most
Sulu eclogites, the zoisite formation reaction (1) occurred at
~750°C and 17 kbar (Fig. 3). The paragenetic sequence of
zoisite and Kyy;, however, cannot be unambiguously deter-
mined, because intergrowth relationship between these two
minerals is not observed.

6.2 Protolith Characteristics

A common approach for revealing the geochemical evo-
lution at convergent margins is to compare the compositions
of eclogites to that of their protoliths (e.g., Becker et al.
2000). Nd isotope ratio and abundances of immobile ele-
ments are usually used to evaluate the nature of the pro-
toliths (Jahn 1998, 1999; Liu et al. 2007). Similar to many
other eclogites from the Sulu metamorphic terrane, the sam-
ples have eng values ranging from -5.1 to -2.5, indicating
continental rather than oceanic protoliths (Fig. 6; Jahn 1998,
1999). The low HREE abundances of 1 - 2 times of the
chondritic values require mafic cumulate protoliths, such as
gabbros, gabbronorites, and troctolites. These protoliths
cannot be readily distinguished using major oxide contents

because Si, Al, Ca, and Na are subjected to metamorphic
modification and the concentrations of relatively immobile
Fe and Mg (Becker et al. 1999; Manning 2004; John et al.
2008) are similar in these protoliths. The systematic varia-
tions between major oxide abundances, however, provide
clues to the nature of cumulate protoliths. The well-defined
inverse Si0,-Al,03 and Al,05-CaO correlations of the sam-
ples contradict the positive trends formed by mixing cumu-
lative olivine and plagioclase and are not the characteristics
of gabbros (Fig. 4). Therefore, they reflect the control of
metamorphism instead of protolith characteristics. The three
samples with highest Al abundances are plotted out of the
fields of mafic cumulates (Fig. 4). They are obviously not
representatives of protolith compositions. Three samples
having ~25% Al,Os5 are plotted in the troctolite field (Fig. 4).
However, their low Ni contents of < 200 ppm are not the
characteristics of troctolites. As indicated by the high
D]f,jl"gim/ Wi values of > 124 (Green and Adam 2003) and low
Ni contents in eclogite veins (Zhang et al. 2008), Ni is im-
mobile during eclogite-fluid interaction. Composed of ~20
- 40% cumulate olivine (~Fog,), most troctolites contain
> 400 ppm Ni (Benoit et al. 1996; Turner 1996; Lissenberg
et al. 2005). The relatively low Ni contents of <285 ppm in
the samples require < 20% olivine in the protoliths; there-
fore, gabbro or gabbronorite or norite protoliths are favored
over the troctolite protoliths. Three samples with Al,O5 con-
tents lower than 22% are better compositional representa-
tives for the protoliths. Their major oxide abundances are fur-
ther considered to better constrain the protolith composition.
Proportions of constituent minerals in cumulate pro-
toliths can be estimated by balancing compositions of the
cumulate minerals against bulk eclogite compositions, which
are (nearly) free from metamorphic modifications. Although
this approach ignores variations in mineral compositions,
Liu et al. (2007) successfully used it to constrain mineral
proportions of the protoliths of Sulu high Fe-Ti eclogites. In
our mass balance calculations, six sets of mineral composi-
tions varying from strongly mafic (Fogy-Ang-Engp) to mo-
derately mafic (Fogy-Angy-En7) to weakly mafic (Fo;o-Anzg-
Eng) were balanced against the bulk compositions of three
low-Al samples, MB006, MB004, and 0724. Based on mafic
cumulates from Talkeetna (Greene et al. 2006), clinopy-
roxene composition is kept unchanged with a Mg# of 77
(Cpx, in Table 6) for all mineral assemblages, except for the
value of 86 (Cpx; in Table 6) for the strongly mafic assem-
blage. For a given mineral assemblage, balancing against the
composition of MB006 always results in higher sum of
squared residuals (ER?) of 10 - 16, which mostly reflects the
discrepancies between modeled and observed Na,O con-
tents. The relatively high Na,O content of 3.66% in sample
MBO006 is not typical for gabbro but reflects its high om-
phacite proportion of 62%. Omphacite enrichment could be
a consequence from mineral segregation in response to duc-
tile deformation or from interacting with high-pressure flu-
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ids. Both possibilities indicate metamorphic modification.
For a given set of mineral compositions, mineral proportions
calculated from the compositions of samples MB004 and
0724 are similar with the lowest ZR? values from sample
0724. The absence of banded textures in these two samples
also implies minimum extents of mineral segregation. Al-
though low ZR” value of < 2 are obtained from weakly mafic
assemblages, the resulting mineral proportions are not rea-
sonable; specifically, negative proportion values for ortho-
pyroxene and >20% olivine. The latter is inconsistent with
the low Ni contents of the samples. The best fit is repre-
sented by a ZR? of 2.25 from balancing the compositions of
moderate mafic assemblage and the bulk composition of
0724. The resulting plagioclase, orthopyroxene, clinopyro-
xene, and olivine proportions are 67%, 10%, 3%, and 18%,
respectively. Such olivine gabbronorites usually occur on
the ultramafic to mafic transition in a layered intrusion (e.g.,
Mathison and Hamlyn 1987; Latypov et al. 2007).

6.3 Metamorphic Modifications on Bulk Compositions

Being mixtures of several cumulus and intercumulus
phases, gabbroic rocks do not show systematic variations in
the Si0,-Al,0;-CaO-MgO space as indicated by the compi-
lation of Greene et al. (2006) and Liu et al. (2007). There-
fore, the inverse Si0,-Al,05 and Al,O5-CaO correlations of

the samples must be resulted from metamorphic processes
(Fig. 4). They can be explained by Al-enrichment accompa-
nied with Si-Ca-losses or Al-loss with Si-Ca-enrichments
during interaction with high-pressure fluids. Mineral segre-
gation as exemplified by the garnetite (Jahn 1998) can also
affect major element distribution in the protoliths. Although
not as extreme as garnetite, two group I samples, MB99-2
and MBO006, show banded texture of alternating garnet-rich
and omphacite-rich layers with garnet/omphacite ratios of
3.4 and 0.51, respectively (Table 1). The low SiO; (41.9%),
high AL,O; (28.6%) and MgO (9.16%) contents in sample
MB99-2 (Figs. 7a, ¢) are consistent with garnet enrichment
resulted from mineral segregation during metamorphism.
Similarly, the high Na,O (3.66%) and MgO (10.0%) in sam-
ple MB006 (Fig. 7f) is not the characteristic of gabbroic
cumulates but reflects the role of omphacite. Sample MB006
also has the lowest HREE abundances, consistent with its
low garnet/omphacite ratio of 0.51 (Table 1). Metamorphic
mineral segregation might be initiated or enhanced by fluid
introduction. Other samples with garnet/ omphacite ratios
varying from 0.78 to 1.81 were subjected to lesser extents of
mineral segregation and fluid infiltration.

The garnet-rich MB99-2, omphacite-rich MB006, and
other group I samples show similar trace element variation
patterns, except for the slightly lower HREE abundances of
MBO006 (Fig. 5). This feature is also observed for the group
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Fig. 7. MgO variation diagrams comparing the high-Al eclogite samples, Maobei high-Fe-Ti eclogites (Liu et al. 2007), and the Talkeetna upper- and

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

IT samples, despite of the variations in their garnet/om-
phacite ratio. Consequently, the differences in trace element
variation patterns between the two sample groups are not
controlled by metamorphic segregation but reflect protolith
characteristics and/or the effects of eclogite-fluid interac-
tion. Mobility of elements in high-pressure fluids controls
the extent of metamorphic modification on protolith compo-
sitions. It has been established that LILE and LREE are rela-
tively mobile than HREE and HFSE (e.g., Hermann et al.
2006; John et al. 2008). Although Gao et al. (2007) modeled

~65% HREE loss for few Tianshan eclogites that were sub-
jected to relatively larger volumes of high-pressure fluids,
HREE are generally immobile during HP/UHP metamor-
phism (e.g., Becker et al. 1999, 2000; John et al. 2004; Zhao
etal. 2007). In contrast, HFSE behave complicatedly; immo-
bile in some metamorphic suites (e.g., Becker et al. 1999,
2000; John et al. 2004), but mobile from centimeters to se-
veral tens of meters in others (Franz et al. 2001; Rubatto
and Hermann 2003; Gao et al. 2007). These constraints pro-
vide a basis for elucidating the possible protolith-process
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combinations to explain the trace element variations in the
samples.

The HREE and Zr contents of the eclogite samples and
arc gabbros/gabbronorites are comparable but lower than
that of the mafic cumulates at intra-plate settings, even when

(a)

(b)

(©

a 65% loss is considered for the samples (Gao et al. 2007,
Fig. 8a). The low HREE contents in arc cumulates were in-
herited from arc lavas, which were derived from residual
mantle after MORB extraction. However, the HFSE-enrich-
ments in the group I samples (Fig. 5a) do not coincide with

(d)

(e)

®

Fig. 8. (a) Abundance of Zr versus Yb content showing that the low Zr and Yb concentrations of the high-Al eclogite samples are distinct from that of
continental gabbroic cumulates (Liu et al. 2007 and referred therein) but similar 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 versus (b) Zr/Sm and (c) Ti/Gd plots comparing the high-Al eclogite samples,
Zambia eclogites (John et al. 2004), Austroapline kyanite eclogites (Sassi et al. 2004), and Talkeetna upper- and lower-level gabbronorites (Greene et
al. 2006). Also shown are fields for the Yangtze Neoproterozoic rift and arc cumulates (Zhou et al. 2002, 2006; Ling et al. 2003), continental gabbros
(Liu et al. 2007 and referred therein) and other arc cumulates (Sisson et al. 1996; Claeson and Meurer 2004). (d) - (f) Abundance of Y versus Nb/La,
La/Yb, and Th/YDb ratios comparing the samples to CHUR, N-MORB, E-MORB, and OIB of Sun and McDonough (1989). The element fractionations

in the samples are explained by interaction with high-pressure fluids.
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most magmatic mafic cumulates for their high Zr/Sm, Ti/Gd,
and Nb/La ratios (Figs. 8b - d). Although similarly high Ti/Gd
ratios also occur in the Talkeetna “lower level” gabbro-
norites, a typical section of plagioclase-rich cumulates from
the arc environments, these gabbronorites differ from the
group I samples for the lower Zr/Sm and Zr/Y values
(Greene et al. 2006; Fig. 8b). Therefore, the HFSE enrich-
ments in the group I samples are not protolith characteristics
but reflect metamorphic modifications. The superchondritic
Zr/Sm and Nb/La ratios from a subgroup of Zambia ec-
logites were explained by LILE and LREE removal by de-
hydration while HFSE remained intact (John et al. 2004;
Figs. 8b, d). This process, however, does not result in the
high [Ti/HREE], ratios of the group I samples (Fig. &c).
Consequently, metamorphic addition of HFSE must be con-
sidered for the HFSE-enrichments in the group I samples.
Experiments showed that F- and Na-Al-Si polymers in high-
pressure fluids enhanced rutile solubility (e.g., Audétat and
Keppler 2005). The occurrence of rutile and zircon in ec-
logitic veins confirms that HFSE were transported via fluids
(e.g., Franz et al. 2001; Rubatto and Hermann 2003). Al-
though eclogite facies veins are not observed in hand speci-
men, clusters of smaller rutile inclusions (10 - 50 pm, mostly
< 20 um) concur with epidote along annealed fractures in
garnet and omphacite (Fig. 2f), implying crystallization
from fluid infiltration. The high CaO content of ~0.5% in
some of these small rutile inclusions is not the characteristic
of the larger interstitial rutile (0.05 - 0.7 mm), possibly re-
flecting fluid infiltration that resulted in the superchondritic
Nb/La and Ti/HREE ratios. Similarly, the positive Zr and
Hf anomalies (Fig. 5a) can be explained by zircon crystalli-
zation facilitated by interaction with high-pressure fluids
(Williams et al. 1996; Dempster et al. 2008). This HFSE en-
richment mechanism might also operate in other eclogites;
however, its chemical consequences are obscured by rela-
tively higher HFSE concentrations in protoliths.

In contrast to the HFSE enrichments and LREE de-
pletions of the group I samples, the group II samples are
characterized by HFSE depletions with LREE enrichments
(Fig. 5a). Their Ti/HREE and Z1/Y ratios are comparable to
that of the arc mafic cumulates and most similar to that of the
Talkeetna “upper level” gabbronorites (Figs. 8b, ¢). There is
a surprising match in the trace element variation patterns of
these Talkeetna “upper-level” gabbronorites and a group II
sample, 0729, which has the lowest zoisite proportion (Fig. 5).
Other group II samples have higher LILE and LREE con-
tents (Figs. 5a and 8e - f), indicating metamorphic enrichments.

In summary, major element compositions of the studied
eclogites were controlled by mineral segregation and, to a
less extent, by fluid infiltration. In contrast, trace element
distribution was dominated by eclogite-fluid interaction that
resulted in HFSE-enrichments in the group I samples and
LILE-LREE enrichments in the group II samples. These re-
sults show that even Zr/Sm and Ti/Eu ratios are not reliable

protolith tracers. For a suite of metamorphic rocks, critically
evaluating their compositional systematics and petrographic
textures are required to infer the nature of protoliths.

6.4 Implications on Element Fractionations in
Eclogites

Studies on the compositions of eclogites having an oce-
anic affinity have documented various extents of element
fractionations from isochemical metamorphism (Chalot-Prat
et al. 2003; Miller et al. 2007) to LREE-MREE removal
without changes on the HREE and HFSE budgets (John et
al. 2004) to < 10 - 20% loss for HFSE and HREE (Becker et
al. 2000). In contrast, chemical consequences from subduc-
tion and exhumation of rocks with a continental affinity have
not been as intensively investigated. Lower extents of ele-
ment fractionation might be predicted from low water con-
tent in continental crust due to aerial exposure. Rapid sub-
duction during the prograde metamorphism in the Dabie-Sulu
terrane also prevented devolatilization (summarized by Zheng
et al. 2003). However, the occurrences of eclogite facies
veins and fluid inclusions in the Sulu metamorphic terrane
confirm the existence of fluids (Chen et al. 2007; Zhang et
al. 2008). Also, garnet and omphacite in the Sulu eclogites
contain respectively 522 - 1584 and 1170 - 20745 ppm of
water with ~100 - 400 ppm of structural hydroxyl (Chen et
al. 2007). Such significant amounts of water could be liber-
ated when metamorphic temperature reached maximum at
early exhumation (Fig. 3; Zheng et al. 2003; Chen et al.
2007). Consequently, these retrograde fluids might be re-
leased at higher pressures than prograde fluids. Therefore,
they were more reactive for higher solubility on most rock-
constituent elements, dominating the differences in trace
element distribution between the groups I and II samples.

The occurrence of rutile and zircon in eclogitic veins
from the Sulu metamorphic terrane (Zhang et al. 2008) con-
firms that HFSE were dissolved into and transported by the
retrograde fluids. Based on the occurrence of clusters of se-
condary rutile inclusions along the fractures, it is proposed
that the dissolved HFSE were precipitated after short mi-
gration distance forming the positive HFSE anomalies in
the group I samples (Fig. 5a). The U-shaped REE patterns of
the group I samples (Fig. 5b) require that small amounts of
LREE were also incorporated into eclogite constituent mi-
nerals. Subsequently, the fluids became relatively enriched
in LILE and, to lesser extents, LREE. They were transported
for longer distances then precipitated into the group II sam-
ples, resulting in higher LREE/HREE, REE/HFSE, and
LILE/REE ratios (Fig. 8). In this model, the groups I and II
eclogite samples were subjected to a common fluid whose
composition evolved during interaction with eclogites and
the observed HFSE-REE and HFSE-LILE fractionations
were results of differences in element solubility and mobility
in fluids. Alternatively, the compositional differences be-
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tween the two groups might reflect interacting with fluids of
distinct origins. The first interpretation is favored because
all samples have similar Sr and Nd isotope ratios (Fig. 6).
The interpretation of high-pressure fluids precipitating
HFSE, LREE, and LILE into the eclogite samples implies
that these elements were retained in the subducted continen-
tal lithosphere, although once released into high-pressure
fluids. Similarly, nearly isochemical metamorphism was
concluded for subduction and exhumation of most oceanic
lithosphere (e.g., Becker et al. 1999, 2000; Chalot-Prat et al.
2003; Miller et al. 2007). Although some Zambia eclogites
were LILE-LREE depleted by dehydration, they coexist
with LREE and LILE enriched counter parts (John et al.
2004), indicating limited migration distances for these ele-
ments. Even the relatively long HFSE transport distance of
10 - 100 meters inferred from the Tianshan eclogites are
minute compared to the thickness of the subducted litho-
sphere (Gao et al. 2007). The process of initial dissolution
followed by prompt precipitation might not be limited to
eclogitization but extend to most metamorphosed litho-
logies. Spandler et al. (2003) compared mineral trace-ele-
ment data and bulk-rock data at different metamorphic grades
to conclude that the elements released into fluids by mineral
breakdown reactions are promptly incorporated into the
newly-formed minerals. If there is no significant element
loss, except for highly incompatible elements such as Rb,
Cs, and Ba, from subducted lithosphere to metamorphic flu-
ids, the chemical flux to metasomatized mantle wedge must
be mainly from the topmost part of subducted slabs; most
likely subducted sediments as concluded from the correla-
tion between compositions of sediment inputs and arc mag-
matism outputs (Plank and Langmuir 1993; Elliott 2003).

7. CONCLUSIONS

Petrographic textures and compositional variations of
the high-Al eclogites from the Sulu metamorphic terrane all
reflect the role of high-pressure fluids. Distinct from the in-
clusion-free kyanite grains, kyanite networks and kyanite
grains containing anhedral garnet-omphacite inclusions cry-
stallized at the expense of garnet and omphacite during
eclogite-fluid interaction. The occurrence of zoisite porphy-
roblasts strengthens the role of fluids. Low HREE concen-
trations are common to all the samples and require deriva-
tion from arc cumulates. Comparison to mafic cumulates
shows that high Al concentrations of > 22% are results from
metamorphic modification whereas low-Al samples are com-
positionally better representative of protolith. An olivine
gabbronorite protolith is inferred from mass balance be-
tween the bulk compositions of low-Al samples and hypo-
thetical cumulate mineral compositions. The intensive HFSE-
REE fractionations between the groups I and II samples are
explained by difference in element mobility during eclogite-
fluid interaction. The model involves dissolution of LREE,

LILE, and HFSE into fluids released during initial stage of
retrogression at > 750°C. HFSE precipitated promptly after
a short migration distance forming clusters of small rutile
grains along annealed fractures in the group I samples.
HFSE precipitation also partially contributed to the crystal-
lization of interstitial zircon. Migrating further away from
the HFSE sinks, the fluids then deposited LREE and LILE
into newly-formed zoisite in the group II eclogites, resulting
in the observed HFSE-REE and HFSE-LILE fractionations.
This model requires limited transport distances for elements
in high-pressure fluids. If so, chemical contributions to man-
tle wedges from subducted lithosphere are much less than
from subducted sediments.
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