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Abstract

Three distinct groups of eclogites (low-Mg–Ti eclogites, high-Ti eclogites and Mg-rich eclogites) and ultramafic rocks from the
depth interval of 100–680 m of the Chinese Continental Scientific Drill Hole were studied. The lowMg#s (=100⁎molar Mg/(Mg+Fe))
(81–84%) and low Ni (1150–1220 ppm) and high Fe2O3

total (13–15 wt.%) contents of ultramafic rocks suggest a cumulate origin. Mg-
rich eclogites showmiddle and heavy REE enrichments, which could not be produced by metamorphic growth of garnet. Instead, if the
rocks formed from a light REE enriched magma, there may be an igneous precursor for some garnets in their protolith. Alternatively,
perhaps they formed from a light REE depleted magma without garnet. The high-Ti eclogites are characterized by unusually high
Fe2O3

total contents (up to 24.5 wt.%) and decoupling of high TiO2 from low Nb and Ta contents. These features cannot be produced by
concentration of rutile during UHP metamorphism (even for samples with TiO2N4 wt.%) of high-Ti basalts, but could be attributed to
crystal fractionation of titanomagnetite (for those with TiO2b∼4 wt.%) or titanomagnetite+ ilmenite (for those with TiO2N∼4 wt.%).
Thus, we suggest that protoliths of the high-Ti eclogites were titanomagnetite/ilmenite-rich gabbroic cumulates. As a whole, the low-
Mg–Ti eclogites are geochemically complementary to the high-Ti eclogites, Mg-rich eclogites and ultramafic rocks, and could be
metamorphic products of gabbroic/dioritic cumulates formed by high degree crystal fractionation. All these observations suggest that
parental materials of the ultramafic rock-eclogite assemblage could represent a complete sequence of fractional crystallization of
tholeiitic or picritic magmas at intermediate to high pressure, which were later carried to ultrahigh-pressure conditions during a
continental collision event.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The nature and origin of the lower continental crust
remains one of the most important areas of study in the
Earth sciences because it bears directly on how the
continents were and are presently being formed. Several,
not necessarily mutually exclusive hypotheses have been
put forward (Rudnick, 1992, 1995; Kelemen, 1995). One
possibility for forming lower continental crust is that it
represents the residue of melting pre-existing crust at
lower crustal pressures. Such an origin could be
associated with orogenic thickening and heating of the
thickened lower crust. A second possibility is that the
lower crust represents fragments of stacked oceanic
lithospheres, such that continents grow by lateral
accretion. A third possibility is that the lower crust is
generated by magmatic underplating, that is, continents
grow from the bottom up. A fourth possibility is that
substantial proportions of lower and upper continental
crust form simultaneously via single-stage, arc magma-
tismwith concurrent delamination (Kelemen et al., 2003;
Greene et al., 2006; Lee et al., 2006).

Granulite (Griffin and O'Reilly, 1986; Rudnick et al.,
1986; Kempton and Harmon, 1992; Wendlandt et al.,
1993) and eclogite xenoliths (Griffin et al., 1990; El
Fadili and Demaiffe, 1999; Barth et al., 2002) carried in
basaltic or kimberlitic magmas offer one window into the
lower crust. However, one disadvantage of working with
xenoliths is that they are generally tiny fragments of the
Fig. 1. (a) Simplified geological map of the Sulu area (modified from Zhang
Xiangshui fault. (b) Profile around the CCSD-MH and ZK703 (Zhang et al.,
CCSD was revised from Xu et al. (2004b).
deep lithosphere and therefore do not preserve any
structural relationships. Furthermore, complete crystal-
lization sequences associated with basaltic underplating
are very rare, and the ultramafic part of a hypothetical
underplated sequence is usually missing (Hermann et al.,
2001; Zhou et al., 2005b).

In this paper, we turn our attention to studying a
relatively large section of the lower crust sampled
continuously by the Chinese Continental Scientific
Drilling Project (CCSD) located in the southwest part of
the Dabie–Sulu UHP metamorphic terrain. Our study is
centered on the 0-680 m long main drill hole (CCSD-
MH), which is mainly composed of eclogites. The
eclogites are interlayered with a few amphibolites and
gneisses, and overlie an ultramafic section (Fig. 1b)
(Zhang et al., 2004, 2006b). The CCSD drill holes allow
us to reconstruct the compositional structure of a deep
lower crustal section by studying down-core geochemical
variations, which might provide a relatively complete
sequence of crystal fractionation. Such information can be
used to shed light on the petrogenesis of the lower crust.

Many eclogites are enriched in TiO2 in the Dabie–
Sulu area (Jahn, 1998; Xu et al., 2004a; Zhang et al.,
2004). To account for the petrogenesis of high-Ti
eclogites, igneous cumulates (Jahn, 1998) or a Ti-rich
gabbroic intrusion (Zhang et al., 2004) were suggested as
protoliths. Tang et al. (2007) attributed Ti enrichment of
the eclogites to relatively high proportions of cumulus
ilmenite. Based on the negative correlations between
et al., 2000). WQYF = Wulian–Qingdao–Yantai fault, JXF = Jiashan–
2006a). The circles represent sample sites. Structure profile around the
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TiO2 and Nb, Ta, Zr and Hf, we suggested that the
protoliths of high-Ti eclogites were magnetite-bearing
gabbroic cumulates (Liu et al., 2005c, 2007a; Zhang
et al., 2006a). However, Liu et al. (2007a) suggested that
some eclogites with TiO2N5 wt.% must result from
metamorphic enrichment in rutile rather than magmatic
processes. Therefore, the origin of the samples with
extremely high-Ti contents is still uncertain.

Specific questions that we wish to address in this study
are as follows. First, what are the protoliths of the
eclogites? Do these eclogites represent products of
magmatic underplating or are they residues of partial
melting? If the former, were all the eclogites formed by the
same magmatic event? What were the protoliths of the
ultramafic rocks underlying the eclogites? Are the high-Ti
contents of eclogites inherited from their igneous
protoliths or did they result from metamorphic differ-
entiation? Finally, are the different types of eclogites and
underlying ultramafic rocks genetically related, or
juxtaposed by tectonic processes? Here, we present a
new set of major and trace element data on whole rocks.
The results show that the eclogite protolithswere probably
gabbroic/dioritic cumulates. We show also that the
ultramafic sections are cumulates, which were genetically
related to the eclogites. Collectively, our findings suggest
that parts of the Sulu terrane represent fragments of fossil
lower crust formed by basaltic underplating, that were
later affected by ultra-high pressuremetamorphismduring
a continental collision event.

2. Geological setting

The Dabie–Sulu terrane in eastern-central China is
located on the Triassic continental collision zone
between the North China and Yangtze cratons. The
Sulu UHP and HP metamorphic belts are bounded by
the Wulian–Qingdao–Yantai and Jiashan–Xiangshui
faults (Fig. 1a), and are the eastern extension of the
Qingling–Dabie orogenic belts. Coesite is ubiquitous in
eclogites from the Sulu UHP metamorphic belt (Liou
and Zhang, 1996). Micro-diamonds have been found in
eclogites from Donghai in the southwest end of the Sulu
UHP metamorphic belt (Xu et al., 2003), where the
CCSD-MH is located (34°25' N, 118 °40' E) (Fig. 1a).
Many eclogites are enriched in Ti in this area (Xu et al.,
2004a; Tang et al., 2007). Serpentinized peridotites and
garnet pyroxenites occur sporadically as blocks through-
out the UHP belt, most of which experienced UHP
metamorphism (Liou and Carswell, 2000; Yang and
Jahn, 2000; Zhang et al., 2003). At some localities,
eclogites are directly associated with ultramafic rocks
(e.g., Xugou).
The petrology of the CCSD-MH cores has been
reported by Liu et al. (2004a,b) and Zhang et al. (2004,
2006b). The samples studied in this work were collected
from 100 to 680 m of the CCSD-MH core (Fig. 1b),
which were grouped into three lithological units by
Zhang et al. (2004, 2006b). Unit 1 (from 100 to 530 m)
consists mainly of quartz-rich eclogite, intercalated
layers of rutile-rich eclogite and thin layers of
paragneiss; Unit 2 (from 530 to 600 m) is mainly
composed of rutile- and ilmenite-rich eclogites. Modal
contents of titanomagnetite in these eclogites are high,
up 5–25% (Xu et al., 2004a). Unit 3 (from 600 to 680 m)
consists of ultramafic rock with minor eclogite and
garnet clinopyroxenite layers. A 300 m thick ductile
shear zone is found in the depth interval of 738–1100 m
(Fig. 1b)(Xu et al., 2004b). Eclogites from the ductile
shear zone have anomalously light oxygen isotope
compositions (Zhang et al., 2006c; Chen et al., 2007).

The metamorphic P–T conditions are estimated to be
3.1–4.4 GPa and 678–816 °C for these eclogites (Zhang
et al., 2006b). A protolith age of 774 Ma for the eclogites
was suggested by Zhang et al. (2006a). Based on
SHRIMP zircon U–Pb dating for orthogneiss, Liu et al.
(2004a) suggested that these rocks underwent UHP
metamorphism at 227 Ma and amphibolite facies retro-
grade metamorphism at 209 Ma. More recently, Liu et al.
(2007b) found that trace element compositions (especially
HREE) of the zircons from the ultramafic rocks change
dramatically at ∼255 Ma, and suggested that the UHP
metamorphism occurred at 255–231 Ma, and retrograde
metamorphism at about 227–192 Ma.

3. Samples and analytical methods

3.1. Sample description

Fifteen eclogite samples from the CCSD-MH
(b680 m) were collected (Fig. 1b). The samples were
classified into three types: low-Mg–Ti eclogites, high-Ti
eclogites and Mg-rich eclogites. Low-Mg–Ti eclogites,
sampled in the depth interval from 100–300 m, are
mainly composed of garnet (grt)+omphacite (omp)+
quartz + apatite (ap) + rutile (rut) ± phengite. A few
amphiboles are found as symplectite around garnet and
omphacite in some samples, suggesting slight amphibo-
lization. High-Ti eclogites, occurring in three layers in
the depth interval from 300–610 m, are mainly
composed of grt+omp+Ti–Fe oxides+ap. A few of
them suffered slight amphibolization as demonstrated by
amphibole symplectite around omphacite. Modal pro-
portions of Ti–Fe oxides in high-Ti eclogites are about
8–16%. These oxides are composed of exsolution
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lamellae of hematite (hem)+Ti-hematite+ ilmenite (ilm)
and rutile (Fig. 2a). Mg-rich eclogites are fresh and
composed of omp+grt± rut. They occur as lenses within
the serpentinized ultramafic rocks in the depth interval
from 610–680 m. Because ultramafic rocks from the
CCSD-MH are not available, ultramafic rocks from
ZK703 drill hole about 100 m away from CCSD-MH
were analyzed for this study (Fig. 1b). The ultramafic
samples from the ZK703 drill hole are thought to be
counterparts of ultramafic rocks of the CCSD-MH based
on petrologic features and VSP seismic profile (Zhang
et al., 2006a). Olivines and pyroxenes are mostly
serpentinized in the ultramafic rocks. Fresh garnets are
preserved. A few of the garnets are euhedral and contain
olivine and aluminous orthopyroxene inclusions (Fig. 2b).

3.2. Analytical methods

Parts of all samples were first crushed to about 60
mesh in a corundum jaw crusher. About 60 g was
powdered in an agate ring mill to less than 200 mesh.
Major elements were analyzed by X-ray fluorescene
spectrometry (Rikagu RIX 2100) at the State Key
Laboratory of Continental Dynamics, Northwest Uni-
versity, China (NU) and National Research Center for
Geoanalysis, China (NRCG) (designated with italicized
labels in Tables 1 and 2). Analytical precision and
accuracy for major elements are the same as Rudnick
et al. (2004) for the NU data and Zhang et al. (2004) for
the NRCG data. Trace elements were analyzed by HR-
ICP-MS (Finnigan Element 2) at Rice University for
eclogites (Table 1) and ICP-MS at the China University
of Geosciences for ultramafic rocks (Table 2). The
samples were digested in Teflon bombs with a mixture
Fig. 2. (a) Distribution of Fe–Ti oxides in the high-Ti eclogite. (b) Euhedral ga
of olivine and pyroxene compositions are wt.%.
of HF+HNO3 for ICP-MS analyses (Appendix A).
Analyses of international rock standards are listed in
Appendix B.

4. Results

4.1. Eclogites

Based on modal mineralogies and MgO–TiO2 varia-
tions (Fig. 3a), we classify the eclogites into three distinct
groups: Mg-rich eclogites, high-Ti eclogites and low-
Mg–Ti eclogites.Mg-rich eclogites (MgON7.5 wt.%) are
characterized by high MgO contents and low TiO2

contents. Compared to olivine gabbros, they have higher
Fe2O3

total and Na2O contents and lower CaO contents.
Their Ni and Cr contents are substantially higher than the
other eclogites and most basaltic melts (e.g., MORB)
(Fig. 4b and c). They show convex upwards light rare
earth element (LREE) patterns, but flat heavy rare earth
element (HREE) patterns and high HREE abundances
(Fig. 5b).

High-Ti eclogites are characterized by high TiO2

(2.8–5.9 wt.%), Fe2O3
total (14.6–25.5 wt.%) and V

(137–940 ppm) contents, and relatively low MgO and
CaO contents (Figs. 3 and 4). Fe2O3

total correlates positively
with TiO2 andV (R=0.72 and 0.84, respectively) (Fig. 4d).
Rare earth elements (REE) vary from highly LREE-
depleted patterns for eclogites adjacent to Mg-rich
eclogites to LREE-enriched patterns for eclogites neigh-
boring low-Mg–Ti eclogites (Fig. 5c). P2O5 contents
correlate positively with LREE (e.g., La; Fig. 4e), and
negatively with Eu anomalies (Fig. 4f).

It is noteworthy that Nb, Ta, Zr and Hf are decoupled
from Ti for the high-Ti eclogites (Fig. 6). These high-Ti
rnet containing olivine and aluminous orthopyroxene inclusions. Units



Table 1
Chemical compositions of eclogites (34°25' N, 118 °40' E)

Type Low-Mg–Ti eclogite High-Ti eclogite Mg-rich eclogite

Samples SD001 SD004 SD006 SD009 SDZ1 SDZ2 SD014 SDZ3 SDZ4 SDZ5 SD017 SD018 SDZ6 SD019 SDZ7

Depth (m) 110 190 237 318 347 353 419 433 448 532 546 568 576 610 631

By XRF (wt.%)
SiO2 57.47 51.66 51.59 45.08 43.34 40.33 46.55 47.42 40.24 42.25 44.33 38.69 39.16 48.47 45.85
TiO2 1.46 1.52 2.37 4.08 5.63 4.40 2.75 3.37 5.85 4.44 2.85 4.52 3.45 0.39 1.37
Al2O3 15.06 13.05 14.49 15.21 14.28 14.97 15.36 14.57 11.47 14.37 13.96 11.98 18.11 13.23 14.95
Fe2O3

total 11.25 13.05 14.46 16.54 17.5 20.3 16.48 15.5 19.2 22.9 15.34 24.47 24.3 10.99 16.06
MnO 0.34 0.19 0.28 0.24 0.30 0.34 0.23 0.35 0.40 0.36 0.23 0.26 0.32 0.16 0.31
MgO 1.96 5.76 4.12 7.37 4.50 5.62 5.29 4.69 5.83 5.25 7.15 7.30 5.35 12.42 12.16
CaO 5.14 10.10 7.74 9.03 11.24 11.99 9.36 8.43 12.14 9.98 12.05 11.11 10.34 9.85 7.67
Na2O 5.73 3.95 3.12 2.21 1.58 2.07 3.63 3.20 2.78 2.00 2.96 1.28 0.90 3.76 2.79
K2O 0.65 0.04 0.86 0.05 0.00 0.13 0.03 1.08 0.06 0.02 0.01 0.01 0.08 0.03 0.06
P2O5 0.46 0.30 0.70 0.22 2.83 1.79 0.26 1.91 3.59 0.24 0.63 0.02 0.01 0.02 0.01
LOI 0.41 0.33 0.19 0.04 0.33
Total 99.93 99.95 99.92 100.0 101.2 101.9 99.93 100.5 101.6 101.8 99.54 99.64 102.0 99.65 101.2

By ICP-MS at the Rice University (units are wt.% for TiO2, MnO and FeO, and ppm for the others)
V 34.8 343 241 354 409 395 417 170 295 555 324 940 525 125 187
Cr 1.05 19.4 4.33 43.2 28.6 22.5 b0.003 b0.003 4.16 201 13.2 332 619 401
Be 1.11 1.10 0.90 0.22 0.48 0.46 0.80 1.15 0.78 0.55 0.24 0.063 0.12 0.74 0.66
Co 4.88 41.7 23.5 28.7 33.4 32.0 66.3 25.4 28.3 48.7 24.5 64.0 59.1 52.8 56.4
Ni 3.29 26.8 10.5 23.3 11.0 17.3 24.4 5.15 7.28 7.59 45.5 70.0 16.4 305 95.7
Cu 1.84 69.4 17.7 16.3 34.2 32.4 24.0 21.0 32.0 34.8 22.4 92.7 151 13.7 15.0
Zn 165 91.5 116 94.4 119 109 106 127 163 146 89.3 126 120 40.1 43.4
Ga 19.5 17.6 20.4 17.2 18.3 17.7 17.4 19.6 19.2 18.2 15.5 17.4 17.5 13.5 12.4
Rb 15.0 5.90 9.96 3.43 0.72 4.97 0.29 27.1 1.32 1.37 0.092 0.11 4.07 0.86 1.28
Sr 179 95.1 214 228 257 243 90.0 392 727 82.6 203 69.2 37.8 226 229
Y 59.7 36.7 48.3 10.7 55.2 38.5 34.6 66.8 64.3 35.5 19.0 10.8 10.8 30.7 83.3
Zr 430 108 252 10.4 88.4 31.8 101 93.4 49.3 77.0 36.0 12.8 11.0 102 293
Nb 10.1 4.31 6.40 0.71 4.46 2.16 5.05 5.35 4.71 3.02 1.53 0.39 0.31 2.93 7.07
Cs 1.03 0.20 0.38 0.031 0.004 0.10 0.060 0.79 0.013 0.46 0.028 0.028 0.25 0.17 0.14
Ba 149 199 392 17.9 6.65 25.6 11.8 304 19.7 70.9 1.62 4.90 49.1 99.5 16.8
La 19.9 6.25 24.6 6.69 59.9 21.4 3.98 26.0 29.0 4.81 3.89 0.55 0.091 3.14 7.78
Ce 54.3 18.4 66.6 16.4 151 64.7 8.66 70.2 80.8 11.0 11.6 2.01 0.38 12.0 22.0
Pr 7.44 3.13 9.51 2.38 17.0 8.15 1.06 9.22 10.5 1.50 1.81 0.38 0.11 1.89 3.34
Nd 34.9 16.8 45.1 11.6 72.5 39.8 4.97 46.9 52.7 7.84 10.2 2.30 1.22 9.13 15.9
Sm 8.19 5.17 10.8 2.65 16.4 9.16 1.94 11.9 14.3 2.57 3.04 1.19 1.21 2.74 4.53
Eu 3.76 2.06 4.37 1.17 4.82 3.16 1.01 4.75 5.40 1.36 1.40 0.72 0.89 0.80 1.15
Gd 10.4 5.78 11.8 2.99 15.8 8.99 3.70 12.9 15.2 3.42 3.83 1.57 1.24 3.46 5.62
Tb 1.73 0.97 1.79 0.44 2.34 1.27 0.77 1.93 2.15 0.64 0.60 0.27 0.22 0.62 1.11
Dy 11.1 6.43 9.87 2.46 11.5 6.80 5.57 10.9 11.5 4.54 3.91 1.86 1.50 4.61 8.65
Ho 2.49 1.53 1.90 0.48 1.79 1.24 1.35 2.21 2.08 1.18 0.83 0.43 0.38 1.18 2.52
Er 7.55 4.42 5.47 1.22 4.39 3.12 3.83 5.84 5.09 3.32 2.19 1.20 1.01 3.58 8.06
Tm 1.10 0.64 0.76 0.16 0.55 0.39 0.55 0.78 0.64 0.48 0.30 0.17 0.13 0.57 1.27
Yb 6.72 3.93 4.86 0.96 3.55 2.35 3.17 4.71 3.93 2.79 1.74 0.94 0.80 3.35 7.65
Lu 1.02 0.56 0.68 0.13 0.44 0.30 0.46 0.64 0.51 0.40 0.23 0.13 0.11 0.48 1.16
Hf 8.73 2.57 4.93 0.36 2.14 0.80 2.30 2.11 1.24 1.76 0.85 0.41 0.31 2.66 6.53
Ta 0.45 0.23 0.34 0.06 0.12 0.16 0.23 0.28 0.11 0.24 0.08 0.03 0.00 0.21 0.59
Pb 2.50 2.49 4.47 1.86 7.22 4.65 2.45 6.98 9.38 1.47 1.56 2.61 2.50 8.52 10.3
Th 1.27 0.42 2.08 0.25 10.4 4.27 0.68 2.55 2.48 0.48 0.12 0.09 0.02 0.15 0.54
U 0.46 0.23 0.58 0.07 1.62 0.56 0.45 0.66 0.55 0.18 0.06 0.06 0.09 0.09 0.22
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Table 2
Compositions of the serpentinized ultramafic rocks from ZK 703 (34°25' N, 118°40'E)

Sample 703-521 703-526 703-535 703-541 703-545 703-545⁎

Depth (m) 521 526 535 541 545 545

By XRF (wt.%)
SiO2 37.22 37.11 36.57 36.99 36.54 36.71
TiO2 0.19 0.21 0.19 0.29 0.29 0.28
Al2O3 4.11 4.44 3.37 3.70 3.19 3.21
Fe2O3

total 14.67 13.13 13.24 13.17 13.03 13.02
MnO 0.20 0.18 0.19 0.18 0.17 0.17
MgO 31.94 33.15 34.18 33.79 34.78 34.88
CaO 2.63 2.01 1.32 1.33 0.83 0.83
Na2O 0.12 0.09 0.13 0.19 0.03 0.05
K2O 0.01 b0.01 0.02 0.01 b0.01 0.01
P2O5 0.02 0.03 0.03 0.02 0.05 0.04
LOI 8.59 9.65 10.77 10.42 10.97 10.94
Total 99.69 100.00 100.01 100.09 99.88 100.14
Mg# 81.32 83.47 83.77 83.69 84.22 84.27

By ICP-MS at the China University of Geosciences (ppm)
Be 0.067 0.095 0.096 0.099 0.084
Sc 15.2 13.3 11.8 13.3 12.6
V 51.7 54.7 61.5 68.3 72.3
Cr 2236 2266 2123 2031 2129
Co 123 126 134 132 136
Ni 1151 1184 1219 1166 1201
Cu 14.5 11.0 8.5 15.6 13.8
Zn 88 70.4 69.4 69.2 70.6
Ga 3.64 3.95 3.82 3.56 3.49
Rb 0.017 0.00 0.366 0.00 0.69
Sr 48.8 29.1 30.9 27.2 11.71
Y 1.97 2.52 2.73 3.15 2.14
Zr 4.94 6.85 5.39 6.83 5.99
Nb 0.17 0.24 0.20 0.47 0.20
Cs 0.009 0.007 0.069 0.011 0.018
Ba 11.48 4.38 11.06 1.30 2.31
La 0.49 0.47 0.74 0.67 1.16
Ce 1.19 1.15 1.79 2.18 2.30
Pr 0.17 0.16 0.25 0.33 0.28
Nd 0.88 0.85 1.29 1.62 1.28
Sm 0.27 0.30 0.37 0.44 0.32
Eu 0.12 0.13 0.15 0.15 0.13
Gd 0.31 0.36 0.41 0.47 0.34
Tb 0.055 0.070 0.07 0.08 0.057
Dy 0.33 0.42 0.45 0.51 0.33
Ho 0.069 0.09 0.09 0.11 0.07
Er 0.18 0.22 0.23 0.28 0.19
Tm 0.027 0.035 0.034 0.044 0.030
Yb 0.20 0.26 0.26 0.35 0.23
Lu 0.030 0.040 0.040 0.056 0.035
Hf 0.13 0.16 0.14 0.19 0.14
Ta 0.060 0.061 0.051 0.08 0.065
Pb 0.976 2.16 0.675 0.542 5.78
Th 0.081 0.052 0.095 0.022 0.091
U 0.023 0.013 0.021 0.009 0.023

⁎duplicate.
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eclogites have lower Nb, Ta, Zr and Hf contents than
modern basalts (e.g., MORB) at similar TiO2 levels.
Similar features are also observed for oxide-rich gabbro
xenoliths from the Hyblean Plateau (Scribano et al.,
2006) and Indian Ocean spreading ridge gabbros (Hart
et al., 1999; Coogan et al., 2001)(Fig. 6c).



Fig. 3. Major-element diagrams illustrating geochemical relationships between eclogites, Fe–Ti oxide-rich gabbros (Zhou et al., 2005b), olivine
gabbros (Liu et al., 2005a; Zhou et al., 2005a), Fe–Ti diorites (Hermann et al., 2001), cumulate websterites, and corresponding melts from high-
pressure crystallization experiments of hydrous basalts and basaltic andesites (Müntener et al., 2001), eclogitic restites (reconstructed according to
mass balance), and partial melts of eclogitized basalt (Pertermann and Hirschmann, 2003a,b). Ultramafic rocks were recalculated on an anhydrous
basis. Solid outlined region represents field of mid-ocean ridge basalts (MORB) from RidgePetDB (Lehnert et al., 2000). Depleted mantle (DM) from
(Salters and Stracke, 2004; Workman and Hart, 2005).
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Low-Mg–Ti eclogites have relatively low TiO2

(0.9–2.4 wt.%) and MgO (1.9–5.8 wt.%) contents and
high SiO2 (mostly 50–60wt.%) andNa2O (2.7–5.7wt.%)
contents (Fig. 3). Their V, Ni and Cr contents are lower
than those of modern basalts (e.g. MORB) (Fig. 4). As a
whole, V correlates positively with MgO (R=0.93,
Fig. 4a). These eclogites have flat or LREE-enriched
REE patterns with weak positive Eu anomalies (Fig. 5d).
Although low-Mg–Ti eclogites have low TiO2 contents,
they have the highest Nb, Ta, Zr and Hf contents of any of
our samples (Fig. 6).

4.2. Ultramafic rocks

The serpentinized ultramafic rocks are characterized
by relatively low SiO2 and CaO, and high Fe2O3

total

compared with depleted mantle (Fig. 3). Their Ni
contents (1150–1220 ppm) and Mg#s (=100⁎molar
Mg/(Mg+Fe)) (81–84%) are significantly lower than
that expected for model depleted mantle (1960 ppm;
Salters and Stracke, 2004; 1883 ppm; Workman and
Hart, 2005) and lithospheric mantle peridotites (McDo-
nough, 1990). Their REE patterns show enrichments in
both LREE andHREE (Fig. 5a). One sample (703–541)
demonstrates the typical convex upwards REE pattern
for clinopyroxene-rich cumulates derived from a
LREE-enriched magma.

5. Discussion

5.1. Effects of UHP metamorphism on trace elements

By comparing the high-grade metamorphic rocks to
equivalent igneous rocks, Spandler et al. (2004) showed



Fig. 4. Plots of MgO vs. V, Ni and Cr, and Fe2O3
total vs. V, and P2O5 vs. La and Eu/Eu⁎. DM = depleted mantle (Salters and Stracke, 2004; Workman

and Hart, 2005). The other symbols as in Fig. 3.
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that high-pressure metamorphism produced very minor
chemical changes, with no significant mobility of high
field strength elements (HFSE) and REE during
subduction-zone metamorphism. Similar results were
obtained from geochemical studies of high-pressure
rocks from the Western Alps (Chalot-Prat et al., 2003).
The degree of element mobility in subducted rocks
depends significantly on thermal conditions in the slab
and water content in the rocks. Crustal rocks subducted
in a high temperature subduction-zone environment
tend to undergo extensive depletion of incompatible
trace elements by partial melting at fore-arc depths
(Bebout et al., 1999; Becker et al., 2000). By contrast,
exhumed fore-arc rocks from relatively cold subduction
zones are relatively undepleted in trace elements
(Bebout et al., 1999; Chalot-Prat et al., 2003; Spandler
et al., 2004). If no partial melting occurred, trace
element compositions of the rocks would not change
significantly during the gabbro to eclogite transforma-
tion because trace elements are redistributed among the
newly formed high-pressure major and accessory
minerals (Miller et al., 2007). Dehydration of eclogites
mainly affects the highly fluid-mobile elements (e.g., K,
Rb, Cs, Ba), whereas elements such as Th, Nb, Ti, Zr,
Nd, Sm and compatible elements show no evidence of
significant losses (Becker et al., 2000).

Protoliths of the samples studied in this work could
have been formed by basaltic underplating at the base of
the lower crust as discussed below. There is no evidence
indicating that they underwent pre-metamorphism
alteration, and thus they may have contained negligible
water prior to metamorphism. In addition, these rocks
suffered a low temperature UHP metamorphism. There-
fore, although the wet solidus for K-free MORB (Kessel
et al., 2005) passes through the P–T conditions recorded
by the Dabie–Sulu UHP rocks (Enami and Nagasaki,
1999; Zhang et al., 2000, 2006b; Mattinson et al., 2004),
there is no evidence indicating widespread partial
melting associated with UHP metamorphism. Most
elements of the rocks probably were not affected by the



Fig. 5. (a–d) Chondrite (CI)-normalized REE patterns of eclogites and ultramafic rocks. CI values from McDonough and Sun (1995). The Zhujiapu
(ZOG; Liu et al., 2005a) olivine gabbros and the Panzhihua high-Ti–Fe gabbros (Zhou et al., 2005b) are shown for comparison. Thick solid line and
gray line in (c) are high-P2O5 Fe–Ti diorite (P2O5=0.45–0.87 wt.%) (Hermann et al., 2001) and low–P2O5 gabbro (P2O5b0.02 wt.%) (Giacomini
et al., 2007). Thick solid lines in (d and h) are garnet diorite/tonalite from the Klanelneechina klippe (Kelemen et al., 2003). (e–h) REE patterns
calculated according to fractional crystallization model. Parameters used in the calculations are listed in Tables 3 and 4.
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UHP metamorphism. This is supported by the variations
of fluid-mobile elements (e.g., K, Rb, Cs, Ba and Pb).
Variations of Rb and Ba vs. K2O for the eclogites are
relatively similar to variations in modern MORB
(Fig. 7), and differ from Cs, Pb and K variations
produced during subduction-zone metamorphism (Beb-
out et al., 1999). These observations indicate that UHP
metamorphism did not significantly affect the bulk
chemical compositions of the rocks. Increasing Cs, Pb
and Ba at low K2O could be attributed to retrograde
metamorphism, which introduced fluid and a few fluid-
mobile elements. Therefore, we conclude that the main
chemical variations of the rocks demonstrated by the
fluid immobile elements (e.g., REE and HFSE) are
mostly related to differences in their magmatic history.

5.2. Protoliths of serpentinized ultramafic rocks and
eclogites

5.2.1. Serpentinized ultramafic rocks
Two hypotheses for the origin of ultramafic rocks

are: (1) they are residual mantle peridotites, or (2) they
are igneous cumulates, formed either by crystal
fractionation or by reaction of fractionating melt with
peridotite. Trace and major-element compositions of the
ultramafic rocks do not match those of residual mantle



Table 3
Partition coefficients of minerals in basalt-andesite melts

Partition coefficients a

Olivine Clinopyroxene Orthopyroxene Garnet Plagioclase Amphibole Apatite Magnetite Ilmenite

La 0.0004 0.054 0.002 0.01 0.075 0.12 14.5 0.015
Ce 0.0005 0.098 0.003 0.021 0.062 0.24 21.1 0.016
Nd 0.0010 0.21 0.0068 0.087 0.026 0.63 32.8 0.026
Sm 0.0013 0.26 0.01 0.217 0.017 1.37 46 0.024
Eu 0.0016 0.31 0.013 0.32 0.48 1.08 25.5 0.025
Gd 0.0015 0.30 0.016 0.498 0.016 1.49 43.9 0.018
Dy 0.0017 0.33 0.022 1.06 0.011 1.77 34.8
Er 0.0015 0.30 0.03 2.00 0.0053 1.47 22.7
Yb 0.0015 0.28 0.049 4.03 0.0041 1.15 15.4 0.018
Lu 0.0015 0.28 0.06 5.50 1.07 13.8
Ref. M91 M91 M91 M91 D94 K97 F86 A90
Ti 0.02 0.34 0.1 0.29 0.04 15 »1
Nb 0.01 0.004 0.15 0.003 0.03 1.3 2
Zr 0.012 0.119 0.18 0.27 0.0009 1.5 0.29
Ref. U89 J98 U89 J98 D94 N94 Z98
a Ti, Nb and Zr partition coefficients of magnetite are selected based on negative correlations between DTi

magnetite and TiO2 contents of glass, and
positive correlations between DNb,Zr

magnetite and DTi
magnetite (Nielsen et al., 1994; Nielsen and Beard, 2000). A90 = Agee (1990), D94 = Dunn and Sen

(1994), F86 = Fujimaki (1986), J98 = Johnson (1998), K97 = Klein et al. (1997), M91 = McKenzie and O'Nions (1991), N94 = Nielsen et al. (1994),
U89 = Ulmer (1989), Z98 = Zack and Brumm (1998).

Table 4
Model calculations of REE for eclogites and ultramafic rocks

Starting material a Ultramafic
rock

Mg-rich eclogite High-Ti eclogite Low-Mg–Ti
eclogite

CI-normalized REE values
La 97.1 5.63 1.60 20.2 20.9 20.1 222 91.6 83.7
Ce 74.8 4.78 2.16 21.4 19.8 18.8 214 80.7 77.1
Nd 49.7 3.96 3.05 24.7 18.8 17.8 168 69.0 72.0
Sm 31.9 2.78 2.44 20.6 13.5 13.3 113.2 55.9 61.0
Eu 23.0 2.18 2.11 17.6 23.0 23.1 69.9 66.4 65.3
Gd 24.1 2.27 2.19 20.5 10.83 11.53 80.3 43.0 51.0
Dy 19.3 1.93 1.97 22.1 8.45 10.30 55.5 33.7 44.4
Er 17.1 1.68 1.70 25.0 5.90 9.21 36.9 23.5 38.7
Yb 16.9 1.72 1.79 31.1 4.02 9.17 23.7 15.4 33.6
Lu 16.9 1.78 1.91 32.5 3.20 8.77 18.8 12.0 28.3
Fractional
crystallization degree 40% 70% 40% 30% 30% 30% 70% 70%

Mineral proportions
Trapped melt 3% 4%
Olivine 65% 65% 5%
Clinopyroxene 8% 8% 65% 45% 40% 35% 35% 35%
Orthopyroxene 20% 20%
Garnet 30% 5% 5% 10%
Spinel 7% 7%
Plagioclase 40% 40% 40% 60% 50%
Magnetite 15% 15% 15%
Apatite 5%
Amphibole 5% 5%

Partition coefficients used in the calculations were summarized in Table 3; Except for Mg-rich eclogite, garnet-free and garnet-bearing cumulates
were calculated, respectively. The garnet-bearing cumulates match better with the eclogite samples than the garnet-free.
a Starting material is represented by the Neoproterozoic mafic volcanic rock from South China (Li et al., 2005).
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Fig. 6. Plots of TiO2–Nb and–Zr for the eclogites. The dark and gray lines in (c) and (d) represent trends of cumulates (50%cpx+40%pl+10%mt) and
corresponding melts formed by fractional crystallization involving titanomagnetite. Each tick on the lines represents 10% crystallization. Calculations
were conducted assuming the initial melt has TiO2=3 wt.%, Nb=5 ppm and Zr=130 ppm. Partition coefficients used in model calculation are listed
in Table 3. The other symbols as in Fig. 3. Indian Ocean mid-ocean ridge gabbros from Hart et al. (1999) and Coogan et al. (2001).
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peridotite. The ultramafic rocks analyzed for this study
have significantly lower SiO2 and Ni contents and
Mg#s, and higher Fe2O3

total contents, compared with
lithospheric mantle peridotites (McDonough, 1990;
Bodinier and Godard, 2003; Rudnick et al., 2004) and
Fig. 7. Variations of K2O vs. Cs, Pb, Rb and Ba of the sampl
depleted mantle (Salters and Stracke, 2004; Workman
and Hart, 2005)(Figs. 3 and 4). The highly variable CaO
and MgO contents and low Mg#s are features of
cumulates of olivine+clinopyroxene+orthopyroxene.
An alternative interpretation is that these chemical
es. MORB is from RidgePetDB (Lehnert et al., 2000).
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features resulted from pervasive weathering (Snow and
Dick, 1995). However, the good correlation between
MgO/SiO2 and Al2O3/SiO2 ratios (R=−0.86) suggests
negligible weathering (Snow and Dick, 1995). Further-
more, CaO correlates negatively with MgO and such
fluid immobile elements as Vand Co (R=− .95∼−0.99)
(Menzies et al., 1993; Scambelluri et al., 2001), which
would not be produced by serpentinization. However,
mixing of olivine+clinopyroxene+orthopyroxene dur-
ing crystal fractionation could produce cumulates with
such features.

HFSE and REE are useful in inferring the petrogenesis
of the serpentinized ultramafic rocks. As discussed above,
it is generally suggested that no significant mobility of
HFSE and REE occurs during subduction-zone meta-
morphism (Chalot-Prat et al., 2003; Spandler et al., 2004)
and serpentinization processes (Menzies et al., 1993;
Scambelluri et al., 2001). However, the recent study of
Paulick et al. (2006) indicates that serpentinization could
cause LREE enrichments and strong positive Eu anoma-
lies, as seen in some abyssal peridotite. Sample 703-541
has the typical convex upwards REE pattern of clinopyr-
oxene-bearing ultramafic cumulates derived from LREE-
enriched magmas (Fig. 5a). The other four ultramafic
samples show similar HREE patterns to 703-541, but
different LREE patterns. These four samples are char-
acterized by up-tilted La, Ce, Pr and Nd enrichments
coupled with positive Eu anomalies. These features could
be produced by either negligible trapped melt during
formation ofmagmatic cumulates (Fig. 5e) or overprinting
during serpentinization. Here, we use the correlations
between LREE and Rb (mobile in aqueous fluid) and
HFSE (mobile in melt) to distinguish between serpenti-
nization and trapped melt. Except for 703-541, La, Ce, Pr
and Nd correlate positively with Rb (correlation coeffi-
cients=0.90–0.99), but not with HFSE. These observa-
tions suggest that serpentinization could have contributed
to the up-tilted La, Ce, Pr andNd enrichments and positive
Eu anomalies of most serpentinized ultramafic rocks.

In summary, we suggest that the protoliths of the
serpentinized ultramafic rocks may have been igneous
cumulates from basaltic magma. LREE may have been
modified during serpentinization, except perhaps for
sample 703-541which preserves the igneous trace element
characteristics of a cumulate from a LREE-enriched
magma.

5.2.2. Mg-rich eclogites
Although the Mg-rich eclogites are hosted in serpenti-

nized ultramafic rocks, the garnets in these eclogites are
pyrope–almandine garnet, which are completely different
from grossular-dominated garnets in eclogites with a
rodingite protolith (Evans et al., 1981). These observa-
tions indicate that the protolith of the Mg-rich eclogites
was not rodingitized gabbro associated with the serpenti-
nized ultramafic rocks. Instead, we consider here three
hypotheses for the parental materials of the Mg-rich
eclogites: They could be (1) solidified melts, (2) residues
of melting basaltic crust, or (3) igneous cumulates, from
crystal fractionation or reaction of melt with peridotite.

The Mg-rich eclogites do not have major-element
compositions matching primitive melt compositions. The
SiO2 and CaO contents are too low andMgO contents are
too high for any known basaltic melts (Fig. 3). Their high
Ni and Cr contents (Fig. 4) and convex upwards LREE
patterns (Fig. 5b) preclude an origin as residues ofmelting
pre-existing basaltic crust. Thus, we suggest that they
have a cumulate origin.

Higher pressure (2–3 GPa) restites/cumulates from a
tholeiitic magma would show a slight increase in MgO
and CaO and a slight decrease in SiO2 compared to the
initial bulk composition, as shown in experiments
(Pertermann and Hirschmann, 2003a,b) (Fig. 3). SiO2

and CaO in our Mg-rich eclogites are too low and Na2O
is too high for these rocks to have been derived from
melting or crystallization of tholeiitic parental material
at high-pressure conditions (N2 GPa). Low pressure
(b1 GPa) cumulates from basaltic magma would exhibit
olivine control. Although the high Ni contents of our
Mg-rich eclogites imply the presence of olivine in the
protolith, their low MgO contents (8–17 wt.%) indicate
that olivine was not the most abundant mineral. These
Mg-rich eclogites have higher Al2O3 contents and lower
MgO contents than websterites formed by partial
crystallization/melting of basalt at 1.2 GPa (Müntener
et al., 2001) (Fig. 3). Their SiO2, Al2O3 and MgO
variations suggest that garnet or plagioclase could have
been abundant in the protolith.

Ni, Cr and MgO contents of Mg-rich eclogites are
similar to the Zhujiapu and Tahe olivine gabbros
(Fig. 4), which exhibit unequivocal cumulate textures
(Liu et al., 2005a; Zhou et al., 2005a). However, the Mg-
rich eclogites show higher Fe2O3

total than the Zhujiapu
and Tahe olivine gabbros for the same MgO contents
(Fig. 3d). Thus, one possibility is that the Mg-rich
eclogites were once olivine gabbros formed from high-
Fe basaltic melts that were later metamorphosed into
eclogite-phase assemblages by the Triassic UHP
metamorphism. However, metamorphic growth of
garnet could not produce the observed middle and
HREE enrichments of the whole rocks. Assuming that
the Mg-rich eclogites formed from a LREE-enriched
magma such as the Proterozoic basalts of South China
(Li et al., 2005), the relative middle and heavy REE
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enrichments in the Mg-rich eclogites compared to the
olivine gabbros (Fig. 5b) suggest that some garnets in
the Mg-rich eclogites may have had an igneous
precursor. Alternatively, perhaps the Mg-rich eclogites
formed from a LREE-depleted magma, similar to
MORB, in which case the relative enrichments of
middle and heavy REE would be a consequence of the
liquid composition and no garnet would be required.
Because the spatially associated ultramafic cumulates
seem to have formed from a LREE-enriched magma, we
prefer the hypothesis that the Mg-rich eclogites also
formed from a LREE-enriched magma and do include
igneous garnet.

Igneous garnet could be formed by fairly high-
pressure crystallization of basaltic magma, or by melt–
peridotite reaction during continental subduction. Gar-
net-bearing igneous cumulates from basaltic melts at
high pressure (crust–mantle boundary) have been
observed in natural systems (Day et al., 1992; Ringuette
et al., 1999; Harangi et al., 2001; Kelemen et al., 2003;
Berger et al., 2005, 2007; Egorova et al., 2006) and
crystallized in igneous crystallization experiments at
1.2 GPa (Müntener et al., 2001; Müntener and Ulmer,
2006). Alternatively, the protoliths of these Mg-rich
eclogites were formed by melt–ultramafic cumulate
reaction during the UHP metamorphism. Melt–perido-
tite reactions forming garnet pyroxenite have been
observed in experiments (Rapp et al., 1999; Yaxley,
2000) and natural systems (Liu et al., 2005b). Both
processes could produce pyroxenites with igneous
garnet signatures (i.e. middle and heavy REE
enrichments).

5.2.3. High-Ti eclogites
Most high-Ti eclogites are characterized by abundant

rutile. However, the unusually low Nb, Ta, Zr and Hf
contents in our samples, decoupled from high-Ti
contents, indicate that Ti-enrichments were not pro-
duced by metamorphic differentiation, concentrating
rutile that formed during the UHP metamorphism,
because DHFSE

Rutile values are »1 (Green and Pearson, 1987;
Jenner et al., 1993; Foley et al., 2000; Schmidt et al.,
2004; Klemme et al., 2005; Xiong et al., 2005).
Furthermore, metamorphic differentiation only has a
very local effect. Trace element compositions of the
rocks would not change significantly during the gabbro/
basalt to eclogite transformation (Miller et al., 2007).
Thus, we consider two other alternative protoliths for
the high-Ti eclogites: (1) high-Ti basalts, (2) igneous
cumulates involving Ti–Fe-oxides.

Ti, Nb, Ta, Zr and Hf are all incompatible elements
under normal mantle conditions. Thus, TiO2 always
correlates positively with Nb, Ta, Zr and Hf for basaltic
magmas (e.g., MORB) (Fig. 6). However, the high-Ti
eclogites we studied show remarkably low Nb, Ta, Zr
and Hf contents, decoupled from the high-Ti contents.
Furthermore, most of the high-Ti eclogites have
extremely high Fe2O3

total contents (up to 23–25 wt.%),
higher than any high-Ti basalts. These observations
preclude high-Ti basalts as protoliths for the high-Ti
eclogites.

Lower crustal gabbroic xenoliths with igneous
texture from the Hyblean Plateau show chemical
features (e.g., high Fe and Ti contents but low Nb and
Ta contents) that are similar to the high-Ti eclogites
(Scribano et al., 2006). Thus, we suggest that the
parental materials of high-Ti eclogites may be igneous
cumulates including abundant Ti–Fe-oxides, crystal-
lized from an evolved magma.

The high-Ti eclogites show similar REE patterns and
SiO2–MgO, –Al2O3, MgO–TiO2, Fe2O3

total–TiO2, –V
and TiO2–Nb, –Zr variations to the Panzhihua high-Ti
gabbroic layered intrusions associated with Fe–Ti–V
oxide deposits, which crystallized from evolved ferro-
basaltic magmas (Zhou et al., 2005b). Thus, it is
possible that the protoliths of high-Ti eclogites could be
Ti–Fe-oxide-rich cumulates crystallized from highly
evolved ferrobasaltic magma. This is consistent with the
positive correlation between Fe2O3

total and V, extremely
high Fe2O3

total and V contents, and low MgO, Cr and Ni
contents in the high-Ti eclogites (Fig. 4a–d).

The variation of LREE concentrations of high-Ti
eclogites cannot be the result of crystal fractionation of
plagioclase, clinopyroxene and Ti–Fe-oxides alone, but
could be related to some LREE-rich accessory minerals
(e.g., apatite). LREE are far more compatible in apatite
than in clinopyroxene and plagioclase (Paster et al.,
1974; Hack et al., 1994; McKay et al., 1994; Bindeman
et al., 1998; Prowatke and Klemme, 2006). A small
fraction of apatite could significantly contribute to the
LREE budget of the whole rock (Fig. 5g). The LREE-
enriched eclogites have REE patterns similar to apatite-
rich Fe–Ti diorites/gabbros (Hermann et al., 2001),
whereas the LREE-depleted eclogites show similar REE
patterns to the apatite-free cumulate gabbros (Giacomini
et al., 2007) (Fig. 5c). Moreover, crystal fractionation of
apatite can explain the highly variable P2O5 contents
(0.01–3.59 wt.%) and positive correlation between La
and P2O5 in the high-Ti eclogites (Fig. 4e). The positive
Eu anomaly produced by cumulate plagioclase might be
ʽcompensated’ by a negative Eu anomaly in apatite to
some degree, which could result in the negative
correlations between P2O5 and Eu anomalies of the
high-Ti eclogites (Fig. 4f).
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5.2.4. Low-Mg–Ti eclogites
The low-Mg–Ti eclogites are geochemically com-

plementary to the high-Ti eclogites and Mg-rich
eclogites (Figs. 3–6). Compared to silicate melts in
equilibrium with websterite (Fig. 3), low-Mg–Ti
eclogites have lower Al2O3 contents, which imply that
their parental materials underwent fractional crystal-
lization of plagioclase and/or garnet. These features
suggest that the protoliths of low-Mg–Ti eclogites were
either solidified evolved melts or products of high
degree crystal fractionation of evolved melts after
crystal fractionation of olivine, pyroxene, garnet/
plagioclase and titanomagnetite, which formed the
protoliths of serpentinized ultramafic rocks, Mg-rich
eclogites and high-Ti eclogites.

Solidified evolved melt after crystal fractionation of
plagioclase would be characterized by a negative Eu
anomaly. The weak positive Eu anomalies of low-Mg–
Ti eclogites (Fig. 5d) imply that they could include a
“cumulate” plagioclase component, and preclude them
to be entirely composed of solidified evolved melts.
Although the low-Mg–Ti eclogites have similarly high
Al2O3 and CaO contents to the Panzhihua anorthosites,
they have significantly higher HREE and HFSE
contents than the anorthosites (Zhou et al., 2005b).
Compared to the Panzhihua gabbros ((La/Yb)N=7.1),
the low-Mg–Ti eclogites ((La/Yb)N=2.3) are more
enriched in HREE (Fig. 5d). HREE contents of the low-
Mg–Ti eclogites are close to garnet diorites and tonalites
from the Klanelneechina klippe (Fig. 5d), which were
interpreted as lower crustal cumulate or residual with
igneous garnet (Kelemen et al., 2003). All the above
observations make us speculate that the protoliths of
low-Mg–Ti eclogites could be (garnet-bearing) diorite,
which were derived from evolved melts after crystal
fractionation of olivine, pyroxene, plagioclase/garnet
and titanomagnetite.

5.3. Decoupling of Nb (Zr) from TiO2 in high-Ti
eclogites

Crystallization of both magnetite and ilmenite can
yield cumulates with high Fe2O3

total, V and TiO2

contents. Very little ilmenite (b2%) is required to
produce the decoupling of low Nb (Zr) contents from
high-Ti contents for the high-Ti eclogites with TiO2 -
∼4 wt.%. However, cumulate ilmenite alone could not
explain the unusually high Fe contents of the high-Ti
eclogites. Ilmenite-rich rocks possess not only high
Fe2O3total and TiO2 contents, but also high Nb and Zr
contents (e.g., Fe–Ti–P rich diorite in the Braccia
gabbro complex; Hermann et al., 2001). Samples with
TiO2N∼4 wt.% could have a substantial amount of
cumulus ilmenite, which show similar positive correla-
tions between TiO2 and Nb (Zr) to the Indian Ocean
mid-ocean ridge gabbros (Fig. 6) (Hart et al., 1999;
Coogan et al., 2001).

Magnetite can fractionate Nb (Zr) from Ti because
D(Zr,NbandTa)
magnetite/basaltvaluescorrelatepositivelywithDTi

magnetite/basalt

values, and D(Zr, Nb and Ta)
magnetite/basalt are b1 when DTi

magnetite/basalt is
b13 (Nielsen et al., 1994). The decoupling of low Nb (Zr)
contents from high-Ti contents for high-Ti eclogites with
TiO2b∼4 wt.% can be explained by accumulation of 50%
cpx+40%pl+10%mt from a high-Ti basaltic magma
(Fig. 6c and d). This is consistent with the presence of
abundant titanomagnetite (5–25%) in the high-Ti
eclogites (Xu et al., 2004a), most of which have de-
composed into exsolution lamellae of hematite+Ti-
hematite+ ilmenite (Fig. 2a). Furthermore, it is note-
worthy that the melts after fractional crystallization of
magnetite-rich gabbros would possess high Zr (Nb)
contents but low Ti contents, which are geochemical
characteristics of the low-Mg–Ti eclogites (Fig. 6).

The TiO2-rich compositions could be formed as a
result of ilmenite crystallization during high-pressure
(1.0 GPa) fractionation of gabbros, as demonstrated by
experiments (Villiger et al., 2004). Precipitation of
magnetite/ilmenite from silicate melts depends mainly
on the overall Fe contents and Fe2O3/FeO ratios of the
liquids (Reynolds, 1985). Fractional crystallization of
olivine, pyroxene and plagioclase would increase the
overall Fe content and Fe2O3/FeO ratio (and thus
oxygen fugacity) of the basaltic magma. Magnetite
saturation could occur in ferro-basaltic magmas when
magma fO2 was slightly above the FMQ buffer (Toplis
and Carroll, 1996). Both primary ilmenite (Desmurs
et al., 2002) and titanomagnetite (Coogan et al., 2001)
have been observed in Fe–Ti-rich gabbros formed by
low pressure igneous crystallization in oceanic environ-
ments. On the other hand, primary titanomagnetite and
ilmenite were also observed in garnet-bearing cumulates
(Berger et al., 2005; Egorova et al., 2006) and garnet-
free gabbroic cumulates (Hermann et al., 2001; Greene
et al., 2006; Scribano et al., 2006), both of which were
interpreted as differentiation products of mafic magma
at the continental crust-mantle boundary.

5.4. Modeling of the petrogenesis of the eclogite+
ultramafic rock assemblage

As discussed above, the protoliths of the eclogite+
ultramafic rock assemblage could have been formed by
fractional crystallization from a LREE-enriched mafic
magma. To test the hypothesis, crystallization processes
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were modeled using REE based on the following
assumptions (Fig. 5e–h; Table 4):

(1) The parental melt had the composition of the
Neoproterozoic mafic volcanic rocks from South
China (Li et al., 2005) (Table 4).

(2) Protoliths of the ultramafic rocks are olivine (ol)+
orthopyroxene (opx)+clinopyroxene (cpx)+spi-
nel cumulates, ±trapped melt (TM).

(3) Protoliths of the Mg-rich eclogites are cpx+garnet
(grt)+ol cumulates, ±TM.

(4) Protoliths of the high-Ti eclogites are cpx+pl+
magnetite (mag)±apatite (ap)±grt cumulates, ±
TM.

(5) Protoliths of low-Mg–Ti eclogites are solidified
evolved melt remaining after crystal fractionation
steps (2) through (4), or dioritic/gabbroic cumu-
lates (pl+cpx+amp±grt±TM).

HREE and MREE patterns of serpentinized ultra-
mafic rocks can be well modeled by ∼40% fractional
crystallization of ol+opx+cpx+sp+2%TM or ∼70%
fractional crystallization of ol+opx+cpx+sp (Fig. 5e).
Their enriched LREE patterns could be produced by 2%
trapped melt or overprinting during serpentinization as
discussed above.

Calculated garnet-bearing cumulates are more similar
to the samples than garnet-free cumulates for the eclogites
(Fig. 5f–h). Mg-rich eclogites can be roughly modeled by
fractional crystallization of cpx+grt+ol with 4% trapped
melt (Fig. 5f), although we cannot fit the flat middle- to
heavy REE pattern observed in the samples using the
same initial melt composition used for modeling ultra-
mafic cumulates. Using a different initial melt (HREE
depleted rather than the flat middle to heavy REE melt
composition used in modeling ultramafic cumulates), the
entire REE pattern of the Mg-rich eclogites can be
matched with the same mineral proportions.

Except for the two samples with extremely low LREE,
the remarkably variable REE patterns of high-Ti eclogites
can bewellmodeled as apatite-bearing gabbroic cumulates
(Fig. 5g), which is consistent with the highly variable P2O5

contents of these eclogites (e.g., correlation of P2O5 with
La in Fig. 4e). The two samples with extremely low LREE
could be affected by local metamorphic differentiation.

The low-Mg–Ti eclogites do not match evolved melt
remaining after crystal fractionation steps (2) through
(4), but are similar to garnet-bearing gabbroic/dioritic
cumulates formed by ∼70% crystal fractionation
(Fig. 5h). The residual melt shows negative Eu anomaly
and much higher LREE and lower HREE contents than
the low-Mg–Ti eclogites.
5.5. Lower crustal growth associated with basaltic
underplating

Oxygen isotope compositions of the eclogite units
investigated in this work were reported by Zhang et al.
(2006c; δ18O=0∼6) and Chen et al. (2007; δ18O are
dominated by −6 ∼ 0). The remarkable difference
between the two dataset implies that the oxygen isotope
compositions are significantly heterogeneous (assuming
both data are correct), and the original oxygen isotopic
features could have been partially reset during UHP
metamorphism and exhumation. This is confirmed by
the gradual decrease of δ18O values with approaching
the underlying ductile shear zone (DSZ), in which the
eclogites have anomalously light oxygen isotope
compositions (Zhang et al., 2006c). Although the
oxygen isotope compositions of the eclogite units
investigated in this work were obviously affected by
the DSZ-associated fluid, most of the data group
together and differ from other eclogites, which implies
that our samples were formed in a single magmatic
event.

The latest SHRIMP U–Pb dating for the inherited
zircon cores in the eclogites suggests that protolith age
could be 774 Ma (Zhang et al., 2006a). As discussed
above, parental materials of the CCSD ultramafic rocks –
Mg-rich eclogites–high-Ti eclogites–low-Mg–Ti eclo-
gites probably were peridotite–pyroxenite–garnet gab-
bro/anorthosite – evolved plutonic rocks, which make up
a complete sequence of fractional crystallization. The
garnet signatures in the eclogites suggest that some
garnets may have an igneous precursor as discussed
above. This implies that the gabbro-pyroxenite/peridotite
assemblage may have crystallized from a Neoproterozoic
basaltic magma chamber in the stability field of garnet,
i.e., possibly in the lower crust. These magmas subse-
quently underwent intermediate pressure fractional crys-
tallization, and later were metamorphosed at UHP
conditions during the Triassic continental collision event
(Fig. 8).

The assemblage of low-Mg–Ti eclogites+high-Ti
eclogites+Mg-rich eclogites+ultramafic rocks could
provide a rare window to study fossil lower crust
formed by Neoproterozoic basaltic underplating. Man-
tle-derived, basaltic underplating has been suggested to
explain the Neoproterozoic granites (Zhou et al., 2002)
that are widely distributed along the margin of the
Yangtze Block (Li et al., 1999, 2003a,b; Zhou et al.,
2002; Huang et al., 2006). These granites are thought to
have been caused by either a mantle plume (Li et al.,
1999, 2003a) or formed by arc-related magmatism
(Zhou et al., 2002).



Fig. 8. Cartoon figure illustrating the formation of the eclogite-ultramafic rock assemblage.
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Whatever the trigger for granitic magmatism, large-
scale lower crustal growth and evolution could have
occurred in Neoproterozoic time, as suggested by the
widespread occurrence of Neoproterozoic granites (Li
et al., 1999, 2003a,b; Zhou et al., 2002; Huang et al.,
2006) and mantle-derived igneous rocks (e.g., bimodal
volcanics, high-Mg andesites, basalts and gabbros; Li
et al., 2002; Ling et al., 2003; Zhao and Zhou, 2007).
The significantly variable initial ɛNd values of bimodal
volcanics (+1.12∼+5.96; Li et al., 2002; −4.9∼+5.3;
Ling et al., 2003), basalts (+1.7∼+10.7; Li et al., 2006)
and granites (−0.2∼−19.3; Li et al., 2003a), and low
initial ɛNd values of olivine gabbros (−0.12∼−0.93;
Zhao and Zhou, 2007) from these areas indicate that
Neoproterozoic underplating of mantle-derived magma
could have played an important role in the lower crustal
growth and evolution.

6. Conclusions

Except for the highly fluid-mobile elements (e.g., Cs
and Pb), compositions of the eclogites from the depth
interval of 100–680 of the CCSD-MH were not
significantly influenced by UHP metamorphism.
LREE enrichments coupled with positive Eu anomalies
in serpentinized ultramafic rocks could partially result
from serpentinization.

The unusually high Fe2O3
total and TiO2 contents and

decoupling of high TiO2 from low Nb (Ta) of the high-
Ti eclogites could result from crystal fractionation of
titanomagnetite (for those with TiO2b∼4 wt.%) or
titanomagnetite + ilmenite (for those with TiO2N
∼4 wt.%). Their protoliths are probably titanomagne-
tite/ilmenite-rich gabbroic cumulates. The low-Mg–Ti
eclogites are metamorphic products of evolved dioritic
cumulates formed by high degrees of crystal fractionation.

As a whole, the remarkable variations of major
elements and HFSE and REE of the eclogites and
ultramafic rocks are mainly inherited from their
magmatic history, and suggest cumulate origins. The
eclogites are genetically related to the underlying
ultramafic rocks. Parental materials of these eclogites
and ultramafic rocks could represent a complete
sequence of fractional crystallization of tholeiitic or
picritic magmas that formed in the lower crust in
Neoproterozoic time, and were later metamorphosed at
UHP conditions.
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Appendix A. Sample-preparing procedure for
ICP-MS analyses
Step
 Description
1
 ∼50 mg sample powder was weighed into a Teflon bomb,
moistened with a few drops of ultrapure water.
2
 1.5 ml HNO3+1.5 ml HF were added. The sealed bomb was
heated at 190 °C in oven for 48 h.
3
 Open the bomb and evaporate the solution at ∼115 °C to
dryness. This was followed by adding 1 ml HNO3 and
evaporating to the second round of dryness.
4
 The resultant salt was re-dissolved by adding ∼3 ml of 30%
HNO3 and resealed and heated in the bomb at 190 °C for 12–24 h.
5
 The final solution was diluted to ∼100 g with mixture of 2%
HNO3 for ICP-MS analysis.
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Appendix B. ICP-MS analyses of international rock standards
Element
 HR-ICP-MS analyses at the Rice University
 Analyses at the China University of Geosciences
LOD
 Blank
 BHVO2 (n=3)
 BIR1 (n=3)
 Blank
 DNC1
 BHVO2
 BCR2
Average
 Stdev
 Average
 Stdev
 Obt.
 Ref.
 Obt.
 Ref.
 Obt.
 Ref.
V
 0.0005
 0.9457
 329
 7.08
 346
 4.37
 0.0900
 151
 148
 306
 317
 386
 416

Cr
 0.0034
 7.2341
 300
 6.77
 422
 13.8
 0.1766
 292
 285
 272
 280
 17.4
 18.0

Co
 0.0016
 0.0887
 45.1
 0.87
 55.4
 1.33
 0.2904
 57.6
 54.7
 43.5
 45
 33.8
 37.0

Ni
 0.0021
 2.2585
 122
 2.33
 184
 5.66
 0.1832
 273
 247
 117
 119
 11.9
 13.0

Cu
 0.0017
 0.2605
 128
 1.53
 124
 5.13
 0.2639
 74.2
 96.0
 125
 127
 21.8
 19.0

Zn
 0.0028
 106
 1.74
 87.9
 19.8
 0.5752
 52.8
 66.0
 103
 103
 110
 127

Zr
 0.0238
 0.5053
 178
 1.83
 16.0
 0.54
 0.0629
 38.3
 41.0
 172
 172
 189
 188

Nb
 0.0017
 0.0651
 18.1
 0.13
 0.56
 0.04
 0.0066
 2.73
 3.00
 18.0
 18.0
 11.5
 13.2

Be
 0.0021
 0.0283
 1.24
 0.06
 0.11
 0.01
 0.0039
 0.23
 1.00
 1.11
 1.10
 2.40
 1.60

Ga
 0.0001
 0.0310
 21.1
 0.27
 14.9
 0.32
 0.0153
 14.3
 15.0
 21.2
 21.7
 21.6
 23.0

Rb
 0.0000
 0.0681
 8.92
 0.16
 0.22
 0.04
 0.2632
 5.05
 4.50
 10.1
 9.80
 47.1
 48.0

Sr
 0.0000
 0.1244
 397
 1.38
 111
 0.85
 0.1276
 150
 145
 388
 396
 322
 340

Y
 0.0001
 0.0109
 28.1
 0.56
 16.9
 0.29
 0.0075
 18.1
 18.0
 26.0
 26.0
 33.9
 37.0

Cs
 0.0001
 0.0027
 0.10
 0.00
 0.016
 0.021
 0.0002
 0.30
 0.34
 0.12
 0.13
 1.48
 1.10

Ba
 0.0003
 0.3407
 131
 2.21
 7.08
 0.62
 0.6273
 108
 114
 131
 131
 661
 677

La
 0.0001
 0.0182
 14.6
 0.31
 0.62
 0.03
 0.0136
 3.86
 3.80
 15.0
 15.2
 25.1
 24.9

Ce
 0.0001
 0.0443
 37.5
 0.00
 2.04
 0.093
 0.0076
 8.73
 10.6
 36.9
 37.5
 52.4
 52.9

Pr
 0.0002
 0.0023
 5.25
 0.02
 0.37
 0.00
 0.0041
 1.20
 1.30
 5.34
 5.29
 6.99
 6.57

Nd
 0.0009
 0.0084
 24.4
 0.25
 2.40
 0.01
 0.0127
 5.44
 4.90
 23.9
 24.5
 28.8
 28.7

Sm
 0.0020
 0.0017
 6.01
 0.10
 1.11
 0.01
 0.0011
 1.50
 1.38
 5.86
 6.07
 6.19
 6.57

Eu
 0.0005
 0.0006
 2.07
 0.01
 0.53
 0.01
 0.0017
 0.64
 0.59
 1.99
 2.07
 1.93
 1.96

Gd
 0.0005
 0.0017
 6.14
 0.13
 1.48
 0.15
 0.0065
 2.03
 2.00
 6.10
 6.24
 7.19
 6.75

Tb
 0.0001
 0.0002
 0.95
 0.00
 0.28
 0.02
 0.0007
 0.39
 0.41
 0.91
 0.94
 1.04
 1.07

Dy
 0.0011
 0.0015
 5.22
 0.07
 2.14
 0.15
 0.0047
 2.76
 2.70
 5.25
 5.31
 6.49
 6.41

Ho
 0.0003
 0.0003
 0.97
 0.02
 0.58
 0.01
 0.0009
 0.67
 0.62
 0.97
 0.97
 1.28
 1.30

Er
 0.0017
 0.0011
 2.53
 0.03
 1.74
 0.04
 0.0000
 1.88
 2.00
 2.44
 2.54
 3.47
 3.66

Tm
 0.0003
 0.0002
 0.33
 0.01
 0.26
 0.00
 0.0006
 0.31
 0.33
 0.34
 0.34
 0.53
 0.56

Yb
 0.0016
 0.0010
 2.03
 0.03
 1.52
 0.02
 0.0012
 2.04
 2.01
 2.00
 2.00
 3.42
 3.38

Lu
 0.0003
 0.0002
 0.26
 0.01
 0.23
 0.01
 0.0000
 0.31
 0.32
 0.28
 0.27
 0.50
 0.52

Hf
 0.0004
 0.0081
 4.18
 0.06
 0.56
 0.00
 0.0102
 1.03
 1.01
 4.23
 4.10
 4.87
 4.80

Ta
 0.0000
 0.1287
 1.08
 0.10
 0.12
 0.0229
 0.13
 0.098
 1.30
 1.40
 0.84
 0.78

Pb
 0.0000
 0.1917
 1.49
 0.07
 3.29
 0.51
 0.0899
 7.09
 6.30
 2.38
 2.60
 14.3
 11.0

Th
 0.0000
 0.0066
 1.23
 0.03
 0.029
 0.006
 0.0186
 0.23
 0.20
 1.14
 1.20
 6.56
 6.20

U
 0.0000
 0.0020
 0.41
 0.01
 0.010
 0.002
 0.0035
 0.037
 0.10
 0.42
 0.42
 1.79
 1.69
Units are ppb for blank, and ppm for the others. Obt. = obtained values. Ref. = reference values.
LOD: limit of detection, which was calculated according to 3σ of blank analyses.
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