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Subduction zonemetamorphism (SZM) and behaviors of chemical elements in response to this process are impor-
tant for both arc magmatism and mantle compositional heterogeneity. In this paper, we report the results of our
petrographic and geochemical studies on blueschist and eclogite facies rocks of sedimentary and basaltic protoliths
from two metamorphic sub-belts with different metamorphic histories in the North Qilian Mountain, Northwest
China. The protolith of low-grade blueschists is basaltic in composition and is most likely produced in a back-arc
setting, while the protoliths of high-grade blueschists/eclogites geochemically resemble the present-day normal
and enriched mid-oceanic ridge basalts plus some volcanic arc rocks. The meta-sedimentary rocks, including
meta-graywacke, meta-pelite, meta-chert andmarble, show geochemical similarity to global oceanic (subducted)
sediments. Assuming that highfield strength elements (HFSEs) are relatively immobile, the correlated variations of
rare earth elements (REEs) and ThwithHFSEs suggest that all these elements are probably also immobile, whereas
Pb and Sr aremobile in rocks of both basaltic and sedimentary protoliths during SZM. Ba, Cs andRb are immobile in
rocks of sedimentary protoliths andmobile in rocks of basaltic protolith. The apparentmobility of U in rocks of ba-
saltic protolith may be inherited from seafloor alterations rather than caused by SZM.
On the basis of in situmineral compositional analysis (bothmajor and trace elements), themost significant trace
element storageminerals in these subduction-zonemetamorphic rocks are: lawsonite, pumpellyite, apatite, gar-
net and epidote groupminerals for REEs, white micas (both phengite and paragonite) for large ion lithophile el-
ements, rutile and titanite for HFSEs. The presence and stability of these minerals exert the primary controls on
the geochemical behaviors of most of these elements during SZM. The immobility of REEs, Th and U owing to
their redistribution into newly formed minerals suggests that subduction-zone dehydration metamorphism
will not contribute to the enrichment of these elements in arcmagmatism. These observations require the forma-
tion and contribution of supercritical fluids or hydrousmelts (these can effectively transport the aforementioned
incompatible elements) from greater depths to arc magmatism. In addition, the overall sub-chondritic Nb/Ta
ratio retained in rutile-bearing eclogites indicates that the subducting/subducted residual ocean crust passing
through SZM cannot be responsible for the missing Nb (relative to Ta) in the bulk silicate earth.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Subduction zone metamorphism (SZM) is important for both arc
magmatism and mantle compositional heterogeneity. Experimental
studies and studies on natural rocks have significantly improved our
understanding of SZM processes over the past twenty years.

The recognition of hydrous minerals (e.g., lawsonite, zoisite, and
phengite) stable under ultrahigh pressure (UHP) conditions indicates
es, Durham University, Durham,
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fluid preservation beyond the stability of amphibole during SZM
(e.g., Pawley and Holloway, 1993; Poli and Schmidt, 2002), and has en-
couraged a new model combining both stepwise and continuous reac-
tions occurring simultaneously in different parts of the subducting
slab (Schmidt and Poli, 2003), instead of simple discontinuous dehydra-
tions in previous models (e.g., Tatsumi, 1986; Tatsumi and Eggins,
1995; Tatsumi and Kogiso, 1997). Furthermore, UHP hydrous phases
can largely conserve their preferential chemical elements until their
breakdown (e.g., El Korh et al., 2009; Feineman et al., 2007; Hermann,
2002; Hermann and Rubatto, 2009), thus the mobility of these prefer-
entially hosted elements is not simply controlled bymajor dehydration
reactions (e.g., transition fromblueschist to eclogites facies) during SZM
(e.g., Hermann et al., 2006; Spandler et al., 2003). The mobility of ele-
ments is a function of many factors, including the stability of mineral
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phases at given conditions (Niu and Lesher, 1991), physical and chem-
ical properties of fluids (e.g., compositional variations, supercritical
fluids, and hydrous melts; Hermann et al., 2006; Manning, 2004; Rapp
et al., 2010), and mechanisms of fluid flow as well as the fluid/rock
ratios (John et al., 2008; Zack and John, 2007). Hence, a given element
may show different behaviors during SZM. For example, by comparing
eclogite and the gabbroic protolith, John et al. (2004) argues for light
rare earth elements (LREEs) being mobile during subduction zone
eclogitization, yet others found that they are immobile at the presence
of epidote group minerals (e.g., El Korh et al., 2009; Spandler et al.,
2003, 2004; Xiao et al., 2012). Furthermore, although experimental
studies have demonstrated that high field strength elements (HFSEs)
are immobile during SZM, which is consistent with inferences from
arcmagma geochemistry (Kogiso et al., 1997), John et al. (2008) argued
that these elements are mobile during SZM. All these new views of
possibly varying elemental behaviors during SZM clearly contrast
with the globally consistent elemental characteristics of arc magmas
Fig. 1. (a) Simplified geological map of Qilian–QaidamMountain region in NWChina.①-Longs
(b) Outcrop of North Qilian Suture Zone including sampling locations (after Song et al., 2007, 2
grade blueschist belt (LGB), while sampling location 2 and sampling location 3 near Qilian Cou
(i.e., depletion of Nb–Ta–Ti and enrichment of Ba, Rb, Cs, U etc.),
which has been widely accepted as resulting from subducting-slab de-
hydration (McCulloch and Gamble, 1991; Stolper and Newman,
1994). It follows that if HFSEs can indeed be mobilized during SZM,
other processesmust have been atwork and responsible for the globally
consistent geochemical characteristics of arc magmas. Therefore, fur-
ther detailed and systematic studies of subduction zone metamorphic
rocks are required to better understand how chemical elements re-
spond to SZM.

We report here the results of this detailed petrographic and geo-
chemical study on blueschist and eclogite facies rocks of seafloor
protoliths from the North Qilian Mountain. Specifically, using both
bulk-rock andmineral compositional data,we attempted to understand
elemental behaviors in response to the specific metamorphic history of
the North Qilian subduction-zone complex, and to evaluate the most
likely geochemical consequences of SZM and their potential contribu-
tions to arc magmatism (Xiao et al., 2012).
houshan Fault;②,③-northern and southern boundary faults of North Qilian Suture Zone.
009; Xia and Song, 2010; Wu et al., 1993). Sampling location 1 in Sunan is along the low
nty are within slices (slice A and slice B) of high grade blueschist/eclogite belt (HGB).
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Fig. 2. Estimated P-T paths for rocks of basaltic protoliths from HGB and LGB of North
Qilian Mountain. Metamorphic facies boundaries are from Liou et al. (2004). The wide
hatched arrow for HGB is from Song et al. (2007), while the thin black arrow for LGB is
from to Zhang et al. (2009). The gray curve is the schematic P-T path for rocks of basal-
tic protoliths from UHP metamorphic belt of Western Tianshan in NW China (see Xiao
et al., 2012). The mineral abbreviations used in this paper are referred to Whitney and
Evans (2010), except Ca — carbonate; Czs — (clino)zoisite; Mica — white micas; and
Opa — Opaque minerals.
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2. Geological background of North Qilian Mountain and samples

2.1. Geological setting of North Qilian Mountain

We choose to carry out this study on subduction-zonemetamorphic
rocks from the Palaeozoic North Qilian oceanic-type Suture Zone (ONQ,
or North Qilian Mountain; Fig. 1) in northwest China. The ONQ, about
80–100 km wide, extends NW-SE for over 800 km along the northern
margin of the Tibetan Plateau (Fig. 1a; Song et al., 2006, 2009, in
press) and offset to the west by the Altyn Tagh Fault. The ONQ com-
prises an ophiolite complex (e.g., Xia et al., 2012), island-arc volcanic
rocks, high-pressure (HP) blueschists and eclogites, Silurian flysch for-
mation, Devonian molasse, and Carboniferous to Triassic sedimentary
cover sequences (e.g., Feng and He, 1995; Song et al., 2006, 2012; Wu
et al., 1993; Xia et al., 2003; Fig. 1b).

The ONQ comprises two sub-parallel metamorphic sub-belts
(Fig. 1b), one is a high grade blueschist/eclogite metamorphic belt
(HGB) with higher metamorphic temperature and pressure of up to
460–510 °C at 2.2–2.6 GPa (Song et al., 2007), the other is a
low-grade blueschist metamorphic belt (LGB) with only 320–375 °C
and 0.75–0.95 GPa (Lin et al., 2010; Zhang et al., 2009) or 250–350 °C
at 0.6–1.1 GPa (Song et al., 2009). The protoliths of blueschist and
eclogite facies rocks fromHGB include graywacke,marble, chert and ba-
saltic rocks (Song et al., 2007, 2009; Wu et al., 1993), while basaltic
rocks are the dominant protolith rock type for those from LGB (Song
et al., 2009; see further comparison of their mineral assemblages in
Table DR1). Based on the previous studies (e.g., Song, 1997; Song et
al., 2009; Wu et al., 1993; Zhang et al., 2009), the HGB is considered to
be produced by the subduction of mature ocean seafloor, while the for-
mation of the LGBmay be attributed to the subduction of back-arc basin
seafloor.

The existing studies, including the recognition of lawsonite-bearing
eclogite/blueschist (e.g., Song et al., 2007; Wu et al., 1993; Zhang and
Meng, 2006; Zhang et al., 2007) and Mg-carpholite-bearing metamor-
phic rocks of pelitic protolith (Song et al., 2007), indicate that the
ONQ is one of the oldest (~560–440 Ma) orogenic belts preserving
rock assemblages of a cold intra-oceanic subduction zone (see Song et
al., 2007, 2009; Zhang et al., 2007). The ONQ ophiolite complex is of
Early Palaeozoic age (e.g., 568–495 Ma; Shi et al., 2004; Song et al.,
2012; Tseng et al., 2007; Yang et al., 2002; Zhang et al., 2007), and the
ancient Qilian Ocean already existed in the Early Cambrian and may
have been opened in the Late Proterozoic (~710 Ma; Song et al., 2009,
2012). The timing of subsequent eclogitization (~490–460 Ma, e.g.,
Song et al., 2009; Zhang et al., 2007) is consistent with the age of
island-arc volcanic rocks (~486–445 Ma; Liu et al., 2006; Wang et
al., 2005; Wu et al., 1993; Xia et al., 2003) and the spreading history
of the back-arc basin (Song et al., 2012; Xia and Song, 2010; Xia et al.,
2012). The back-arc basin spreading and eclogitization have been
interpreted as resulting from northward subduction of Qilian
Ocean seafloor, the dehydration of which further led to the forma-
tion of arc volcanic rocks in the Ordovician time (e.g., Song et al.,
2006; Xia et al., 2003). The Ar–Ar dating of glaucophane and
phengite from retrograde blueschist (~462–440 Ma, cooling ages;
Liou et al., 1989; Song et al., 2007, 2009; Wu et al., 1993; Zhang et
al., 1997) and meta-pelite (454–442 Ma, Liu et al., 2006) in HGB, to-
gether with the occurrence of Silurian flysch formation and Devoni-
an molasse, mark the end of oceanic seafloor subduction at ~440 Ma
(e.g., Song et al., 2006, 2012). Together with the inferred progressive
P-T path (Fig. 2), the thermal gradient during the subduction is esti-
mated to be 6–7 °C/km (Song et al., 2009).

2.2. Samples and petrography

Sample locations are shown in Fig. 1b, and GPS position for each
sample is given in Table DR2. Rocks of basaltic protoliths are sampled
from both LGB and HGB, while rocks of sedimentary protoliths are
only sampled fromHGB. The representativemineral assemblages in dis-
tinctive types ofmetamorphic rocks from LGB andHGB are summarized
in Table DR1 and shown in Fig. 3 with a detailed petrographic
description.

3. Analytical methods and data

Sample powders for the whole rock analysis were prepared in the
Langfang Laboratory of the Chinese Geological Survey. Saw marks and
the weathered surfaces were thoroughly removed from hand speci-
mens before ultrasonically cleaned in an ultrasonic bath in distilled
water. A corundum jaw was used to crush cleaned samples into chips.
The fresh rock chips were then selected and finally pulverized using
agate ball mills.

Bulk-rock compositional analysis was done at Northwest University,
China. Bulk-rock major elements were analyzed using X-ray fluores-
cence (Rigaku RIX 2100 XRF) on fused glass disks. Analytical precision
for major elements is better than 5% as determined from duplicate
analyses.

Bulk-rock trace elements were analyzed using inductively coupled
plasma mass spectrometry (Agilent 7500a ICPMS). To ensure complete
digestion, an HF+HNO3 mix was used to dissolve sample powders in
high-pressure Teflon bombs at 190 °C for 48 h. Rh was added to the
sample solutions as an internal standard to monitor signal drift during
analysis (see procedures in Rudnick et al., 2004). The United States
Geological Survey (USGS) reference materials (AGV-2, BHVO-2, BCR-2
and GSP-1) were used to ensure both analytical precision and accuracy
(Table DR3). Analytical accuracies (relative error, RE) in terms of AGV-2
for all the trace elements are within ±10%, although the RE of several
elements in terms of other reference materials is large, i.e., 52.7% Be,
−17.2% Cr and −13.2% Ni for BCR-2, −26.2% Sc and −20.1% Pb for
BHVO-2 (Table DR3), evenmore elements in terms of GSP-1, as a result
of themuch lower contents of these elements in GSP-1 (Liu et al., 2007).
The precisions (relative standard deviation, RSD) for almost all the trace
elements are better than 5% as determined from duplicate analyses
(Table DR3). The analytical bulk-rock compositional data are given in
Table DR4 and Table DR5.

Mineral major elements were analyzed using a JXA-8100 electron
probe micro-analyzer (EPMA) at Chang'an University, China. The
analyses were done using accelerating voltage of 15 kV and 10 nA
probe current with 1 micron beam diameter. Standards used for
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Fig. 3. Photomicrographs of representative samples from both LGB (a–b) and HGB (c–h). All the photos are taken under PPL. (a). Lawsonite glaucophanite. Lawsonite, character-
istically box-shaped, exists as porphyroblasts in fine grained matrix. (b). Glaucophane pumpellyite schist. Interbedded glaucophane and pumpellyite define the clear schistosity.
(c). Grt–Cld–Gln–Ph schist, the representative of meta-pelite, characterized by the common occurrence of chloritoid porphyroblasts. (d). Blueschist–facies meta-sedimentary
rock. The high proportions of quartz and white micas in mineral assemblages are distinctive features of meta-sedimentary rocks. (e–f). Eclogitic blueschist, composed of garnet
porphyroblast and the matrix made up of omphacite, glaucophane and epidote. 0807QL-057-1 is also used for bulk-rock composition reconstruction in Fig. 7a. (g). Amphibolite.
One large rutile is found up to 2 mm length. (h) is the close up of the rutile shown in (g). Nb/Ta and Zr/Hf ratios using LA-ICPMS are labeled next to analyzed point (x−y/z;
x=the number of the analyzed point; y=the Nb/Ta ratio; z=the Zr/Hf ratio).
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Fig. 4. N-MORB normalized multi-element distributed diagrams for bulk-rock compositions of metamorphic rocks from LGB (a) and HGB (b–f) of ONQ. Mobile elements discussed
in the relevant text of Section 6.2 are indicated with hatches in (a–e). The gray curves in (a–d) represent 1998's samples from Song et al. (2009) and Lavis (2005). Group classifi-
cation for mafic blueschist and eclogites from HGB (b–d) is discussed in the Section 5.2.1. Oceanic island basalts (OIB; after Sun and McDonough, 1989) and the altered oceanic crust
(AOC; after Kelley et al., 2003) are plotted in (b) and (a, c–d) respectively for comparison with meta-basaltic rocks. Global oceanic subducted sediment (GLOSS; Plank and Langmuir,
1998) is plotted in (e–f) for comparison with meta-sedimentary rocks.
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calibration are: albite for Na, quartz for Si, orthoclase for K, apatite for
P and Ca, magnetite for Fe, pyrophanite for Mn and Ti, chromite for Cr
and Fe, forsterite for Mg, and jadeite for Al (Minwu Liu, 2009, person-
al communication). Mineral major element compositional data using
EPMA are given in Table DR6.
Fig. 5. Discrimination diagrams for blueschists and eclogites of basaltic proliths from both L
and McDonough, 1989) are plotted for comparison. (b) Nb*2-Zr/4-Y (after Meschede, 1986
LA-ICPMS is used for in situ analyses of both major and trace ele-
ments in anhydrous minerals (garnet, omphacite, rutile, titanite,
and feldspar), using the innovative method without adding internal
standards developed by Liu et al. (2008) at both Northwest University
and China University of Geosciences in Wuhan. Instead of calibrating
GB and HGB. (a) Th/Yb vs. Nb/Yb (after Pearce, 2008). OIB, E-MORB and N-MORB (Sun
).
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against one element of known concentration (e.g., analyzed by
EPMA) as the internal standard, the innovative method uses the actu-
al analyses of all the unknown elements normalized to 100% in each
spot/run and an ablation yield correction factor (AYCF) obtained
based on multiple reference materials. The advantage of this method
lies in its avoiding uncertainties associated with mineral composi-
tional heterogeneity. The plots in Fig.DR1 reveal that major element
contents of anhydrous minerals using LA-ICPMS and calibrated by
the method reported in Liu et al. (2008) are within 10% relative
deviation from the data by EPMA, except for elements with very
low contents (e.g., TiO2 in garnet), which is excellent. For hydrous
minerals (muscovite, paragonite, lawsonite, epidote group minerals,
pumpellyite, apatite, amphiboles, chloritoid, and chlorite), a major
element by EPMA (Si was chosen) was used as the internal standard
for in situ LA-ICPMS trace elements. In terms of a synthetic reference
glass GSE-1G (which contains high trace element concentrations
ranging from several ppm to primarily 100 s ppm; Guillong et al.,
2005; Jochum et al., 2005), the accuracy is evaluated to be within ±5%
(except P), and the precision is better than 10% for almost all the ana-
lyzed major and trace elements. Mineral trace element compositional
data obtained using LA-ICP-MS are given in Table DR7 and Table DR8
for anhydrous and hydrous minerals respectively. The major element
compositional data by LA-ICPMS for anhydrous minerals have also
been reported in Table DR7.
Fig. 6. Chondrite-normalized multi-element distributed diagrams for minerals in blueschist
and McDonough (1989). The analytical results of relevant minerals in blueschist/eclogite fac
represented by the hatched areas in (c–f, h, j–k). The highlighted curve in (d) is used for d
4. Bulk-rock geochemistry and tectonic discrimination

In the following, we discuss our samples and data, together with
the data on bulk-rock composition in the literature on ONQ samples
from the same sampling location (Lavis, 2005; Song et al., 2009).

4.1. Geochemistry of metamorphic rocks from LGB

The LGB samples are mainly epidosite, lawsonite glaucophanite and
glaucophane pumpellyite schist, and are basaltic in composition with
45.91 to 53.67 wt.% SiO2 (Table DR4). Different hydrous minerals, espe-
cially high H2O-bearing minerals (e.g., pumpellyite, lawsonite, chlorite,
containing up to 12.5 wt.% H2O), arewidespread inmineral assemblages
of rocks from LGB, and thus resulted in commonly high bulk loss on igni-
tion (LOI) (>2.33 wt.%; see Table DR4), which is even higher in rocks
with carbonate, e.g., 0807QL-015-2 (25 vol.% carbonate and 7.01 wt.%
LOI). Epidosite is dominated by epidote (>40 vol.%, see Table DR2)
with varying amount of carbonate, and thus contains higher CaO
(15.15–16.66 wt.%) than the other two lithologies in LGB (i.e., 5.10–
8.74 wt.%), but lower MgO (2.03–3.83 wt.% vs. 6.75–8.80 wt.%). Consis-
tent with the higher contents of Sr and Pb in epidote than in pumpellyite
and glaucophane, epidosite also shows higher Sr and Pb contents.

In the N-type MORB-normalized multi-element diagram (Fig. 4a),
except for Ba, Rb, Cs, U, K, Pb and Sr, which are assumed to be mobile
and eclogite facies rocks from LGB and HGB. The values of chondrite are referred to Sun
ies rocks fromWestern Tianshan, NW China, are also plotted for comparison, which are
iscussion in Section 5.2.

image of Fig.�6


Fig. 6 (continued).
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during subduction zone metamorphism (or prior seafloor weathering
effects, e.g., Kelley et al., 2003; Staudigel et al., 1995), the generally
flat elemental patterns of LGB metamorphic rocks reflect their geo-
chemical affinity to N-type MORB. However, assuming high field
strength elements (HFSEs) and HREEs are immobile during SZM, the
plots in Fig. 5a define a trend slightly deviated from MORB – oceanic
island basalts (OIB) array. As Pearce (2008) suggested, this deviation
indicates that these samples also possess arc-related geochemical sig-
natures. Therefore, the protoliths of LGB metamorphic rocks are prob-
ably originated from a back-arc basin (vs. an oceanic ridge setting) as
previously suggested (Song et al., 2009), which is also consistent with
the presence of wehrlite intrusions (vs. troctolite; the indicator of the
high fluid content during crystallization; Niu, 2005) and high volume
of volcanic breccias and terrigenous-sedimentary rocks in the field
(Jiugequan) (e.g., Song et al., 2009).

4.2. Geochemistry of metamorphic rocks from HGB

4.2.1. Blueschists/eclogites
The SiO2 content of blueschists and eclogites from HGB varies

from 45.14 to 50.06 wt.% (Table DR5). Despite the presence of hy-
drous phases like epidote group minerals, glaucophane (which con-
tain ~2.0–2.2 wt.% H2O, Poli and Schmidt, 1995) and white micas
(~4.3–4.6 wt.% H2O, Poli and Schmidt, 1995), the absence of
H2O-rich phases (e.g., lawsonite, and pumpellyite) and abundant an-
hydrous minerals (e.g., garnet and omphacite) explain the overall
lower LOI in HGB meta-basaltic rocks than those in LGB rocks. How-
ever, the presence of carbonate in several meta-basaltic samples has
led to the high LOI (e.g., up to 3.90 wt.% in 0807QL-053-2, Table
DR5). All the HGB rocks of basaltic protolith may be readily divided
into three groups in terms of their geochemistry (Table DR5 and
Figs. 4,5): samples from Group 1 have high TiO2 and K2O, and low
MgO; samples from Group 2 have high MgO and Al2O3; samples
from Group 3 show high CaO and low total Fe2O3. Consistently, all
the phengite-rich eclogites reported by Song et al. (2009) belong to
Group 1, while epidote-rich eclogites in their study have been includ-
ed in Group 2 and Group 3.

Samples from Group 1 show higher large ion lithophile elements
(LILEs), Th, and overall REEs (∑REEs), and higher LREE/HREE ratios
(Fig. 4b). Group 1 and Group 2 samples plot in the E-MORB and
N-MORB fields in Fig. 5b, respectively. However, they deviate from the
MORB-OIB array in Fig. 5a, and show pronounced depletions in Nb
and Ta (Fig. 4b). Thus, these rocks reflect an arc signature and may
have been assimilated with continental material. As for Group 3, all
samples show a flat pattern of REEs and HFSEs with variably enriched
Ba, Rb, Cs, U, K, Pb and Sr (Fig. 4d), and plot in the MORB-OIB array
(Fig. 5a), suggesting an N-MORB-like protolith. All of these indicate
that protoliths of HGBmeta-basaltic rocks possess geochemical features



Fig. 7. Reconstructed trace element budgets comparedwith analyzed bulk-rock composi-
tions for three representative rocks fromHGB of ONQ, with different protolith lithologies,
i.e., eclogite, meta-pelite and meta-graywacke. The black horizontal line represents the
analyzed bulk-rock composition, and two dotted-dashed lines in each panel represent
±20% deviation respectively. Bars with different patterns represent different mineral
hosts. Most trace element budgets are comparable with the analyzed bulk-rock trace ele-
ment contents. However, because it is hard to find zircon for analysis, there are big gaps
for Zr and Hf in reconstructions. The big gap for P in (a) is also attributed to the tiny crystal
size or the highly heterogeneous distribution of apatite.
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of N- to E-MORB from ridges or near-ridge seamounts (Song et al.,
2009), influenced by arc-related material (Group 1 and Group 2).

4.2.2. Meta-sedimentary rocks
Meta-sedimentary rocks, relative to meta-basaltic rocks fromHGB,

show large major element compositional variations. They have
generally higher SiO2 and LOI, but lower MgO and TiO2 (Table DR5).
The large amount of phengite accounts for the high K2O in theses
rocks (e.g., up to 5.61 wt.% K2O in 0807QL-067 for 45 vol.% phengite).
The multi-element patterns of meta-sedimentary rocks (Fig. 4e,f),
including meta-graywacke, meta-pelite, meta-chert and marble, are
generally similar to that of global oceanic subducted sediments
(GLOSS; Plank and Langmuir, 1998). Meta-graywackes and meta-
pelites show two subgroups in terms of Th and U contents and ratios
of REEs (Fig. 4e); the subgroup with higher Th and U possesses higher
LREE/HREE ratios. The great variability of these elements reflects the
complex provenance for the protoliths of meta-sedimentary rocks.

5. Mineral geochemistry

5.1. Mineral major elements

We analyzed garnet, white micas (both muscovite and paragonite),
lawsonite, epidote group minerals, rutile, titanite, amphiboles,
clinopyroxene, chlorite, chloritoid, and pumpellyite using EPMA
(Table DR6).

Garnet crystals are dominantly almandine and generally show nor-
mal zoning of pyrope (increasing rimward), reflecting prograde growth
(e.g., Lü et al., 2009). The tiny garnet crystals (~40 μm) in samples from
Baishiya contain very high spessartine (e.g., garnet from 0807QL-043 as
shown in Table DR6). The clinopyroxene in meta-basaltic rocks from
LGB is inherited magmatic augite, while the clinopyroxene in
meta-basaltic rocks from HGB are omphacitic. Most analyzed amphi-
bole crystals are glaucophane, but some calcic amphiboles (e.g., actino-
lite, and tremolite) and sodic calcic amphiboles (e.g., barroisite),
commonly as retrograde product, have also been analyzed in some sam-
ples (nomenclature from Leake et al., 1997). The composition of epidote
group minerals is highly variable. FeOt and Al2O3 are negatively corre-
lated as the result of Al–Fe3+ substitution. White micas are predomi-
nantly phengite with minor paragonite, which is distinguished in
terms of Na/K ratios.

5.2. Mineral trace elements

We found that the most important trace element hosts are
pumpellyite (Fig. 6a), lawsonite (Fig. 6b), epidote (Fig. 6c), garnet
(Fig. 6d), phengite (Fig. 6e), paragonite (Fig. 6f), rutile (Fig. 6g), titanite
(Fig. 6h), and apatite (Fig. 6i). Albite can also contain high Sr (Table
DR7). Omphacite (Fig. 6j), glaucophane (Fig. 6k), chloritoid (Fig. 6l)
and chlorite (Fig. 6l) have low contents of almost all the analyzed
trace elements. Representative analytical data are given in Table DR7
for anhydrous minerals and Table DR8 for hydrous minerals.

Pumpellyite is an important indexmineral in low-grademetamorphic
rocks, but has rarely been analyzed for trace elements (only Spandler,
2003 reported some). It has high elevated abundances of heavy REEs
(HREEs; Fig. 6a), similar to those in garnet (Fig. 6d). Sr and Ba are present
at ppm levels, along with detectable Th, U, Cs, Rb and Pb. Lawsonite is
characterized by consistently high REEs and Sr (Fig. 6b). REE fractionation
is minimal ([LREEs/HREEs]chondrite≤1). Epidote group minerals show
variable REEs, Th and U (Fig. 6c), and consistently high Sr and Pb. Garnet
is characterized by variably high HREEs (Fig. 6d). Some garnet grains
show high middle-REEs (MREEs; [MREEs>HREEs]chondrite, e.g., the
highlighted curve in Fig. 6d), which is likely inherited from the precursor
phases (e.g., MREE-rich amphiboles, titanite) during high pressure
prograde metamorphism (Spandler et al., 2003). Alternatively, presence
of other potential mineral phases, like zircons locally can strongly draw
HREEs, resulting in HREE depletion of the nearby garnet because zircons
have higher Kd (HREEs) than garnet (e.g., Rubatto and Hermann, 2007).
Apatite shares similar trace element patterns to lawsonite, except for its
characteristic high P as major element and slightly higher Pb, Th and U
but lower Ti and Cs (Fig. 6i vs. 6b).

Both phengite and paragonite commonly contain high Ba, Cs, Rb, Pb,
Sr, Li (10 s of ppm) and Be (several ppm). In addition, phengite contains
one order of magnitude higher Ba, Cs, Rb than paragonite, whereas
paragonite has higher Pb and Sr (Fig. 6e vs. 6f; also see Table DR8).
Phengite from meta-sedimentary rocks has obviously higher Pb and Sr
than those from meta-basaltic rocks, and also relatively more scattered
Ba, Cs and Rb, which are especially variable among white micas from
different rocks.

Rutile and titanite contain high amounts of Nb and Ta (Fig. 6g & h).
Titanite can also have variably high REEs with varying REE fractionation
patterns ([MREEs>HREEs]chondrite or [MREEsbHREEs]chondrite in
Fig. 6h). Albite is depleted in all the trace elements but Sr, and to a
less extent, Ba (Table DR7). Although omphacite in eclogitic rocks
from HGB contains low contents of almost all the analyzed trace ele-
ments, several analyzed magmatic clinopyroxene relicts (i.e., augite)
in metamorphic rocks from LGB show a HREE-enriched pattern (more
than 10×chondrite; Fig. 6j).
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6. Discussion

6.1. Trace element budgets

Weused estimatedmineralmodes (Table DR2) and analyzedminer-
al trace element contents (e.g., Table DR7 and Table DR8) to reconstruct
trace element budgets for three distinctive protolith lithologies from
HGB (Fig. 7). The consistency of reconstructed compositions with ana-
lyzed bulk-rock compositions for most trace elements illustrates the
reliability of our reconstruction, although uncertainties exist due to
the highly variable mineral compositions, the heterogeneous mineral
distributions and the presence of non-analyzed accessory minerals
(e.g., zircon). Although different rock types have different bulk-rock
compositions and different mineral assemblages, the same mineral in
different rock types still shows generally the similar capability to host
elements (Fig. 7).

Since paragonite is rare in metamorphic rocks from the ONQ (espe-
cially compared with the studies on those fromWestern Tianshan) and
as it contains lower LILEs than phengite (Table DR8), we conclude that
phengite accommodates almost all the K, Ba, Rb and Cs in the bulk rock.
A significant fraction of the Pb and Sr budgets could also reside in
phengite (Fig. 7b). All Ti, Nb and Ta are hosted in rutile, and to a lesser
extent in titanite. Apatite, commonly in meta-sedimentary rocks
(Fig. 7b,c), contains more than 90% P, but because of its low modal
abundances, the contribution of apatite to the budgets of Th, U, Pb, Sr
and REEs in the bulk-rock composition is insignificant although apatite
can contain moderate abundance of these elements (Fig. 6i). Almost all
the M-HREEs are dominated by garnet and epidote group minerals.
When garnet is absent (e.g., blueschist-facies meta-graywacke in
Fig. 7c), epidote group minerals become more significant for
M-HREEs. All the Th, U and LREEs, plus some Pb and Sr, are hosted in ep-
idote group minerals. Chlorite, glaucophane and omphacite contribute
little to bulk-rock trace element budgets (except for Li and Be), although
they are volumetrically the major phases in these rocks.
Fig. 8. Correlation coefficient diagrams of Nb and Zr with other trace elements for (a)
(c) meta-sedimentary rocks from North Qilian Mountain (the methodology is referred to Niu
ing incompatibility from left to right. Two immobile elements (Nb and Zr) are chosen consi
lines represent the minimum significant correlation coefficients for a certain sample size abo
using one-tail test). Therefore, generally, elements with correlation coefficients plotted bel
gray areas, whereas those plotted above are considered immobile.
For metamorphic rocks from LGB, because of the inherited magmatic
texture and the fine grain size, the reconstruction is not possible. Howev-
er, considering the mineral trace element contents (Fig. 6) and the rela-
tive mineral abundances, the most important hosts for REEs, Th, U, Pb
and Sr are lawsonite and epidote, apatite to a lesser extent. Pumpellyite
is especially important for HREEs, and probably titanite can also host
some REEs. LILEs are hosted in white micas. Albite and carbonate may
also host some Sr and Pb (also see van der Straaten et al., 2008).

6.2. Element mobility and their controls

AssumingHFSEs are immobile, their correlation coefficients with el-
ements having similar incompatibility in basaltic protoliths would re-
flect the mobility or immobility of these elements (see Niu, 2004; Xiao
et al., 2012; Fig. 8). If their correlations are insignificant, it means that
this element must have been mobilized during later metamorphism.
Otherwise, it indicates that the element is similarly immobile to the ref-
erence HFSE. Fig. 8 shows the correlation coefficients of the immobile
incompatible elements Nb and Zr with other trace elements. The ele-
ments along the x-axis are sorted in terms of decreasing incompatibility
from left to right following the order reported byNiu and Batiza (1997).
Therefore, Fig. 8a and b suggest that for rocks of basaltic protoliths from
both LGB and Group 3 of HGB, Li, Ba, Rb, Cs, Pb and Sr are mobile, while
Be, REEs and HFSEs are immobile. This is broadly similar to our observa-
tions on metamorphic rocks fromWestern Tianshan (Xiao et al., 2012).
As for Th, the clearly positive trends between Nb and Th for Group 3 of
HGB, especially for rocks of basaltic protoliths from LGB (Fig. 9a), sug-
gest the immobility of Th. U is moderately mobile, especially in Group
3 of HGB (Fig. 8a,b), in contrast to our previous study on Tianshan sam-
ples where U shows considerable immobility (Xiao et al., 2012).

For meta-sedimentary rocks (Fig. 8c), Th, U, REEs and HFSEs are
clearly immobile, while Pb, Sr and Li are mobile. Although the corre-
lations of Ba, Rb, Cs and K with HFSEs are not so high, they still define
a broad positive trend for LILEs vs. HFSEs (e.g., Nb vs. Rb in Fig. 9b)
rocks from LGB, (b) rocks from HGB (Group 3 is chosen as its clear origin), and
, 2004 and Xiao et al., 2012). Elements along the X-axis are ordered in terms of decreas-
dering their different incompatibilities during magmatic processes. The dotted-dashed
ve 99% confidence levels (referred to critical values of Pearson's correlation coefficient

ow the dotted-dashed lines are considered mobile, which has been constrained by the
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Fig. 9. Elemental co-variation diagrams. (a) Nb vs. Th for rocks from LGB and Group 3 of HGB. The hatched circles represent 1998's samples from Song et al. (2009) and Lavis (2005).
(b) Nb vs. Rb for rocks of sedimentary protoliths from HGB. The clear trend for the correlation between Nb and Rb in meta-sedimentary rocks indicates the moderate immobility
(vs. mobility) of Rb, Ba and Cs in meta-sedimentary rocks (similar trends could also be obtained for Cs and Ba with Nb, although the trend with Ba is not so obvious).
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showing moderate immobility, in contrast with their behavior in the
meta-basaltic rocks.

The unclear correlations of Uwith those assumed immobile elements
for rocks of basaltic protoliths (Fig. 8a,b) indicate that U may have been
mobilized since the last magmatic process, which involved both seafloor
alteration and subsequent subduction-zone metamorphism. Our study
on Western Tianshan samples shows that U is immobile as are Th and
HFSEs (Xiao et al., 2012), which experienced similar cold subduction
zone metamorphism to HGB metamorphic rocks from the ONQ (Fig. 2).
Therefore, it is less likely that U is mobilized during SZM.

One of the most significant geochemical features caused by hydro-
thermal alteration is the general enrichment of U in altered/weathered
seafloor basalts (e.g., Kelley et al., 2003; Staudigel et al., 1995). Although
the immobility of U in blueschists/eclogites from Western Tianshan
may reflect the absence of U enrichment during seafloor alteration
(the heterogeneity of hydrothermal alteration) and/or the possibility
of erosion the altered seafloor materials during subduction (which
may result in the input of only unaltered seafloormaterials into subduc-
tion zones), the mobility of U in this study may reflect enrichment
caused by this seafloor modification. Some Ba, Rb, Cs and K may have
also been enriched by seafloor hydrothermal alteration before their fur-
ther modifications during SZM (e.g., Kelley et al., 2003; Staudigel et al.,
1995).
Fig. 10. (a–b) The co-variation diagrams of Nb vs. Ta and Zr vs. Hf for both rutile and titanite.
for rutile and titanite respectively. (c) Plots of Nb/Ta vs. Zr/Hf ratios for rutile and titanite. Th
Zr/Hf ratios in rutile and titanite are subchondritic. (d) Bulk-rock Nb/Ta vs. Zr/Hf ratios. The h
dashed lines in (c–d) denote the chondritic values of Nb/Ta (=17.4; Jochum et al., 2000) a
During prograde SZM, with the transition from pumpellyite-
prehnite facies to epidote eclogite facies, HREEs are mainly transferred
frompumpellyite (Fig. 6a) and augite (Fig. 6j) to garnet (Fig. 6d).Mean-
while, as more epidote is produced at the expense of lawsonite, LREEs
are redistributed between them conservatively. HFSEs are completely
transferred from titanite to rutile. For Pb and Sr, although they could
be hosted and redistributed among albite, apatite, white micas, carbon-
ate, and epidote to different extents, a portion of themmay be released
with fluids due to the breakdown of epidote during themain reaction of
the blueschist-to-eclogite transition: 13 Gln+6 Czs=9 Prp+26
Jd+12 Di+19 Qz+16 H2O, as evidenced by experimental work
(Feineman et al., 2007). Ba, Cs and Rb, dominantly hosted in phengite,
are mobile in rocks of basaltic protoliths from both LGB and HGB, and
may have been released partly before the formation of phengite. In
rocks of sedimentary protoliths, however, because white micas are al-
ready present in sedimentary protoliths, these elements could be
conserved.

6.3. The preservation of Nb/Ta ratio during SZM

We have analyzed some well-crystallized and preserved rutile
grains (Fig. 3g,h). As rutile and titanite host almost all the Nb and
Ta in the bulk rock (Fig. 7), the composition of these two minerals
Slops of the linear correlation represent the geometrical mean of Nb/Ta and Zr/Hf ratios
e Nb/Ta ratios in rutile and titanite are both superchondritic and subchondritic. All the
atched symbols represent those 1998's samples (see Lavis, 2005; Song et al., 2009). The
nd Zr/Hf (=36.6; Sun and McDonough, 1989) respectively.

image of Fig.�10
image of Fig.�9


65Y. Xiao et al. / Lithos 160–161 (2013) 55–67
can help to understand possible Nb–Ta fractionation in rutile-bearing
eclogites.

The arithmetic mean Nb/Ta ratio in rutile and titanite are similar;
18.50±3.78 (1σ; n=42) in rutile vs. 19.50±6.95 (1σ; n=8) in
titanite. However, the geometricalmean of Nb/Ta ratio in rutile is higher
than that in titanite (i.e., the slope in Nb–Ta space; 13.822 vs. 12.976,
Fig. 10a). Zr and Hf contents of rutile and titanite are also plotted in
Fig. 10b. The Nb/Ta ratio is highly variable, and shows both
superchondritic and subchondritic values in both rutile and titanite,
while the Zr/Hf ratio in both Ti-bearing minerals is only subchondritic
(Fig. 10c). The variability of Nb/Ta and Zr/Hf ratios can be found even
within a single crystal (Fig. 3h), and this may be closely associated
with the HFSE contents of minerals nearby (most likely titanite), at
the expense of which rutile is formed.

Bulk-rock Nb/Ta and Zr/Hf ratios plotted in Fig. 10d display no obvi-
ous superchondritic Nb/Ta ratio. Therefore, subducted rutile-bearing
oceanic crust cannot be themissingNb (relative to Ta) reservoir respon-
sible for the subchondritic Nb/Ta in bulk silicate Earth (Niu, 2012;
Rudnick et al., 2000).

7. Implications for subduction zone magmatism

The arc basalts differ from MORB in their enrichment in LILEs and
depletion in HFSEs, or the characteristic “arc signature” (McCulloch
and Gamble, 1991; Stolper and Newman, 1994). This arc signature,
plus the high water contents, has been the primary evidence for
slab-dehydration induced mantle wedge melting for arc magmatism
(e.g., McCulloch and Gamble, 1991). If this interpretation is correct,
we can assume that without subduction zone dehydration metamor-
phism, there would be no arc magmatism.

Our studies on samples both fromNorth QilianMountain (this study)
andWestern Tianshan, NW China (Xiao et al., 2012) revealed themobil-
ity of Ba, Rb, Cs, Pb and Sr in rocks of basaltic protolith and the immobility
of REEs, Th, U and HFSEs in rocks of both sedimentary and basaltic
protoliths in response to the subduction-zone metamorphism, which is
broadly consistent with the estimated mobility/immobility inferred for
the petrogenesis of arc lavas (e.g., Tamura et al., 2007). The observed en-
richments of LILEs in arc lavas (Fig. 11) are thus most likely attributed to
their mobility in released fluids from subducting/subducted oceanic
crust with or without terrestrial sediments. The strongly depleted Nb
and Ta in arc magmas may result from their retention in rutile in
subducted slab rocks (Kogiso et al., 1997;McCulloch and Gamble, 1991).

Owing to the redistribution into newly formed minerals, REEs, Th
and U are immobile in both meta-basaltic and meta-sedimentary
rocks during SZM (although U shows its mobility during seafloor alter-
ation in this study), which is well demonstrated by those rocks from
Western Tianshan (Xiao et al., 2012). Thus, these elements are not
expected to be carried into the mantle wedge by fluids. Although the
geochemical behavior of LILEs in SZM and their enrichments in arc
lavas seem to be consistentwith themodel of slab-dehydration induced
Fig. 11. Primitive mantle (PM) normalized multi-element distributed patterns for OIB and N-
symbols in italic are those elements most likely controlled by dehydration process, while th
richments in arc lavas.
mantle wedge melting, the relative enrichments in LREEs, Th and U
commonly observed in IAB (Fig. 11), yet their immobility revealed
from SZM rocks suggests that some additional or other medium are at
work (vs. simple effects of slab fluid transport).

We suggest that the transport of the apparently fluid-immobile Th
andU, and to a lesser extent, LREEs, tomantlewedgesmay have accom-
plished through supercritical fluids or hydrous melts from greater
depths for arc magmatism, rather than simple subduction zone slab de-
hydration metamorphism. Supercritical fluids or hydrous melts, gener-
ated at depths beyond those represented by our samples (no less than
75 km deep for metamorphic rocks from Western Tianshan, Xiao et
al., 2012) is necessarily required for arc magmatism (e.g., Hermann
and Rubatto, 2009; Kessel et al., 2005).

8. Conclusions

(1) Consistent with the observations on HP and UHP metamorphic
rocks from Western Tianshan, the North Qilian Mountain sam-
ples also show that Ba, Rb and Cs are mobile in meta-basaltic
rocks and immobile in meta-sedimentary rocks, whereas REEs
and HFSEs are immobile and Pb and Sr are mobile in both lithol-
ogies. Thus, Ba, Rb, Cs, Pb and Sr could contribute to the mantle
wedge source regions of arc lavas through subducting slab de-
rived aqueous fluids, while enrichments of Th and U and LREEs
in arc lavas require transport through supercritical fluids or hy-
drous melts generated deeper than 75 km.

(2) Metamorphic mineral controls on element behavior are impor-
tant during SZM. Phengite (and, to a lesser extent, paragonite)
accommodates essentially all the Ba, Rb and Cs; titanite and ru-
tile accommodate all the Nb and Ta, with titanite also hosting
REEs, Th, U, Sr, and Pb; epidote and garnet are responsible for
all the M-HREEs transferred from pumpellyite and augite that
are stable in low grade metamorphic rocks; almost all the Th,
U and LREEs, and a large proportion of the Sr and Pb are also
hosted in epidote. Apatite, like lawsonite, can contain high con-
centrations of Th, U, Pb, Sr and REEs during SZM, but because of
the low modal abundance of apatite (probably also lawsonite),
epidote is still the dominant host for these elements.

(3) The Nb/Ta ratio in rutile varies significantly, probably as a result
of competing effects of spatially coexisting phases on petro-
graphic scales. The subchondritic Nb/Ta ratio in eclogites of the
residual ocean crust protoliths indicates that the ocean crust, if
subducted to the deep mantle, cannot be the Nb-rich reservoir
needed to balance the missing Nb (i.e., the subchondritic Nb/
Ta ratio) in the bulk silicate Earth.
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