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ABSTRACT

Subduction-zone metamorphism is con-
sidered to be a major chemical filter for
both the arc magmatism and mantle com-
positional heterogeneity. To understand the
element transport during this process, we
conducted a petrographic and geochemi-
cal study of the bulk-rock blueschists and
eclogites from the western Tianshan ultra-
high-pressure metamorphic belt, northwest
China. By examining correlations among
incompatible elements, we show that high
field strength elements (HFSEs), rare earth
elements (REEs), Th, and U are relatively
immobile, whereas Pb and Sr are mobile
in both basaltic and sedimentary protoliths
during subduction-zone metamorphism.
K, Rb, Cs, and Ba are mobile in rocks of
basaltic protolith but immobile in rocks
of sedimentary protolith because of the pres-
ence and persistent stability of white mica
throughout their petrologic history. The
commonly observed enrichment of some
immobile elements (e.g., U, light [L] REEs)
in arc magmas may thus not be caused by
subduction-zone aqueous fluids.

The lack of Rb/Sr-Sm/Nd correlation in
these metamorphosed rocks is inconsistent
with the observed first-order Sr-Nd isotope
correlation in oceanic basalts, suggesting
that the residual ocean crust that has under-
gone subduction-zone metamorphism can-
not be the major source material for oceanic
basalts, as widely believed, although it can
contribute to mantle compositional hetero-
geneity in general.

"E-mails: yuanyuan.xiao@durham.ac.uk; yaoling
.niu@durham.ac.uk

INTRODUCTION

One of the major advances in the field of solid
earth geochemistry over the past ~40 yr is the
recognition of mantle chemical and isotopic
heterogeneity through studies of oceanic basalts,
including mid-ocean-ridge basalt (MORB) and
basalts erupted on intraplate volcanic islands (or
ocean island basalts [OIBs]). OIBs are particu-
larly variable in composition, such that several
isotopically distinct end members, e.g., enriched
mantle I (EMI), enriched mantle II (EMII),
high p (HIMU; p = »8U/2%Pb), are required to
explain the variability (e.g., White, 1985; Zindler
and Hart, 1986). The depleted MORB mantle
(DMM) is thought to have resulted from the ex-
traction of continental crust from the primitive
mantle early in Earth’s history (e.g., O’Nions
et al., 1979), but the origin of OIB end mem-
bers remains enigmatic. Isotopic ratio dif-
ferences among these end members reflect
the differences in ratios of radioactive parent
(P) over radiogenic daughter (D) elements
(i.e., P/D) (e.g., Rb/Sr, Sm/Nd, U/Pb, and
Th/Pb; Zindler and Hart, 1986) in their ultimate
mantle sources, which evolve with time to
distinctive fields in isotopic ratio spaces (see
Niu and O’Hara, 2003). Significant P-D ele-
ment fractionations in the solid state are con-
sidered unlikely in the deep mantle due to
extremely slow diffusion rates (Hofmann and
Hart, 1978); hence, processes known to oc-
cur in the upper mantle and crust (e.g., partial
melting, magma evolution, metamorphism,
weathering, transportation, and sedimentation)
are possible causes of P-D fractionations (Niu
and O’Hara, 2003). Among other processes,
mantle metasomatism can effectively cause
mantle compositional heterogeneity (e.g., Sun
and McDonough, 1989) and may take place
at the base of the growing oceanic lithosphere
(e.g., Niu and O’Hara, 2003; Pilet et al., 2008)

or in the mantle wedge above subduction zones
(Donnelly et al., 2004).

As an inevitable consequence of plate tec-
tonics, subduction of shallow- and surface-
processed materials must volumetrically be the
major agent that causes mantle compositional
heterogeneity. This has led to the contention
that mantle heterogeneity can be related to
specific subducted components. For example,
(1) altered ocean crust with high U/Pb ratio and
appropriate values for other P/D ratios (e.g.,
Weaver, 1991; Hofmann, 1997) could produce
mantle sources with HIMU characteristics;
(2) land-derived sediments or upper continental
crust materials (e.g., Weaver, 1991; Hofmann,
1997; Willbold and Stracke, 2006) may con-
tribute to EMII-type lavas; and (3) pelagic sedi-
ments (e.g., Weaver, 1991) or lower continental
crust (Willbold and Stracke, 2006) may contrib-
ute to EMI-type lavas.

While these interpretations are apparently
reasonable, they cannot be validated without
understanding the geochemical effects of sub-
duction-zone metamorphism. This is because
metamorphic dehydration of subducting ocean
crust, which has been widely accepted to cause
mantle wedge melting for arc magmatism (e.g.,
McCulloch and Gamble, 1991), may be ac-
companied by chemical modification resulting
from elemental transport in released fluids. As
illustrated in Figure 1, the subducted component
(i.e., [P/D],) is modified as it passes through the
“subduction factory” (e.g., Tatsumi and Kogiso,
2003) (i.e., [P/D],,), so this process needs to
be accounted for in any realistic mass balance
models. We cannot indiscriminately treat the
compositions of subducted/subducting sedi-
ments (of various types) or altered ocean crust
as source materials for oceanic basalts without
understanding the effects of subduction-zone
metamorphism because it is the geochemical
properties of [P/D],,,, that contribute to mantle
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Figure 1. Schematic diagram
showing the likely changes of
the subducted materials and the
possible effects on elemental
ratios of radioactive parent over
radiogenic daughter isotopes
(P/D) by dehydration-dominated
subduction-zone metamorphism
(SZM) (i), which is also widely
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duction-zone metamorphism that determines the mantle chemical and, with time, isotopic
heterogeneities recognized in oceanic basalts (after Niu, 2009).

compositional heterogeneity with P/D and iso-
topic imprints.

Experimental and modeling approaches (e.g.,
Pawley and Holloway, 1993; Schmidt and Poli,
1998) to subduction-zone metamorphism are
useful, but their applications are not straight-
forward because the natural system is open and
complex, and there are many potential protolith
types and metamorphic conditions (Zack and
John, 2007; Schmidt and Poli, 2003). Thus, the
analysis of natural rocks, which have actually
subducted and been exhumed, remains essen-
tial in understanding the effects of subduction-
zone metamorphism. However, only a few
suites of subduction-related high-pressure (HP)
metamorphic rocks are recognized globally,
even much less for ultrahigh-pressure (UHP)
metamorphic rocks, e.g., 2.7-2.9 GPa in Lago
di Cignana (e.g., Reinecke, 1998) and 2.6-2.8
GPa in central Zambia (John et al., 2004). The
geochemical consequences of subduction-zone
metamorphism and their controls have been
reported in recent studies (e.g., Spandler et al.,
2004; Bebout, 2007), but the results are incon-
clusive and more work is needed. We chose to
study subduction-zone metamorphic rocks from
the western Tianshan, China, because these
rocks experienced ultrahigh-pressure metamor-
phism as evidenced by the presence of coesite
(e.g., Zhang et al., 2005; Li et al., 2008, 2009)
and other preserved UHP metamorphic reac-
tions (Zhang et al., 2003). Therefore, the results
of our study on these UHP metamorphic rocks
will contribute to understanding the geochemi-
cal effects of UHP metamorphism and offer
insights into processes occurring beneath the
volcanic arc.

Based on mineral modal analyses and de-
tailed correlation analyses of most analyzed ele-
ments in these rocks, we found varying element
mobility/immobility during subduction-zone
metamorphism, and we try to identify the pos-
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sible controls on the geochemical behavior of
these elements in subducting/subducted ocean
crust and sediments. In addition, in terms of P/D
and isotopic systematics observed in oceanic
basalts, we want to test whether the represen-
tative subducted ocean crust could be a major
source material for oceanic basalts.

GEOLOGICAL BACKGROUND
Overview of Western Tianshan Mountains

The Chinese western Tianshan orogenic belt
separates the Junggar plate to the north from
the Tarim plate to the south. Between the Tarim
and Junggar plates, the Yili-Central Tianshan
plate is defined by the north-central Tianshan
suture and south-central Tianshan suture for its
northern and southern boundaries, respectively
(Fig. 2; Zhang et al., 2001). The UHP metamor-
phic belt is located along the south-central Tian-
shan suture, which is thought to continue to the
west in Kazakhstan (e.g., Volkova and Budanov,
1999). It defines the convergent margin associ-
ated with northward subduction of the south
Tianshan Devonian seafloor beneath the Yili—
Central Tianshan plate, which was followed
by the northward subduction of the Tarim plate
upon closure of the south Tianshan ocean basin
(e.g., Gao and Klemd, 2003; Fig. 2).

Much effort has been expended to date the
peak metamorphic event using a variety of
techniques, including the Ar-Ar plateau method
(e.g., Gao and Klemd, 2003) and the Sm-Nd
and Rb-Sr isochron methods (Gao and Klemd,
2003), the latter of which gave an age of ca.
350-345 Ma (Carboniferous) for peak meta-
morphism and ca. 311-310 Ma for exhuma-
tion (i.e., cooling age) (details are given in Gao
et al., 2006). Much younger ages of 233 + 4 Ma
to 226 * 4.6 Ma (Triassic) have been obtained
using the sensitive high-resolution ion micro-

probe (SHRIMP) U-Pb method on metamorphic
zircons extracted from both blueschist and UHP
eclogite (Zhang et al., 2007). However, from the
most recent zircon SHRIMP U-Pb ages reported
by Gao et al. (2009) and Su et al. (2010), as
well as the constraints on the cooling age of ca.
311 Ma (Lifei Zhang, 2010, personal commun.),
it is apparent that the peak metamorphism hap-
pened in the Carboniferous Period (vs. Triassic)
in western Tianshan.

Existing work has argued that the western
Tianshan HP and UHP metamorphic rocks ex-
perienced subduction and ultimate exhumation
of ocean crust in response to a continental colli-
sion event, with a clockwise pressure-tempera-
ture-time (P-7-f) path on a regional scale and
nearly isothermal decompression from peak
eclogite facies to epidote-amphibolite facies
(e.g., Gao and Klemd, 2003). The protoliths
are argued to be dominated by seafloor basalts,
including OIB, normal N-type, and enriched
E-type MORB, as well as volcanic arc basalts
(e.g., Gao and Klemd, 2003), with some terrig-
enous sediments (e.g., Ai et al., 2006). The highly
variable compositions of metabasaltic rocks are
consistent with the geochemistry of seamounts
like those near the East Pacific Rise (see Niu
and Batiza, 1997). Intermingled with terrig-
enous sediments and volcaniclastic rocks, those
dismembered basalts formed a tectonic mélange
within an accretionary wedge before the subse-
quent subduction and UHP metamorphism (e.g.,
Gao and Klemd, 2003; Ai et al., 20006).

UHP Metamorphism in Western
Tianshan Mountains

Despite the debate over the past ~10 yr on the
peak P-T conditions of western Tianshan meta-
morphism (e.g., Zhang et al., 2002a, 2002b;
Klemd, 2003), the discovery of coesite from
western Tianshan eclogites (Lii et al., 2008,
2009) gives smoking gun evidence in support
of UHP metamorphism with peak pressures in
excess of 2.5 GPa.

Coesite as inclusions in garnet of Tianshan
eclogites has been inferred to be widespread (L
et al., 2008, 2009; Lifei Zhang, 2010, personal
commun.), and so the dispute on whether or not
UHP metamorphism took place in the western
Tianshan orogenic belt is settled, and any argu-
ment against UHP metamorphism by neglect-
ing the presence of coesite is no longer valid.
Nevertheless, it is worthwhile to go over briefly
the history with the aim of correctly informing
the international community of the nature of
the dispute. Prior to the discovery of coesite,
applications of geothermobarometry to Tian-
shan eclogite samples (including our samples)
led some authors (e.g., Klemd, 2003; Lavis,
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Figure 2. Simplified map of Chinese western Tianshan Mountains (after Gao and Klemd, 2003; Zhang et al., 2003).
(A) Geological map for the location of western Tianshan. (B) Distributions of our sampling positions.

2005) to argue against the UHP metamorphism.
One reason to accept the calculated pressures
against the observation of coesite in these rocks
(Zhang et al., 2005) is that these authors did not
find coesite in samples they studied. Coesite is
volumetrically rare, and it can be widespread
throughout an UHP metamorphic belt, but it is
not necessarily present in every random sample.
For example, if we make 10 thin sections from
a single hand specimen, we may not find coesite
at all or may find coesite only in one of the 10
thin sections. This is also the reason why it may
take a long time to confirm one UHP metamor-
phic belt. It is thus incorrect to argue that the
thin section that contains coesite had subducted
to depths >80 km while the other nine thin sec-
tions of the same hand specimen without coesite
had not subducted to that depth. Furthermore,
because of the rapid subduction and exhuma-
tion, the rock may not stay at peak P-T condi-
tions long enough relative to the quartz-coesite
transformation, which can result in even rarer
occurrence of coesite. In addition, because of
the widespread retrograde metamorphism and
overprints, it is also likely that coesite crystals
may have completely reverted to quartz during
reequilibrium at lower pressures.

Although not observed in samples we stud-
ied, previous studies identified other lines of
evidence for UHP metamorphism in western
Tianshan, e.g., the presence of quartz and coesite
exsolution lamellae due to decompression of
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the Ca-Eskola (CaEs-Ca AlSi,O,) component
in omphacite of Tianshan eclogites (e.g., Zhang
et al., 2002a), and the coexistence of dolomite,
magnesite, and calcite (aragonite pseudomorph)
in rocks of sedimentary protolith within Tian-
shan eclogite bodies (e.g., present between
eclogitized basaltic flows and pillows; Zhang
et al., 2002b, 2003). The latter two arguments,
however, are not definitive evidence for UHP
metamorphism. For example, Ca-Eskola could
be stable in the quartz (vs. coesite) stability
field (Page et al., 2005), and the decomposition
of dolomite may take place at lower pressures
(e.g., 2.3-2.8 GPa; Smit et al., 2008). Neverthe-
less, the presence of coesite, together with the
arguments considering Ca-Eskola composition
and dolomite decomposition, ~2.5 GPa is likely
the minimum for peak pressure. Hence, there
should be no dispute on the occurrence of UHP
metamorphism in western Tianshan.

PETROGRAPHY

The UHP metamorphic belt in Tianshan is
dominated by blueschist and eclogite pods and
lenses, surrounded, in fault contacts, by green-
schist-facies rocks (Fig. 2). In total, 50 samples
were taken from locations broadly similar to
those reported by Gao and Klemd (2003) and
Zhang et al. (2003), including one rodingite
TS02-34, which is dominantly made up of gar-
net (69.4 vol%). An additional nine samples

were provided by Lifei Zhang from locali-
ties described in Zhang et al. (2003). Detailed
petrography is given in Table DR1." Rocks of
sedimentary protolith (Fig. 3H) can be read-
ily distinguished from rocks of basaltic proto-
lith (Figs. 3A-3G; some of which are sampled
from the well-preserved pillows in the field)
by their very high modal abundances of quartz
and carbonate, as well as more obvious folia-
tions defined by high modes of white mica and
relatively low modes of (clino)zoisite. Many
samples of sedimentary protolith have ~50 vol%
quartz, and these are termed as quartz mica
schists (Fig. 3H; Table DR1 [see footnote 1]).
Compared with rocks of basaltic protolith, rocks
of sedimentary protolith tend to show stronger
retrogressive overprints, particularly the extent
of chloritization of minerals such as garnet and
white mica.

Samples TS02-3B, TS02-15A, TS02-
17b, and TS02-32A belong to typical eclogite
(where garnet + omphacite > 70 vol% of the
bulk rock). They are composed of garnet por-
phyroblasts and fine-grained omphacite matrix,
along with varying amounts of accessory min-
erals, including amphibole (Na-amphibole with
a little [sodic-]calcic amphibole), (clino)zoisite,

'GSA Data Repository item 2012136, Tables
DR1-DR6 and Figure DRI, is available at http://
www.geosociety.org/pubs/ft2012.htm or by request
to editing @ geosociety.org.
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Figure 3. Photomicrographs of representative samples from west-
ern Tianshan. (A—-G) Samples of basaltic protolith from group 1 (see
Table DRI1 for classifications [see text footnote 1]) and (H) one
sample of sedimentary protolith. (A) Eclogitic blueschist. Coexisting
paragonite and clinozoisite preserved as tabular inclusions in gar-
net poikiloblast may represent lawsonite pseudomorphs. (B) Eclo-
gitic blueschist. Idioblastic garnet with omphacite and glaucophane
inclusions indicates a prograde blueschist-facies metamorphism.
In the lower-right corner of this photo, rutile has been replaced
by surrounding titanite during retrograde metamorphism. (C) In
samples dominated by glaucophane, the presence of white mica and
omphacite inclusions indicates that the glaucophane in this sample,
TS02-03A, was produced by retrograde metamorphism rather
than prograde metamorphism. This retrograde sample is used in
later sections for discussing rehydration effects on reenrichment,
compared with eclogite TS02-03B. (D) Omphacite-garnet epidosite.
One idioblastic garnet grain has grown at the expense of prograde
clinozoisite nearby, resulting in a resorption grain boundary at
the rim of the latter. (E) Epidote blueschist. Garnet inclusion in
the paragonite probably reflects a reenriched process caused by
rehydration during retrograde metamorphism. (F) Glaucophane
has barroisite overgrowth at rim, one omphacite inclusion as well,
caused by retrograde overprints. (G) Epidote-bearing blueschist
with chlorite overprinting on garnet porphyroblast. (H) Chloritized
quartz mica schist, characterized by abundant quartz and foliation
fabrics. B-C and E-F were taken under plane polarized light (PPL);
others were taken under crossed polarized light (XPL). The mineral
abbreviations used in this paper are: Ab—albite; Act—actinolite;
Ae—aegirine; Alla—allanite; Amp—amphibole; Ang—antigorite;
Arg—aragonite; Brs—barroisite; Ca—carbonate; Chl—chlorite;
Cld—chloritoid; Czs—clinozoisite; Cpx—clinopyroxene; Di—
diopside; Dol—dolomite; Epi—epidote; GIn—glaucophane; Grt—
garnet; Horn—hornblende; Jd—jadeite; Law—Ilawsonite; Mag—
magnesite; Mica—white mica (including both phengitic muscovite
and paragonite); Omp—omphacite; Qtz—quartz; Pg—parago-
nite; Phen—phengitic muscovite; Prp—pyrope; Rt—rutile; Tn—
titanite; Tr—tremolite; and Zs —(clino)zoisite.

300 um

white mica (both phengitic muscovite and
paragonite), rutile, titanite, quartz, and carbon-
ate. Glaucophane and omphacite inclusions in
garnet indicate that eclogites underwent a pro-
grade blueschist-facies metamorphism prior
to reaching the eclogite facies, i.e., stage 1 in
Figure 4. Glaucophane also occurs as discrete
relicts of prograde metamorphism in the matrix,
and only some of them show the overgrowth of
(sodic-)calcic amphibole on glaucophane (e.g.,
TS02-15A), indicating a highly progressive
metamorphism and limited retrograde metamor-
phic overprints. The relatively low modal (clino)
zoisite (no more than 1.07 vol%) may be attrib-
uted to less retrograde (clino)zoisite formation
and more pronounced breakdown of prograde
(clino)zoisite evidenced by resorption features
(Fig. 3D; John et al., 2008), representing stage 2
in Figure 4.

Blueschist is dominated by glaucophane
and (clino)zoisite with or without omphacite.
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(Clino)zoisite could be locally abundant (up to
20 vol%), forming omphacite-garnet epidosite.
Glaucophane, omphacite, white mica, (clino)
zoisite, carbonate, and quartz are also typical
inclusions in garnet poikiloblasts (e.g., Figs.
3A-3B). An observation of particular note is
the occurrence of (clino)zoisite and paragonite
preserved as inclusions in garnet, forming box-
shaped lawsonite pseudomorphs (e.g., Fig. 3A;
this is also observed in eclogites) and suggesting
a previous lawsonite-bearing blueschist-facies
metamorphism, i.e., stage 1 in Figure 4.

In addition to evidence for prograde meta-
morphism afforded by mineral inclusions in
garnet, prograde (clino)zoisite also shows amoe-
boid grain boundaries caused by replacement of
omphacite (also see fig. 5 in John et al., 2008).
The presence of prograde (clino)zoisite in the
lawsonite stability field may result from the rela-
tively low H,O content in the system (Poli and
Schmidt, 1997). Prograde white micas are also

present (e.g., as inclusions in glaucophane in
Fig. 3C), which, together with prograde (clino)
zoisite, may also reflect stage 1 conditions
(Fig. 4). Sample TS02-01, a chloritoid-bear-
ing omphacitic-epidosite (not shown in Table
DR1) has chloritoid poikiloblasts, which con-
tain glaucophane, idioblastic (clino)zoisite, and
white mica inclusions, and indicate the transi-
tion from stage 1 to stage 2 in Figure 4.
Idioblastic retrograde (clino)zoisite and retro-
grade white micas (e.g., one paragonite por-
phyroblast, including one garnet relict, in Fig.
3E) are also present, representing stage 3 in
Figure 4. (Sodic-)calcic amphiboles are common,
most of which have clearly replaced other miner-
als like garnet. Clear zonings, e.g., (sodic-)calcic
amphibole having Na-amphibole cores (reflecting
stage 5 in Fig. 4), and even containing omphacite
inclusions (e.g., Figs. 3C and 3F reflecting stage
4 in Fig. 4), indicate retrograde metamorphism
from eclogite to (epidote-) amphibolite facies.

Geological Society of America Bulletin, July/August 2012
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Figure 4. Schematic phase diagram after El Korh et al. (2009),
Schmidt and Poli (1998), Poli and Schmidt (2002), and Zhang et al.
(2003). Abbreviations: GS—greenschist; BS—blueschist; EA—epi-
dote amphibolite; AMP—amphibolite; EC—eclogite; GR—granu-
lite; other abbreviations are given in the caption of Figure 3. The
light-gray dotted curve with solid circles is the pressure-temperature
(P-T) path for western Tianshan reported by Zhang et al. (2003). The
dark-gray curve with stars is a schematic P-T path for our samples
based on detailed petrography, with the peak metamorphic condition
chosen following Lii et al. (2009). Each numbered star represents one
crucial step (i.e., ““stage X’ mentioned in the text) evidenced by differ-
ent mineral assemblages and characterized by index minerals.

This is also reflected by the development of ti-
tanite at the rims of rutile (e.g., Fig. 3B). Carbon-
ate is common and can be abundant (Table DR 1
[see footnote 1]). Some carbonate minerals are
well crystallized, showing an equilibrium texture
with coexisting silicate phases, reflecting their
protolith inheritance and metamorphic recrystal-
lization. However, retrograde carbonate also oc-
curs as irregular patches or fine veinlets replacing
other minerals (including garnet).

All the foregoing petrographic observations
formed the basis for the schematic P-T path
to illustrate the concept (Fig. 4), although in-
dividual samples are likely to have undergone
different extents of retrograde metamorphism.
The peak metamorphic P-T conditions we con-
sidered here are the corrected estimates of Lii
et al. (2009), i.e., 470-510 °C at 2.4-2.7 GPa.

ANALYTICAL METHODS

Abundances of both major and trace elements
in bulk-rock samples were measured at Cardiff
University. An Ultima 2 inductively coupled
plasma—optical emission spectrometer (ICP-
OES) was used for the major-element analyses
and a Thermo Element-x7 series quadrupole
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inductively coupled plasma—mass spectrometer
(ICP-MS) was used for the trace-element analy-
ses. Hand specimens were first processed using a
diamond wheel to remove saw marks and weath-
ered surfaces before being rinsed with deionized
water. The dried samples were then crushed
using a clean jaw crusher and powdered with
either an agate Tema mill or agate ball mills.

To ensure high-quality data, complete sample
dissolution, especially for refractory minerals
such as zircon and rutile, is essential (e.g., Yu
et al., 2001). We chose two methods: lithium
metaborate fusion for most elements (by which
zircon, rutile, titanite, etc., are readily dissolved;
e.g., Yu et al., 2001), and HF-HNO; dissolution
of sample powders for Pb, low- abundance ele-
ments, and elements that are not analyzable in
LiBO,-fused solutions (such as Cs because of
its volatility). Through comparisons with Ultra-
pure SPEX CertiPrep 100% lithium metaborate,
Spectroflux ultraclean 100% lithium metaborate
was the best flux in the LiBO,-fused solution
method because of its lower Nb content. In the
second method, routine HNO, washing was
used to wash laboratory instruments and flush
the instrument between analysis runs. Addi-
tional flushing of the instrument with HCI was

also used to remove Pb from the sample lines.
We used JB-1a (a Geological Survey of Japan
basalt reference rock standard) as an unknown
monitor (Table DR2; Ando et al., 1987). The
precision and accuracy for all the analyzed trace
elements are, respectively, within 5% and £10%
uncertainties (see Table DR2 [see footnote 1]).

Mineral compositions were analyzed using a
Cambridge (Leo) S360 scanning electron micro-
scope (SEM) at Cardiff University equipped
with an INCA® energy dispersive X-ray spec-
trometer (EDS) of Oxford Instruments moni-
tored with a Co standard. The beam current was
~1 nA, and the accelerating voltage was 20 kV.
Analyses were conducted with 50 s counting
time and 45% dead time for optimizing the sig-
nals. Generally, the detection limits are better
than ~0.03% and 0.02% (equivalent to 20), re-
spectively, for elements in silicate phases and
base metals in sulfides (Peter Fisher, 2011, per-
sonal commun.). Data reduction was done using
ZAF correction with INCA Energy + software.
Natural and synthetic standards from Micro-
Analysis Consultancy Ltd. were used for cali-
brations. Garnet, omphacite, amphibole, white
mica, and epidote group minerals were analyzed
quantitatively. Representative mineral analyses
and formula calculations are given in Table DR3
(see footnote 1). All these data were reported by
Lavis (2005).

MINERALOGY AND BULK-ROCK
COMPOSITION

Mineral Compositions

Garnet shows a sharp compositional varia-
tion, with increasing pyrope composition at the
rims in most samples (Table DR3 [see foot-
note 1]). Clinopyroxene is omphacitic (Fig. SA;
Table DR3 [see footnote 1]). Amphiboles vary
in composition, from typical glaucophane to
calcic and sodic-calcic amphiboles including
actinolite, barroisite/katophorite, and magnesio-
hornblende (Fig. 5B). Representative analyses of
specific types of amphiboles are given in Table
DR3 (see footnote 1). Both phengitic musco-
vite and paragonite mica exist (Table DR3 [see
footnote 1]), and are classified in terms of K/Na
ratio. Compositions of epidote group minerals
are also variable, especially in total FeO (Table
DR3 [see footnote 1]).

Major-Element Analyses and
Reconstructed Bulk-Rock Composition

Table DR4 (see footnote 1) shows bulk-rock
major- and trace-element contents. Samples of
sedimentary protolith have variably high SiO,
(52.09-76.66 wt%) and relatively low MgO

1117


http://gsabulletin.gsapubs.org/

Downloaded from gsabulletin.gsapubs.org on July 5, 2012

Aegerine\

Ae

Xiao et al.
B 20 Glaucophane
R i
1.5 <
= Barroisite/katophorite
2 10F Winchite .
* [ .o ®e0 *
05 vt
o....' ‘ ’ .r: ° [ J
Actiholite T Magnesio-hornblende
008700 75 7.0 6.5
Si (p.f.u.)

Figure 5. Compositional classification of clinopyroxene and amphibole. (A) WEF (wollasto-
nite + enstatite + ferrosilite)-Jd—Ae diagram following Morimoto (1988) for clinopyroxene
compositions, all of which have omphacitic compositions. (B) (Na),;,—Si (p.f.u.) diagram for
amphiboles (Leake et al., 1997), showing compositional distinctions between glaucophane

and other amphiboles.

(1.81-4.82 wt%), CaO (1.29-7.67 wt%), and
TiO, (i.e., <I.13 wt%). Samples of basaltic
protolith have low SiO, (40.96-53.19 wt%) and
ALQO, (<20 wt%) and relatively high MgO (up
to 8.56 wt%). Major elements are highly vari-
able, including loss on ignition (LOI), which is
closely associated with the estimated carbonate
modal abundances evidenced by their signifi-
cant correlations (not shown). The pronounced
high carbonate modal abundances in several
samples also explain the high CaO and low SiO,
contents (e.g., TS02-06, 106-14). Among dif-
ferent groups of samples of basaltic protolith
(see the following section for classification),
group 1 generally has the highest TiO, (1.62-
3.85 wt%) and K, O (up to 3.63 wt%). Group 2
shows the lowest TiO, (<2 wt%), except for two
samples (TS02—-15A and TS02-15B), which
have major compositions distinctive from other
samples of the same group, i.e., much higher
TiO, (2.78 and 2.80 wt%) but lower Mg# (31.10
and 32.19). One sample of ultramafic protolith
(TS02-34) contains only 34.01 wt% SiO, and
low Mgt (i.e., 20.44).

To understand the redistribution of elements
(including flux in and out of the system) be-
tween mineral phases in our subsequent studies
using in situ major- and trace-element analyses,
it is necessary to perform a quantitative analysis
of mineral modes. Detailed modal analyses of
these rocks were done by point-counting using
a James Swift automatic point counter, model F
415C. The modal data are given in Table DR1
(see footnote 1). Comparisons of reconstructed
bulk-rock major-element compositions (the cal-
culation method and the calculated results are
given in the caption of Fig. DR1 [see footnote 1])
with actual analyses indicate that our estima-
tions of mineral modes are reliable (Fig. DR1
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[see footnote 1]), although some uncertainties
still exist (see discussions in the caption of Fig.
DRI [see footnote 1]).

TRACE-ELEMENT MOBILITY
AND GEOCHEMISTRY OF
SAMPLE GROUPS

Sample Grouping

Experimental studies (e.g., Manning, 2004;
Kessel et al., 2005; Hermann et al., 2006)
have shown that high field strength elements
(HESEs, i.e., Ti, Zr, Hf, Nb, Ta) together with
Y and the middle to heavy rare earth elements
(M-HREEs), are usually not mobile during
fluid-rock interactions. These studies also show
that Th and LREEs are usually immobile. Alkali
and alkali earth elements such as Rb, Cs, and
Ba are usually mobile, as are Na and K, used
for the classification of modern lavas. For this
reason, immobile elements should be used for
rock classification and tectonic discrimination
of protoliths of metamorphic rocks (e.g., Pearce
and Cann, 1973; Winchester and Floyd, 1977).

The Zr/Ti versus Nb/Y diagram (Win-
chester and Floyd, 1977) is often used as an
immobile trace-element equivalent of the TAS
(total alkali vs. silica) diagram to classify vol-
canic rocks with varying degrees of alteration/
metamorphism in the geological records. In
Figure 6A, which uses the updated boundaries
of Pearce (1996), samples of basaltic protolith
plot in three clusters, mainly in the subalkalic
basalt field. They display a small range in Zr/Ti
ratio (equivalent to a small SiO, variation) but
a large range in Nb/Y ratio (equivalent to large
total alkali variations). We term these group 1,
group 2, and group 3 samples, respectively (see

Tables DR1 and DR4 [see footnote 1] for min-
eral assemblages and geochemical data).

Provided that Th, Nb, Ti, and Yb are immo-
bile throughout the metamorphic process, the
Th/Yb versus Nb/Yb and Ti/Yb versus Nb/Yb
diagrams (Pearce, 2008) are effective in finger-
printing tectonic settings of magma eruption.
The first of these diagrams features a diago-
nal MORB-OIB array containing N-MORB,
E-MORB, and OIB compositions (Fig. 6B).
Basalts with a subducted or assimilated conti-
nental crustal component plot above this array;
these include volcanic arc basalts, some back-
arc basin basalts, and basalts contaminated with
continental crust materials. For our samples,
the three groups defined in Figure 6A are also
well separated on this projection. Samples from
group 1 and group 3 plot within or at the field
edge of the MORB-OIB array. Their protoliths
are most likely OIB- or E-MORB-like and de-
pleted MORB-like rocks, respectively. The high
Ti/YDb ratios of the former on the Ti/Yb-Nb/Yb
diagram (not shown) demonstrate that these are
OIB-like rather than E-MORB-like.

In contrast, group 2 samples define a distinct
trend away from the MORB-OIB array into the
volcanic arc/contamination field. Because this
trend includes samples within the MORB-OIB
array, it is likely to reflect the effect of crustal
contamination of MORB-like magmas or a
mixing relationship between MORB and arc
magmas (Pearce, 2008). Group 2 samples will
be excluded from the study of element mobil-
ity (see following) because alteration and con-
tamination (or mixing) effects cannot be easily
resolved in the bulk-rock studies.

Determination of Element Mobility
or Immobility

Although HFSEs and HREEs have been
widely considered to be immobile, there is some
evidence that they are not always conserved dur-
ing subduction-zone metamorphism (e.g., Gao
et al., 2007; John et al., 2008), which is possible
in the case of some subduction-zone fluids (e.g.,
supercritical H,O-rich fluids, CO,-rich fluids,
and perhaps, even SiO,-rich hydrous melts;
Manning, 2004; Kessel et al., 2005). Therefore,
to understand the geochemical consequences
of subduction-zone metamorphism properly, it
is necessary to examine the actual mobility and
immobility of each element of geochemical sig-
nificance in our samples.

Because elemental behavior during the for-
mation of igneous protoliths is governed by
the partition coefficient during partial melt-
ing/crystallization, elements with similar
incompatibility in igneous protoliths are ex-
pected to be significantly correlated. Based
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Figure 6. (A) Zr/Ti-Nb/Y dia-
gram for rocks of basaltic proto-

lith (after Winchester and Floyd,

1977; Pearce, 1996). (B) Th/Yb 0.1

versus Nb/Yb for rocks of basal-

tic protolith (after Pearce, 2008). E e

Ocean-island basalt (OIB), N jiste
0.01

enriched (E)-, and normal (N)
mid-ocean-ridge basalt (MORB)

are plotted for comparison
(black solid circles; the values
of oceanic basalts are from Sun 0.001

and McDonough, 1989).

on this principle, one simple way to examine
the element mobility or immobility is to see if
these statistically significant correlations are
preserved (or not) in our metamorphic samples,
i.e., whether these elements have been frac-
tionated from each other during metamorphism
(e.g., Niu, 2004). If a significant correlation
between two similarly incompatible elements
is preserved in the metamorphic rocks, then
these two elements have remained immobile;
otherwise, one of them or both may have been
mobilized during metamorphism. Note that
two mobile elements with similar incompati-
bility may also exhibit significant correlations.
Therefore, we selected two HFSEs with dif-
ferent incompatibilities (i.e., Nb and Zr) and
investigated their correlations with other trace
elements with varying incompatibility, i.e., Nb
with large ion lithophile elements (LILEs),
LREEs, Th, U, and Ta, and Zr with MREEs,
some LREESs, and Hf (Fig. 7).

Investigations of correlation coefficients
were carried out following the methods of Niu
(2004) and Lavis (2005) for cogenetic rocks of
basaltic protolith from group 1 (Figs. 7A-7B)
and group 3 (not shown), and for rocks of sedi-
mentary protolith in Table DRS (although the
method is less effective in metasedimentary
rocks than for metabasaltic rocks; see footnote
1). Figure 7 shows the correlation coefficients
of the immobile incompatible elements Nb and
Zr with other trace elements, which are sorted
in order of decreasing incompatibility from left
to right following the order reported by Niu and
Batiza (1997). For N = 23 (group 1) and N =6
(group 3), only those correlations above 0.482
and 0.882, respectively, are treated as statisti-
cally significant correlations at >99% confi-
dence levels. In Figure 7, we find that Ba, Cs,
Rb, K, Pb, and Sr are not significantly correlated
with Nb and Zr and have, therefore, been mobi-
lized in our samples of basaltic protolith, during
either prograde or retrograde metamorphism, or
prior to subduction-zone metamorphism (i.e.,
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during seafloor alterations). All other elements
showing statistically significant correlations
with Nb and Zr (i.e., REEs, HFSEs, Th, and U)
have thus remained largely immobile.

Previous studies (e.g., John et al., 2004)
showed that LREEs, U, and Th can be frac-
tionated from HFSEs and HREEs during sub-
duction-zone metamorphism. However, Figure
8E shows that the U/Nb ratio of our samples is
constrained within a small range similar to that
of N-MORB, except for samples from group 2
that have been attributed to the contamination or
mixing with materials with high, possibly vari-
able, U/Nb ratios, such as continental crust (see
previous). In addition, Nb/La ratios of our sam-
ples are also relatively constant, i.e., 0.94 £ 0.15
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(1o; group 1) and 0.45 = 0.06 (1o; group 3).
Together with the significant linear correlations
between U and Th (Fig. 8F), all these values
suggest that U, Th, and LREEs in our samples
have not been mobilized since the formation
of their protolith, as predicted for HFSEs and
HREEs. Furthermore, the compositional range
of altered ocean crust is relatively large with re-
spect to U content, which may be enriched by
up to five times in altered ocean crust, as shown
in the super-composite composition of the tho-
leiitic section of ocean crust in Ocean Drilling
Program Site 801 (Kelley et al., 2003), and U
shows its strong mobility during seafloor altera-
tion (also see Niu, 2004). Thus, altered ocean
crust may show a poor correlation of U with

A
Nb N R>0.482 at > 99% confidence levels
of N || ]
Group 1
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Figure 7. Correlation coefficient diagrams of Nb (A) and Zr (B) with
other trace elements for samples of group 1 from western Tianshan
(Niu, 2004; Lavis, 2005). Elements along x-axis are ordered in terms
of decreasing incompatibility from left to right. Two immobile ele-
ments (Nb and Zr) were chosen considering their different incom-
patibility; therefore significant correlation coefficients with Nb or
Zr can reflect immobility of elements with varying incompatibility.
The dashed lines represent the minimum significant correlation
coefficient, i.e., 0.482 (refer to critical value of Pearson’s correla-
tion coefficient using a one-tail test) at 99% confidence levels for 23
samples (i.e., the degree of freedom is 21). Similar conclusions can
also be made for samples from group 3.
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Figure 8. Covariation diagrams. 20 A

(A-C) Statistically significant
(at >99% confidence levels;
the critical value of Pearson’s
correlation coefficient using
one-tail test for 11 samples is
0.685) correlations of large ion
lithophile elements (LILEs)

with Nb in rocks of sedimen-
tary protolith, suggesting rela-
tive immobility of K, Cs, Ba, 20

and Rb (not shown here) dur-
ing subduction-zone metamor-
phism. (D) Ce/Pb versus 1/Pb
for rocks of basaltic protoliths
(after John et al., 2004). The
Ce/Pb range for fresh oceanic
crust is from Bebout (2007).

Gray arrows indicate the trend 0
of the Pb addition for group 1
and group 3. (E) U/Nb versus
Nb/Zr for rocks of both sedi-
mentary and basaltic proto-
liths (after John et al., 2004).
The U/Nb ratio of normal mid-
ocean-ridge basalt (N-MORB)
(= 0.02; represented by the hori-
zontal dashed line) is from Sun
and McDonough (1989). See

the detailed explanation in the
relevant text. (F) Correlations

between U and Th for rocks of
basaltic (group 1 and group 3)
and sedimentary protoliths in
this study, as well as relevant
data in the literature (Spandler
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et al., 2003, 2004; Gao et al.,

2007; John et al., 2008; El Korh et al., 2009), without considering the effect of their different protoliths. The model composition of altered
ocean crust (AOC,,; super-composite of Ocean Drilling Program Site 801, representing tholeiitic section of ocean crust in Kelley et al.,
2003) is also plotted (the black solid circle). The average Th/U ratios of group 1 (Th/Uy,), group 3 (Th/U;), and metasediments (Th/U;,) in
this study, and the Th/U ratio of model component of altered ocean crust (Th/U,) are also given for comparisons. All the U-Th correlation
coefficients in the text box beneath the plots are at >99% the confidence levels.

immobile elements (e.g., fig. 4c in Kelley et al.,
2005) and have lower Th/U ratios (or Nb/U) in
some rocks due to U enrichment. Therefore,
the significant linear correlation of U with Th
(or Nb, not shown) and the inferred immobility
of U, as well as the distinctive Th/U ratios of
all our samples from altered ocean crust (Fig.
8F), suggest that the component of altered ocean
crust, if involved at all, is insignificant in the
protoliths of our samples.

Considering the much lesser mobility of Pb
compared with U during seafloor alteration (e.g.,
Kelley et al., 2005), together with the insignifi-
cant effects of seafloor alteration for our sam-
ples, it is most likely that the Pb mobility is the
result of prograde and/or retrograde metamor-
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phism after seafloor alteration, although the mo-
bility of other LILEs (Rb, Cs, and K) may need
further studies because of their higher mobility
during seafloor alteration. Furthermore, the high
Pb contents and low Ce/Pb compared with the
range for fresh oceanic crust (see Bebout, 2007)
may reflect the addition of Pb (Fig. 8D). As John
et al. (2004) suggested, this Pb addition probably
happened during exhumation of the slab rocks.
The significant interelement correlations of
HFSEs and REEs (Table DRS5 [see footnote 1]),
and the good correlations of K, Rb (not shown),
Cs, and Ba with HFSEs at >99% confidence lev-
els in rocks of sedimentary protolith (Figs. 8A—
8C) suggest their rather similar behavior during
subduction-zone metamorphism. As HFSEs are

immobile, K, Rb, Cs, Ba, and REEs in samples
of sedimentary protolith are also immobile. The
poor correlations of Pb and Sr with HFSEs may
indicate their mobility during subduction-zone
metamorphism. Therefore, based on the pre-
vious discussion, Pb and Sr are mobile, while
REEs, HFSEs, Th, and U are immobile in both
lithologies. The mobility and immobility of K,
Rb, Cs, and Ba are protolith dependent, i.e.,
immobile in rocks of sedimentary protolith but
mobile in rocks of basaltic protolith.

Recently, Gao and coworkers (Gao et al.,
2007; John et al., 2008) concluded that Nb,
Ta, Ti, REEs, and LILEs are all mobile during
subduction-zone metamorphism, based on a
localized fluid-vein assemblage from western
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Tianshan. Although their observations may be
valid, we emphasize that caution should be taken
not to generalize local phenomena as reflecting
the prevailing nature of subduction-zone meta-
morphism. Our data demonstrate clearly that
REEs and HFSE:s are largely, if not entirely, im-
mobile during subduction-zone metamorphism
(Figs. 7-8).

Geochemistry of Different Sample Groups

Figure 9 shows N-MORB normalized multi-
element diagrams for rocks of basaltic protolith
(Figs. 9A-9C) and for rocks of sedimentary
protolith (Fig. 9D). All the mobile elements dis-
cussed previously (i.e., LILEs, Pb, and Sr in the
gray areas in Figs. 9A-9C) display greater vari-
ability than immobile elements due to the “fluid
effect” during subduction-zone metamorphism
in the case of samples of basaltic protolith. Pb
shows obvious enrichment in most samples,
which is in correspondence with the previous
assumption that Pb addition may occur during
retrogressive metamorphism. No obvious Eu
anomalies have been found. Mobile elements
will not be used in the following discussion on
the geochemistry of protoliths and their tectonic
settings.

Immobile incompatible elements are gener-
ally enriched in group 1, with a pattern similar
to the average composition of OIB, which is also
consistent with its high K,O content. Group 2
displays a relatively flat pattern with stronger
enrichments of U and Th relative to Nb and Ta
(i.e., higher [Th/Nblyyors and [U/Taly yors)s
which are comparable to, or even much higher
than (in most samples), the model composition
of altered ocean crust (Kelley et al., 2003). Con-
sidering the contamination/mixing by continen-
tal or arc crustal materials (see Fig. 6B) as well
as the insignificant contributions of altered ocean
crust (if it is involved at all) in the protoliths (in
group 1 and group 3), group 2 protolith may thus
likely be derived from an N-MORB-like rock(s)
with subsequent continental or arc crust con-
tamination rather than seafloor alterations. Two
samples (i.e., TS02-15A and TS02-15B) from
group 2 (Fig. 9B) show overall elevated trace-
element abundances and lower Mg# (Table DR4
[see footnote 1]), which are consistent with the
protolith being more evolved basalts. Samples
from group 3 are depleted in the progressively
more incompatible elements and enriched in the
less incompatible elements (such as HREEs),
indicating a pattern similar to that of highly de-
pleted MORB-like basalts (Fig. 9C).

As discussed already, LILEs are considered
as immobile elements in rocks of sedimentary
protolith; therefore, the large concentration
range of LILEs shown in Figure 9D is inher-
ited from the compositional heterogeneity of
sedimentary protolith, rather than the mobil-
ity of LILEs. In contrast, variations in Pb and
Sr concentrations are most likely attributed to
their fractionations owing to their mobility.
Most samples of sedimentary protolith have
similar compositions to global oceanic sub-
ducted sediments (GLOSS; Plank and Lang-
muir, 1998) with enriched LILEs and depleted
HFSEs, while those depleted in LILEs are
likely rocks of graywacke protolith with arc-
basalt contributions.

Considering both the field study in western
Tianshan (e.g., Volkova and Budanov, 1999; Ai
et al., 2006) and the geochemical variability of
modern seamounts from enriched OIB-like to
depleted MORB-like basalts (such as those near
East Pacific Rise seamounts; Niu and Batiza,
1997), we suggest that the UHP metamorphic
rocks from western Tianshan may have resulted
from the subduction and exhumation of a tec-
tonic mélange that was composed of normal
seafloor with dismembered seamounts, sedi-
ments, and volcanic arc—derived materials.
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Figure 9. Normal mid-ocean-ridge basalt (N-MORB) (Sun and McDonough, 1989) normalized multi-element dia-
grams of different groups for samples of basaltic protolith (A-C) and sedimentary protolith (D), following the
decreasing order of elemental incompatibility determined by X/Y-X plots (Niu and Batiza, 1997). Average ocean-
island basalt (OIB) (A; Sun and McDonough, 1989), the model composition of altered ocean crust (B—C; super-
composite of Ocean Drilling Program Site 801, representing tholeiitic section of ocean crust in Kelley et al., 2003),
and global oceanic subducted sediments (GLOSS) (D; Plank and Langmuir, 1998) are plotted for comparison.
Three representative samples are also highlighted in Figure 9A, and the vertical arrows represent the effect of re-
enrichment caused by rehydration during retrograde metamorphism. Elements in light-gray areas are generally
mobile as discussed in previous text.
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DISCUSSION
Constraints on Trace-Element Budgets

General Thoughts

In the standard model of subduction-zone
metamorphism, the transition from blueschist to
eclogite facies was thought to mark the major
dehydration reaction within the subducted ocean
crust (e.g., Peacock, 1993; Liu et al., 1996).
However, in recent studies (e.g., Spandler et al.,
2003, 2004), it has been proposed that this tran-
sition does not necessarily result in the liberation
of mobile elements with released fluids. This is
consistent with the poor correlations of fluid-
soluble element contents with the glaucophane
modal abundance (Fig. 10H), which could re-
flect the extent of eclogitization, i.e., the main
dehydration process. Furthermore, considering
the significant contribution of carbonate to LOI
and its important influence on major elements in
bulk-rock compositions, the lack of an obvious
relationship between carbonate mode and Sr (the
expected preferential element in carbonate) may
reflect the much lesser significance of carbonate
to affect the migration of these trace elements,
or it may be caused by the occurrence of differ-
ent carbonate generations (Fig. 10D).

Observations and experimental studies of hy-
drous minerals (e.g., phengite, lawsonite, [clino]
zoisite and allanite) under subduction-zone
conditions (e.g., Pawley and Holloway, 1993;
Schmidt and Poli, 1998) and studies on the distri-
bution of fluid-soluble elements in different min-
erals (e.g., Spandler et al., 2003; El Korh et al.,
2009) all indicate that these minerals are capable
of accommodating fluids in the form of hydroxyl
or H,O as well as their preferential fluid-soluble
elements. Specifically, phengite is the dominant
host of K, Rb, Cs, and Ba in the whole rock (e.g.,
Zack et al., 2001); epidote group minerals (i.e.,
epidote, [clino]zoisite, and allanite) and lawson-
ite can host most Sr, Pb, U, Th, and LREEs (e.g.,
Hermann, 2002; Spandler et al., 2003; Feine-
man et al., 2007). Therefore, the fluids and the
otherwise mobile elements can be carried in the
subducting crust (and sediments) for as long and
deep as the host hydrous minerals remain stable,
e.g., 3.2 GPa for zoisite (~100 km) (even up to
5.0 GPa at 700 °C and 6.6 GPa at 950 °C ac-
cording to Poli and Schmidt, 1998), up to 12 GPa
for lawsonite (~360 km; Schmidt, 1995), and 10
GPa for phengite (~300 km; e.g., Sorensen et al.,
1997), and K-hollandite to the deep mantle (i.e.,
>16-23 GPa for LILEs, Pb, Th, U, and LREEs;
Rapp et al., 2008). These depths are far greater
than the depth of amphibole stability (commonly
2-2.6 GPa at 700 °C reported by Pawley and
Holloway [1993], although it could be stable at
higher pressures), and thus those hydrous meta-

1122

Xiao et al.
200
A 80 E °
R=0.87 at confidence . ®
0 level > 99% £
£ 100} S 406 o @
S 9 ~ ® o
= e} ®» o
x e x|
0 N« N N Ofe & ° L L L
0 10 20 30 40 50 10 20 30 40 50
White mica (wt%) White mica (wt%)
10 3
B F o
R R=0.883 at confidence @ T ol
s 57Ievel>99% g %
® S 1F So ©
) o A4
o *
0 o* o, . .
0 10 20 30 40 50 10 20 30 40 50
White mica (wt%) White mica (wt%)
1000 C 9 1000 G PS
_ |R=0.913at = |° e
€ confidence @ S °
S500[level > 99% £500
T z ®
@ o 4 S °
0 .@ L L L 0 o ® L L
0 10 20 30 40 50 10 20 30 40 50
White mica (wt%) White mica (wt%)
2000 ° SThH [® Me}(asedimentary
—~1500 —~ ¢ rocks .
g_ g_ ® Metabasaltic rocks
21000} S5 o ®
— 12
? 500 ¢ © * Jeee e
Ql L4 ° %0 L4
08 L9 04
0 10 20 30 0

Carbonate (wt%)

20 40
Glaucophane (wt%)

Figure 10. Scatter plots of mineral modal abundances with Rb, Cs,
Sr, and Ba for (A-C) metasedimentary rocks and (D-H) metabasaltic
rocks from group 1 and group 3. (A-C) Statistically significant (at
>99% confidence levels) correlations of white mica modes (wt%)
with Rb, Cs, and Ba. (E-G) Scattered yet positive trends (statisti-
cally insignificant) between white mica modes (wt%) and Rb, Cs,
and Ba. (D) Sr shows no obvious trend, with highly variable car-
bonate content (wt%). Considering the significant contribution of
carbonate to loss on ignition (LOI) and the strong capability of car-
bonate to host and carry Sr (perhaps to a lesser extent Pb and Ba),
the absence of correlations between carbonate modal amount and
these elements suggests the relatively insignificant effect of carbon-
ate alteration on these elements or presence of different generations
of carbonate, which lead to their ambiguous relationship. (H) Plot of
glaucophane modal abundance (wt%) against Cs content (ppm). Con-
sidering that with stronger eclogitization, glaucophane modes are
decreased, the absence of significant correlation of Cs, the mobile
element representative, with glaucophane, may reflect that the ele-
ment mobility is not controlled by the main dehydration during the
transition from blueschist to eclogite facies.

morphic minerals that are stable at the UHP
metamorphic conditions control fluid-mobile
element behavior during subduction-zone
metamorphism.

Constraints on the Budget of LILEs

It is practically not possible to distinguish
muscovite and paragonite petrographically
unless analyzed grain by grain. Thus, for con-

venience in our modal analyses, these two min-
erals were considered together as “white mica.”
Importantly, our work in progress suggests that
both muscovite and paragonite, which occur
as solid solutions, have important controls on
LILEs, although LILE concentrations in mus-
covite are about an order of magnitude greater
than that in paragonite. Therefore, imprecise
identification of muscovite-rich or paragonite-
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rich grains could potentially affect estimated
bulk-rock major-element and trace-element
concentrations based on mineral modal abun-
dances. We have found, however, that the ex-
pected positive trend between white mica modes
and the bulk-rock LILE abundances, to a first
order, exists in our samples of both sedimentary
(Figs. 10A-10C) and basaltic protoliths (Figs.
10E-10G), although correlations of the latter
are less significant (see following).

The significant positive correlations of white
mica modes with K, Rb, Cs, and Ba abundances
in samples of sedimentary protolith (Figs. 10A—
10C, not shown for K) indicate that these ele-
ments are hosted by white mica as expected.
The apparent immobility of these elements in
samples of sedimentary protolith discussed pre-
viously suggests that white mica, as the primary
host of LILEs, may have existed in the proto-
lith and remained stable or recrystallized sub-
sequently during metamorphism. Alternatively,
the protolith may have hosted abundant clay
minerals with adsorbed K, Rb, Cs, and Ba, and
formed white mica in subsequent diagenesis and
metamorphism. In any case, the abundances of
LILEs in sedimentary protolith remained un-
affected by metamorphism because their host
minerals have been stable throughout the petro-
genetic history of the host rocks.

For rocks of basaltic protolith, there are no
significant correlations between white mica
modes and Rb, Cs, and Ba (Figs. 10E-10G), sug-
gesting that these elements may not be simply
controlled by white mica. Unlike sedimentary
rocks, white mica is absent in basaltic protolith,
and its presence in rocks of basaltic protolith is
of metamorphic origin. Therefore, protolith
type and metamorphism both are important in
determining the mobility/immobility of LILEs.
Given the low concentrations of K, Rb, Cs, and
Ba in bulk-rock compositions of average ocean
crust (see table 1 in Niu and O’Hara, 2003),
little muscovite may be produced from this
kind of protolith during metamorphism. Never-
theless, E-MORB- or OIB-like protoliths, or
altered ocean crust (see table 6 in Kelley et al.,
2003), relatively enriched in K,O compared
with N-MORB, could supply enough K to pro-
duce significant amounts of white mica, which
is evidenced by the more common presence of
white mica in samples from group 1 (OIB-like
source) than in samples from group 3 (depleted
N-MORB-like source). On the other hand, the
relative timing of white mica formation during
metamorphism could also dictate the behavior
of those mica-hosted elements. The origin of
the poor correlation between LILEs and white
mica could have resulted from addition of these
elements during retrograde metamorphism (see
following discussions), or removal during early
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stages of dehydration prior to the crystallization
of white mica. However, once white mica has
been formed, especially phengitic muscovite,
most LILEs will be strongly conserved, and
only some LILEs may be lost through the de-
composition of phengite at >5 GPa due to the
increased potassium solubility in clinopyroxene
(Schmidt and Poli, 1998).

Constraints on the Budgets of Pb and Sr

Epidote group minerals and their favored
trace elements, i.e., REEs, U, Th, Sr, and Pb
(e.g., El Korh et al., 2009), are not significantly
correlated in metasedimentary rocks, and nei-
ther are they correlated in metabasaltic rocks
(not shown). Unlike white mica, which is the
exclusive host mineral for K, Rb, Cs, and Ba,
epidote group minerals are not the sole host for
REEs, U, Th, Sr, and Pb (note that the bulk-rock
contents of Pb and Sr are not significantly cor-
related at >99% confidence levels). Based on
the results in the recent literature (e.g., van der
Straaten et al., 2008; Beinlich et al., 2010) and
our work in progress on these rocks, Sr (and
maybe Pb) can also be accommodated in car-
bonate and paragonite; REEs can also be incor-
porated into titanite, as can Sr, Th, U, and Pb to
a lesser extent. The influence of these additional
phases may therefore explain the observed poor
correlations of epidote group minerals with their
favored trace elements. Alternatively, consider-
ing the immobility of REEs, U, and Th in the
bulk rock, the poor correlation is also likely
caused by heterogeneous distributions of trace
elements in epidote group minerals. In contrast,
the poor correlations with Sr and Pb may also
reflect the loss/gain of these two elements dur-
ing the phase transition from lawsonite to epi-
dote or the transition between different epidote
generations.

Influence of Retrograde Metamorphism

Our samples have generally experienced
varying extents of retrograde metamorphism
during exhumation. For example, TS02-03A
and TS02-03B are different portions of the
same hand specimen. The latter sample is a clas-
sic eclogite, while the former has retrogressed
to a blueschist assemblage with clear retrograde
overprints (e.g., Figs. 3C and 3F). Owing to the
absence of white mica, TS02-03B is strongly
depleted in Rb, Cs, and Ba. However, as the re-
sult of localized rehydration, the relatively dry
eclogite has been transformed to wet blueschist
facies only in TS02—-03A. The released K in the
fluids (which may be from an external source)
led to the formation of higher modal abundance
of white mica with high Rb, Cs, and Ba concen-
trations in TS02-03A, up to ~100 times more

enriched than in TS02-03B (as illustrated by the
vertical arrows in Fig. 9A). Therefore, in order
to understand the actual composition of rocks
that have undergone subduction-zone metamor-
phism (i.e., [P/D],,) and the implications for
mantle compositional heterogeneity, we need to
evaluate and remove the geochemical effects of
retrograde metamorphism first.

Whether the rehydrated rocks will be enriched
(i.e., in LILEs, Sr, and Pb) or not during retro-
grade metamorphism depends on the composi-
tion of rocks from which the fluids originated
and through which the rising fluids have passed,
e.g., enriched OIB- or depleted N-MORB-like
basaltic rocks, altered ocean crust, sediments,
or within-slab serpentines like “abyssal perido-
tites” (Niu, 2004).

The serpentinized lithospheric mantle of the
subducted slab is one of the most significant
fluid reservoirs (e.g., Schmidt and Poli, 1998)
for retrograde metamorphism and plays an im-
portant role in the exhumation of subducted oce-
anic lithosphere due to its relatively low density
(e.g., Pilchin, 2005). Because of the complex
composition of serpentinite-derived fluids, lith-
ologies modified by adding fluids from ser-
pentine alone may be even more depleted (Fig.
11I). However, considering the enrichment of
those retrograde metamorphic rocks (e.g., com-
mon enrichment of Pb) and the actual elemental
mobility in this study, the depleted fluids de-
rived from serpentines may have scavenged a
significant portion of elements from the rocks
through which they passed and with which they
reacted (e.g., van der Straaten et al., 2008), espe-
cially the more enriched rocks such as OIB-like
protolith. This suggests that the infiltrated fluids
derived from serpentines may be mixed with
a subducting sediment— and/or basalt-derived
component (the latter is more important for the
reenrichment of Ba, Cs, and Rb in this study;
Figs. 11G-11H). Alternatively, fluids derived
from rocks that subducted to greater depths than
our samples may migrate upward along the sub-
duction channel (Fig. 11G) and could also carry
those fluid-soluble elements to metasomatize
shallower rocks rather than entering the overly-
ing mantle wedge (Fig. 11H).

Implications for Subduction-Zone
Magmatism

Elemental Contributions to Arc Magmas:
LILEs, Sr, and Pb

From the previous discussion, it can be seen
that although the transition from blueschist to
eclogite facies can theoretically release signifi-
cant amounts of fluids (Pawley and Holloway,
1993) and fluid-soluble elements for the forma-
tion of arc magmas, this may not necessarily
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be the case because some eclogites remain
enriched in LILEs, e.g., TS02—41. This highly
eclogitized sample without obvious retrograde
overprints contains 12.9 wt% white mica and
only 0.67 wt% (clino)zoisite, and it has an en-
riched K-Rb-Cs-Ba and depleted Sr signature
without significant Pb enrichment (Fig. 9A). It
is white mica that survives from the blueschist-
to-eclogite dehydration, retaining/transporting
these elements into the deep mantle. Therefore,
the appearance and stability of the HP-UHP
hydrous minerals (e.g., white mica, [clino]
zoisite), which control the immobility/mobility
of fluid-soluble elements during subduction-
zone metamorphism (the detailed process is
illustrated in Figs. 11D-11E), consequently
affect the geochemical signatures of arc lavas.
Furthermore, it is the major element composi-
tion (including H,0) and the oxidation state of
the protolith that control modal abundances of
hydrous minerals at given P-T conditions (e.g.,
Rebay et al., 2010).

During the prograde P-T path of our samples,
a significant portion of Sr and Pb may have
first been hosted in lawsonite (as indicated by
inclusions composed of paragonite + clinozoi-
site in garnet; e.g., Fig. 3A). Accompanied by
prograde-retrograde P-T path transition (see
Fig. 4) and continued heating for a period there-
after with decreased P/T ratios, (clino)zoisite
replaced lawsonite and scavenged the liberated
Sr and Pb. The presence of prograde (clino)-
zoisite indicates that some of the Sr and Pb may
also have been largely hosted in (clino)zoisite
because of less H,O available in the original
system (the H,O content determines the modal
lawsonite under blueschist facies, i.e., the higher
H,0 content, the more lawsonite may form; e.g.,
Rebay et al., 2010; Poli and Schmidt, 1997).
Up to about ~100 km, or even greater depths
in relatively cold subduction zones (~12 GPa;
Schmidt, 1995), although a portion of Pb and
Sr could be transported further by K-hollandite
and allanite, more (clino)zoisite or lawsonite
will transform to garnet and omphacite, which
cannot further accommodate Sr and Pb. Conse-
quently, these two elements, or at least a large
portion of them if not in their entirety, will be
liberated along with released fluids into the sub-
duction channel and, perhaps, contribute to the
partial melting of the mantle wedge forearc
(perhaps also backarc) magmatism (Fig. 12).

If paragonite were present prior to dehydra-
tion during subduction-zone metamorphism,
LILEs would be transported within the sub-
ducted crust to a depth of at least ~70 km. If
subducting sedimentary rocks and rocks of
E-MORB-like or OIB-like protoliths with ade-
quate K to produce muscovite are available at
the early stage of metamorphism, then Rb, Ba,
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and Cs will be stabilized (refer to Figs. 11D2—
E2 for the trace-element redistributed model)
until the muscovite breakdown at a depth up to
~300 km (e.g., Sorensen et al., 1997; Poli and
Schmidt, 2002). If no further minerals have al-
ready been produced (e.g., K-hollandite; Rapp
et al., 2008) for hosting these elements or if the
supercritical fluids or melts are present, these
elements will contribute to the observed enrich-
ment in backarc magmatism (Fig. 12). Other-
wise, if no paragonite or phengitic muscovite
was present before dehydration reactions during
subduction-zone metamorphism, these elements
will be released with fluids beneath the forearc
(see Figs. 11D1-E1 for the expected trace-
element redistribution), which is most likely
the case for subducting depleted N-MORB-like
rocks without significant seafloor alterations
(i.e., low K and H,0).

Elements such as LREEs, U, and Th, which
are typically enriched in volcanic arc basalts
(e.g., Dilek and Furnes, 2011), have previously
been considered as being mobile elements in
subduction-zone metamorphism (e.g., McCull-
och and Gamble, 1991). Our studies, however,
have shown the immobility of these elements in
rocks of both sedimentary and basaltic proto-
liths, i.e., the correlated variations among these
elements were maintained prior to and during
subduction-zone metamorphism. This indicates

that LREEs, U, and Th have not been released
during subduction-zone metamorphism and
would contribute little to subduction-zone mag-
matism as a function of dehydration, at least
up to the peak conditions of these rocks (i.e.,
75 km). Therefore, if the enrichments of these
elements in arc lavas are indeed derived from the
subducted ocean crust with the overlying sedi-
ments, other mechanisms, such as supercritical
fluids or hydrous melts (which may happen at
deeper depths), rather than simple metamorphic
dehydration of aqueous fluids, are required. This
is an important conclusion that encourages re-
consideration of the standard model (‘“flux melt-
ing”) for arc magmatism.

Redox Conditions in Subduction Zones
Another important feature in the standard
subduction model is its presumed highly oxi-
dized state, as indicated by high Fe¥/Fe** ob-
served in arc volcanic rocks and in spinels from
subarc mantle xenoliths. These oxidized condi-
tions in the mantle wedge (unlike the more re-
duced condition in other tectonic settings, e.g.,
the asthenospheric mantle beneath mid-ocean
ridges) are thought to be caused by the addi-
tion of slab-derived fluids (e.g., Wood et al.,
1990; Brandon and Draper, 1996). However,
based on V/Sc ratios in subarc peridotites and
arc lavas rather than Fe**/Fe**, Lee et al. (2003,
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2005) proposed that the oxygen fugacity in arc
magma sources is actually similar to that of
asthenospheric mantle beneath ocean ridges,
i.e., as low as —1.25-0.5 log units relative to the
FMQ (fayalite-magnetite-quartz) buffer. They
also pointed out that it is inappropriate to use
Fe*/Fe**, which only reflects the redox state in
the last equilibrium process without any record
of previous equilibrium history. The observation
of CH, fluid inclusions in olivine from a mantle
wedge harzburgite sampled from the Qilian su-
ture zone, northwest China (Song et al., 2009),
also indicates that the actual redox state in sub-
duction zones may be more reduced than widely
assumed.

Since U becomes fluid soluble or mobile
only as U® under oxidized conditions (e.g.,
Langmuir, 1978; Niu, 2004), the existence of a
significant U-Th correlation (Fig. 8F; not only
in our samples, but also in samples from other
studies in the literature) and the absence of frac-
tionations of U from Nb (Fig. 8E) indicate the
immobility of U, which may be in response to
the form of U* (vs. U%") during subduction-zone
metamorphism. These observations, together
with the identification of graphite inclusions in
porphyroblastic garnet from eclogite in western
Tianshan (Li et al., 2008, 2009), all indicate
that subduction-zone metamorphism may in-
deed take place in a more reduced environment
than previously thought. However, this is an
open question, i.e., the immobility of U could
also be controlled by other effects (e.g., stronger
host mineral controls). More effort is needed
to understand the oxidation state of subduction
zones at UHP metamorphism conditions, which
has the potential to improve understanding of
subduction-zone magmatism.

Implications for Mantle
Compositional Heterogeneities

We have argued that fluids and a portion of
fluid-soluble elements (i.e., LILEs, Sr, and Pb)
could be released into the mantle wedge from
rocks of basaltic protolith, while rocks of sedi-
mentary protolith may host K, Rb, Cs, and Ba
in phengite, stable up to depths of ~300 km.
At greater depths, K-hollandite could become
the stable phase hosting these elements (Rapp
et al., 2008).

Because our samples may not have been
subducted beyond the depth more typical for
subduction-zone magmatism (i.e., >~100 km ac-
cording to Tatsumi and Kogiso, 2003), they may
not represent the actual [P/D],,, brought to the
deep mantle (see Figs. 1 and 12). However, sys-
tematic studies of the controls on the behavior
of different elements and the direct geochemical
consequence of subduction-zone metamorphism
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as a function of dehydration for depths >75 km
in our study still allow us to reasonably infer the
[P/D],,, into the deeper mantle. Therefore, we
selected several eclogitic samples with minimal
retrograde metamorphic overprints from group
1 and group 3 (the samples shown in bold in
Table DRI [see footnote 1]) and plotted their
P/D ratios against ratios of immobile elements
(i.e., Nb/Zr and Th/U) (Fig. 13). With relatively
constant Nb/Zr and Th/U ratios in each group,
Rb/Sr and U/Pb ratios vary significantly (Figs.
13A-13D), which is expected because Rb, Sr,
and Pb are mobile. In contrast, Sm/Nd and Lu/Hf
ratios are almost constant (Figs. 13E-13H), con-
sistent with their inherited magmatic signature
and immobile behavior during subduction-zone
metamorphism. These observations indicate that

the element mobility/immobility may not only
alter the element content, but it could also affect
element ratios.

As radiogenic isotope ratios are a function of
time, they may reflect the time-integrated evolu-
tion of radioactive parent to radiogenic daugh-
ter (P/D) in the ultimate subducted materials
in the mantle. Together with several selected
eclogitic metabasites from other locations in
the world (Table DR6 [see footnote 1]), Sm/Nd
consistently shows good correlation with Lu/Hf
(Fig. 14B) but lacks correlation with Rb/Sr (Fig.
14A). When these rocks return into mantle
source regions for oceanic basalts, they can-
not contribute to the first-order negative Sr-Nd
isotope correlation observed in oceanic basalts
(Fig. 14A, inset; also see fig. 4a in Niu and
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Figure 13. Scatter plots of parent/daughter (P/D) ratios (i.e., Rb/Sr, U/Pb, Sm/Nd, and Lu/Hf)
against immobile element ratios (Nb/Zr and Th/U) for samples with minimal retrograde
overprints (samples labeled in bold in Table DR1 [see text footnote 1]).
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materials for ocean-island

basalts (OIBs) when subducted with a positive Hf-Nd isotopic relationship, but the lack of Rb/Sr-Sm/Nd (and Lu/Hf) correlation is incon-
sistent with the rocks being the major source materials for oceanic basalts that show significant inverse Sr-Nd and Sr-Hf isotopic systematics.

MORB—mid-ocean-ridge basalt.

O’Hara, 2003), even though the significant posi-
tive Sm/Nd-Lu/Hf correlation is apparently con-
sistent with the '**Nd/'**Nd versus "*Hf/'""Hf
correlation in oceanic basalts (Fig. 14B, inset;
also see fig. 4b in Niu and O’Hara, 2003).
Therefore, the subducted ocean crust cannot be
the major source materials of oceanic basalts in
terms of Sr-Nd-Pb radiogenic isotopes (also see
Niu and O’Hara, 2003; Niu, 2004).

The immobility of U during subduction-zone
metamorphism and Pb fractionation in the sub-
ducting/subducted crust indicate that U/Pb in the
subducted crust will have increased [P/D],, and
will lead to a higher ratio of U/Pb in the deep
mantle (there may be an elevated ratio of Th/Pb
as well because of the similar behavior of Th
and U during subduction-zone metamorphism;
e.g., Fig. 8F). Therefore, such fractionations of
U-Th (especially U) from Pb may contribute to
the source of HIMU.

CONCLUSIONS

We have attempted to characterize elemental
behaviors in response to subduction-zone meta-
morphism using detailed petrography and bulk-
rock geochemistry of subduction-zone UHP
metamorphic rocks from Chinese western Tian-
shan. Several tentative conclusions are:

(1) Based on the studies of immobile ele-
ments, our samples of basaltic protolith can be
divided into three groups: Group 1 points to a
protolith resembling the present-day average
OIB (or enriched seamount lavas); the protoliths
of group 2 are similar to N-MORB melts con-
taminated by a continental crustal component;
and the protoliths of group 3 are akin to highly
depleted MORB. The association of these di-
verse metabasaltic compositions together with

Geological Society of America Bulletin, July/August 2012

rocks of sedimentary protolith indicates that the
input into subduction zones can be diverse, and
may represent a tectonic mélange composed
of normal ocean crust with dismembered sea-
mounts, sediments, and arc-derived materials.
We have also argued that the composition of the
protolith plays an important role in determining
the mineral assemblages and elemental fraction-
ations during subduction-zone metamorphism.

(2) We have demonstrated and confirmed
that HFSEs and REEs are in general immobile
during subduction-zone metamorphism. The
significant correlation of U with Th (and Nb)
indicates that U is immobile and may point to a
reduced environment, contrary to the common
perception that subduction zones are relatively
oxidized. The immobility of LREEs, U, and Th
further implies that, at least in the absence of
supercritical fluids or hydrous melts, these ele-
ments may not contribute to subduction-zone
magmatism under metamorphic conditions of
our study, i.e., up to ~80 km depth (i.e., >~2.5
GPa). In addition, the immobility of U in this
study suggests that the component of altered
ocean crust, if involved at all, is insignificant in
the protoliths of our samples.

(3) LILEs including Sr and Pb in rocks of ba-
saltic protolith have been mobilized, although it
is not clear whether this happened at the same
time for all samples. LILEs in metasedimen-
tary rocks appear to have remained immobile,
most likely because these elements are largely
hosted in white mica, which is stable over much
of the subduction-zone metamorphism condi-
tions. For metabasaltic rocks, the timing of the
appearance and stability of white mica during
seafloor subduction is important in determining
the mobility/immobility of their preferentially
hosted elements. However, further studies on

trace-element budgets in natural samples from
other HP and UHP metamorphic suites are
needed to verify this result.

(4) Compared with the abundances and ratios
of immobile elements, we confirm that both abun-
dances and ratios of mobile elements have been
altered during subduction-zone metamorphism,
and hence the [P/D],, (i.e., Rb/Sr and U/Pb input
into the trench) differs from the [P/D],,, of sub-
duction-zone metamorphic systems. Therefore,
it is inappropriate and misleading to use [P/D],,
in the subducting crust, inferred from oceanic
basalts, to constrain the [P/D],, of surface rocks
that have entered trenches.
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