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New petrological and geochemical data for themafic (pillow basalt, massive basalt, gabbro) and ultramafic rocks
(serpentinite, serpentinized harzburgite) in the north Tianshan ophiolite cropping out along the Duku road are
combined to constrain the geological evolution of the north Tianshan ophiolite, which marks the boundary be-
tween the Yili-central Tianshan and the Junggar terranes. Pillow basalt, characterized by significant enrichments
of light rare earth elements (REE) as well as high Nb/Yb and TiO2/Yb ratios, probably represents the seamount
fragments accreting in the north Tianshan accretionary prism. Massive basalt and gabbro, displaying flatten
REE patterns with low Ti/V ratios, are similar to forearc basalts. Serpentinite and serpentinized harzburgite, be-
longing to the mantle section of the ophiolite, are depleted in incompatible elements compared to the primitive
mantle. The compositions of primary chromian spinel, olivine, and pyroxene in these mantle rocks are compara-
ble to those in forearc peridotites. Such characteristics indicate that the protoliths of serpentinite and
serpentinized harzburgite have undergone high degrees of partialmelting. Theyweremodified by island arc tho-
leiitic to boniniticmelts during and/or aftermelt extraction as suggested by the enrichment of Ti in chromian spi-
nel coupled with the occurrence of amphibole inclusions in chromian spinel. These new petrological and
geochemical data suggest that the north Tianshan ophiolite was generated in a forearc setting. Retreat and roll-
back of the north Tianshan subducted slab triggered the upwelling of asthenosphere with minor mass transfer
from the slab, leading to the formation of massive basalt and gabbro. Increasing flux of slab-derived fluids/
melts largely enhanced partial melting degree of the mantle peridotites, producing island arc tholeiitic to
boninitic melts. These melts interacted with refractory mantle residues and formed the mantle rocks (i.e., the
protoliths of serpentinite and serpentinized harzburgite) in the north Tianshan ophiolite.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Ophiolites are the remnants of fossil oceanic lithosphere that were
tectonically emplaced onto continental margins and can provide useful
information to reconstruct the magmatic and tectonic history of the
oceanic lithosphere (Dilek and Furnes, 2011). Although ophiolites can
be generated in different tectonic settings, such as continental margin,
mid-ocean ridge and plume-related settings, the vast majority is now
proposed to form in a supra-subduction-zone environment (Shervais,
2001; Stern et al., 2012; Uysal et al., 2016; Zhu and Ogasawara, 2002).
Recognition of most ophiolites as a forearc origin is mainly based on
the occurrence of forearc basalt, island arc tholeiite ± boninite (Dilek
et al., 2007; Reagan et al., 2010; Saccani et al., 2017) aswell as highly re-
fractory mantle rocks displaying typical U-shaped REE patterns
(Marchesi et al., 2016; Morishita et al., 2011; Saka et al., 2014).

The north Tianshan accretionary complex (NTAC) marks the final
collision between the Yili-central Tianshan and Junggar terranes
following the closure of the north Tianshan or Junggar ocean (Fig. 1a),
one branch of the Paleo-Asian ocean (Han et al., 2010; Zhu et al.,
2016). The north Tianshan ophiolite constitutes the major part of the
NTAC. The genetic mechanism and tectonic setting of this ophiolite re-
main controversial. Xia et al. (2005) suggested that the north Tianshan
ophiolite formed in a rift setting due to the presence of OIB-type volca-
nic rocks, while some authors claimed that it represents the remnants of
oceanic crust and seamount developed on the north Tianshan ocean
(Chen et al., 2012; Yang et al., 2018). Additionally, Li et al. (2015) argued
that the MORB, OIB, and island arc geochemical characteristics
displaying in the crustal rocks in the north Tianshan ophiolite were
likely related to the subduction of spreading ridges. These conclusions
were reached largely based on systematic geochemical studies on the
crustal rocks in the north Tianshan ophiolite. However, the mantle
rocks in the north Tianshan ophiolite have not been well documented,
and the genetic link between the mantle and the crustal rocks is poorly
understood. Here we present detailed geological, mineralogical, and
whole-rock geochemical data for the mafic and ultramafic rocks in the
north Tianshan ophiolite cropping out along the Duku road. These
data, together with those from the literature are used to characterize
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Fig. 1. (a)Geologicalmap of Chinesewest Tianshan and adjacent regions (modified after Zhang et al., 2017). Abbreviation:NTAC, north Tianshan accretionary complex. (b)Geologicalmap
of the NTAC and adjacent regions (modified after Han et al., 2010). (c) Geological map showing the distribution of the north Tianshan ophiolite (modified after Wu and Liu, 1989).
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the mantle rocks and various crustal rocks in the north Tianshan
ophiolite. The main objectives of this paper are to elucidate the origin
of the mantle and the mafic rocks in the north Tianshan ophiolite, and
to provide an explanation for these rocks in a regional geodynamic
framework.

2. Geological background

The NTAC (Fig. 1a), located between the Yili-central Tianshan and
the Junggar terranes was generated by the southward subduction of
the north Tianshan ocean during late Paleozoic era (An et al., 2017;
Han et al., 2010; Zhang et al., 2017; Zhu et al., 2005). It is bounded by
the northwest-striking north Tianshan fault in the south and a series
of north-directed thrust faults in the north. This accretionary complex
predominantly consists of two different lithologies: Devonian-Carbonif-
erous volcano-sedimentary rocks and ophiolitic remnants (Wang et al.,
2006; Fig. 1b). Devonian volcano-sedimentary rocks, which underwent
low-grade metamorphism and deformation are widely distributed
along the north Tianshan fault. They aremainly composed of tuffaceous
sandstone, tuff, slate, phyllite, limestone, and intermediate-mafic volca-
nic rocks. The lower Carboniferous sequence, estimated to be 5000–
10,000 m thick, is dominated by black rhythmic tuffaceous siltstones
(An et al., 2013; Zhu et al., 2009). This unit was interpreted as a flysch
unconformably overlying the north Tianshan ophiolite. Some shallow-
water fossils of crinoids and brachiopods were found in the limestone
breccias interbedded within rhythmic tuffaceous siltstones (Chen et
al., 2015). The lower Carboniferous sequence is unconformably overlain
by the Late Carboniferous clastic and pyroclastic rocks. Permian
Fig. 2. Four geological sections showing sample locations
terrestrial sandstone, conglomerate, and volcanic rocks related to
post-collisional processes locally overlie the NTAC with angular discon-
tinuity (Fig. 1b).

The north Tianshan ophiolite crops out discontinuously for about
200 km long (Fig. 1b). These ophiolitic rocks mainly consist of
serpentinite, serpentinized harzburgite, gabbro, plagiogranite, massive
basalt, pillow basalt as well as pelagic sediments (Li et al., 2015; Wu
and Liu, 1989; Xia et al., 2005). They typically occur as thrust slices
and blocks within the Devonian to Carboniferous volcano-sedimentary
rocks (Figs. 1b-c). Early Carboniferous radiolarians were found in chert
(Xiao et al., 1992). Plagiogranite and gabbro from the Bayingou region
were dated to be 324.8 ± 7.1 Ma and 344.0 ± 3.4 Ma, respectively
(Fig. 1c; Xu et al., 2006), while plagiogranite from the Luweigou region
yielded zirconU\\Pb ages of 343.1 ± 2.7 Ma (Fig. 1c; Li et al., 2015). Un-
deformed granitic plutons with emplacement ages ranging from 316
Ma to 345 Ma have been identified in the NTAC (Fig. 1b; Han et al.,
2010; Li et al., 2015).

Serpentinite and serpentinized harzburgite are distributed discon-
tinuously along the Duku road between the Luweigou and the Bayingou
regions (Fig. 1c). They are in fault contactwith siltstone (Figs. 2a-c, 3a, b,
d) or occur as lenses in serpentinite (Fig. 3c). Gabbro and basalt are ex-
posed in the Luweigou region (Fig. 1c). They are generally in fault con-
tact with each other (Figs. 2d, 3e). Sample locations are shown in Fig. 2.
Serpentinite samples (F1, F2, F7 to F18) were collected from section I
(Fig. 2a), of which samples F10 and F11 contain some oval-shaped
serpentinite lenses (Fig. 3c). Serpentinized harzburgites were sampled
from section II and section III (Figs. 2b-c), including samples F27,
16F82, 16F83, 16F85, 16F86, and 16F87. Gabbroic samples (16F90 to
of the north Tianshan ophiolite along the Duku road.



Fig. 3. Field photographs of the north Tianshan ophiolite. (a) Field outcrop of serpentinites. (b) Serpentinite I in fault contact with siltstone. (c) Oval-shaped serpentinite III hosted in the
serpentinite II. (d) Serpentinized harzburgite in fault contact with siltstone. (e) Pillow basalt and gabbro showing a fault contact relationship. (f) Pillow basalt in the field.
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16F93, 16F98, F31 to F33), massive basaltic samples (16F94, 16F95,
16F96, 16F99), and pillow basaltic samples (F28, F29, 16F88, 16F89)
were collected from section IV (Fig. 2d).

3. Laboratory methods

The chemical compositions of mineral phases were measured by
electron probe microanalysis (EPMA) using a JEOL JXA-8230 electron
microprobe equipped with four wavelength dispersive spectrometers.
An acceleration voltage of 15 kV and a beam current of 10 nA were
used for all analyses. The beam diameter was set at 1–2 μm, and
counting times of 20 swere used for both peak and background. The fol-
lowing standards (from SPI corp. US) were adopted for various ele-
ments: sanidine (K), diopside (Ca, Mg), rutile (Ti), jadeite (Na, Al, Si),
chromiumoxide (Cr), rhodonite (Mn), hematite (Fe), and nickel silicide
(Ni). Final results were corrected using the PRZ method. Detection
limits of the oxides were 0.01 wt% for K2O, 0.02 wt% for Al2O3 and
Na2O, 0.03 wt% for MgO and CaO, 0.04 wt% for TiO2, Cr2O3, MnO, FeO,
and NiO, and 0.06 wt% for SiO2.

The selected samples were washed by distilled water, and then
milled in an agate mortar to about 200 meshes for whole rock analysis.
The whole rock powder was made into glass discs by fusion with lith-
ium metaborate. Measurement of major elements as well as Ni, Cr,
and V was done by X-ray fluorescence (XRF) spectrometry on glass.
Rb, Ba, Th, U, Zr, Hf, Nb, Ta, Y, and REE were determined by Agilent
7500 inductively coupled plasma mass (ICP-MS) spectrometer. Stan-
dard samples DZS-1, GSR-3, and GSR-10 were used for calibration. The
results of our calibration analyses consistently compared well with the
reference values (e.g., the recommended Ba, La, and Yb values of DZS-
1were 6.40 ppm, 0.20 ppm, and 0.020 ppm, respectively; ourmeasured
Ba, La, and Yb contents were 6.54 ppm, 0.19 ppm, and 0.021 ppm, re-
spectively). This quality control demonstrated that the measurement
error of our analyses was b10% formost trace elements, with the excep-
tion of Eu (21%), Ho (17%), and Y (16%). Relative to GSR-3 and GSR-10,
the accuracy of our analyses for all trace elements was b10% deviation
from true values. Detection limits of trace elements (in ppm) were:
Ba, Zr, Nb = 0.02; La, Y = 0.004; Ce, Rb, Ta, Hf = 0.003; Dy, Er, Ta =
0.002; Nd, Sm, Yb = 0.001; Pr, Eu, Gd, Tb, Ho, Tm, Lu, Th, U= 0.0006.

4. Results

4.1. Petrography

Massive basalt is porphyritic with phenocrysts of plagioclase and
clinopyroxene. Plagioclase phenocrysts (~ 2 vol%) generally show tabu-
lar euhedral forms and range from 0.2 mm to 0.6 mm in length.
Clinopyroxene phenocrysts (~ 1 vol%) are euhedral to subhedral with
sizes ranging from 0.2 mm to 0.7 mm. The groundmass is mainly



128 W. Feng, Y. Zhu / Lithos 318–319 (2018) 124–142
composed offine-grained plagioclase, clinopyroxene, and cryptocrystal-
lineminerals. Pillowbasalt typically shows pillow structure (Fig. 3f) and
porphyritic texture with phenocrysts of plagioclase and clinopyroxene
embedded in the groundmass consisting of plagioclase, clinopyroxene,
Fig. 4. Photomicrographs of serpentinite I in the north Tianshan ophiolite. (a) The serpentine is
sulfides distributing in the serpentine matrix, cross-polarized light. (c) Magnetite occurs as tin
grained olivine embedded in the serpentine matrix, single-polarized light. (e) Brownish, fine
euhedral Cr-spinel grain, reflected light. (g) An anhedral Cr-spinel grain with a clinopyroxe
Abbreviations: Srp, serpentine; Tlc, talc; Ol, olivine; Tr, tremolite; Mag, magnetite; Cr-spl, Cr-sp
and cryptocrystalline minerals. Plagioclase phenocrysts (2–4 vol%) are
euhedral with sizes ranging between 0.4 mm and 3.5 mm, whereas
clinopyroxene phenocrysts (~ 1 vol%) are euhedral to subhedral with
sizes ranging from 0.2 mm to 0.5mm.
replaced by talc, cross-polarized light. (b) Fine-grained olivine, tremolite, magnetite, and
y inclusions in the fine-grained olivine, back scattered electron (BSE). (d) Brownish, fine-
-grained olivine and its surrounding small Cr-spinel grains, single-polarized light. (f) A
ne inclusion, BSE. (h) An elongated Cr-spinel grain with an amphibole inclusion, BSE.
inel; Cpx, clinopyroxene; Mhb, magnesiohornblende.
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Gabbro is typically massive with ophitic or poikilitic texture. It is
mainly composed of plagioclase (~ 50 vol%), clinopyroxene (42–45 vol
%), and minor Fe\\Ti oxides (5–8 vol%). Plagioclase (0.3–1.5 mm in
length) usually occurs as tabular subhedral to euhedral laths.
Clinopyroxene (0.5–2 mm in size) is subhedral to anhedral in shape
and replaced by amphibole in some cases. Fe\\Ti oxides (0.1–0.4 mm
in size) generally fill interstices between plagioclase and clinopyroxene.

The mantle rocks in the north Tianshan ophiolite could be classified
into four groups: serpentinite I, serpentinite II, serpentinite III, and
serpentinized harzburgite.

Serpentinite I (samples F1 and F2) consists of serpentine, talc, oliv-
ine, and chromian spinel (Cr-spinel) with minor tremolite, magnetite,
and sulfides (Fig. 4). Trace amounts of zircon were also found in these
samples. Serpentine usually occurs as fine-grained lepidoblastic aggre-
gates and is typically replaced by talc (Fig. 4a). Tremolite occurs as ran-
domly oriented slender prisms (Fig. 4b).Magnetite and sulfides occur as
Fig. 5. Photomicrographs of serpentinite II in the north Tianshan ophiolite. (a) Serpentinite II dis
matrix of serpentine and chlorite, cross-polarized light. (c) Anhedral Cr-spinel grains with an o
(e) A rounded Cr-spinel grainwith pargasite and clinopyroxene inclusions, BSE. (f) Cr-spinel gra
serpentine; Chl, chlorite; Tlc, talc; Mgs, magnesite; Fe-chr, ferrian chromite; Cr-mag, chromian
finely dispersed grains and elongated strings in the serpentine matrix
(Fig. 4b), or as inclusions in olivine (Fig. 4c). Olivine (20–25 vol%) grains
are fractured and sheared (Fig. 4d). They are generally brownish in
color with sizes b0.5 mm and contain numerous opaque inclusions
(Figs. 4c-e), which are similar to the metamorphic olivine in thermally
metamorphosed serpentinites (Nozaka, 2003). Cr-spinel (~3 vol%)
shows a bimodal grain-size distribution in these samples, exhibiting rel-
atively small grains (b0.15 mm; Fig. 4e) and large grains (1–1.5 mm;
Figs. 4f–h). The smaller Cr-spinel grains heterogeneously distribute
around olivine grains (Fig. 4e), while the larger ones are generally
euhedral to anhedral in shape (Fig. 4f–h). Most of Cr-spinel grains are
replaced by chromian magnetite along fractures and grain boundaries.
Olivine, clinopyroxene (Fig. 4g), and amphibole (Fig. 4h) were found
in the Cr-spinel as inclusions.

Serpentinite II (samples F7 to F18) has been overprinted by intense
shear deformation (Fig. 5a), which obscures its exact modal
playing amylonitic texture, single-polarized light. (b) Talc andmagnesite embedded in the
rthopyroxene inclusion, BSE. (d) A euhedral Cr-spinel grain with an olivine inclusion, BSE.
in replacedby ferrian chromite along themargin, BSE. Abbreviations: Cr-spl, Cr-spinel; Srp,
magnetite; Opx, orthopyroxene; Ol, olivine; Cpx, clinopyroxene; Prg, pargasite.
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mineralogical compositions and primary textures. In addition to serpen-
tine, other altered silicate phases include chlorite and trace amounts of
talc andmagnesite (Fig. 5b). Base-metalminerals includemagnetite and
minor sulfide grains, generally forming elongated stringswithin the ser-
pentine matrix. Variable amounts of cryptocrystalline minerals that
formed during mylonitization were also observed in the studied sam-
ples (Fig. 5a). Cr-spinel (3–4 vol%) with various shapes (Fig. 5c–f) is
the only freshmineral preserved in serpentinite II samples. Most Cr-spi-
nel grains are cataclastically broken and fractured, and typically rimmed
by chromian magnetite ± ferrian chromite overgrowths (Fig. 5f). Oliv-
ine, pyroxene, and amphibole are hosted in Cr-spinel grains as inclu-
sions (Fig. 5c–f).

Serpentinite III refers to the oval-shaped serpentinite lenses hosted
in serpentinite II (Figs. 3c, 6a; samples F10 and F11). Compared to
serpentinite II, serpentinite III contains slightly higher proportions of
Cr-spinel (~ 5 vol%), but without talc and magnesite. Moreover,
serpentinite III does not display mylonitic textures as shown in
serpentinite II (Fig. 6b). Serpentine in serpentinite III typically exhibits
Fig. 6. Photos and photomicrographs of serpentinite III in the north Tianshan ophiolite. (a) Oval-
serpentinite II and serpentinite III, single-polarized light. (c) Subhedral Cr-spinel grains embedd
Cr-spinel grain replaced by ferrian chromite and chromian magnetite along the margin, BSE. (e
with a pargasite inclusion, BSE. Abbreviations: Cr-spl, Cr-spinel; Srp, serpentine; Chl, chlorite;
interpenetrating textures (Fig. 6c) and none of pseudomorphic crystals
are preserved. Cr-spinel (0.3–0.8 mm in size) commonly displays
euhedral isometric morphologies with embayed or roundish cores
surrounded by ferrian chromite (inner rim) to porous chromianmagne-
tite (outer rim) (Fig. 6d). These cores usually contain olivine (Fig. 6e)
and amphibole inclusions (Fig. 6f).

Serpentinized harzburgite contains 70–75 vol% olivine, 20–25 vol%
orthopyroxene, b 3 vol% clinopyroxene, and ~ 2 vol% Cr-spinel (Fig.
7a). Olivine grains (0.5–2 mm in size) are free from opaque inclusions
and replaced by serpentine with mesh texture (Figs. 7b-d).
Orthopyroxene grains (3–6 mm in size) commonly occur as
porphyroclasts and occasionally display curved exsolution lamellae of
clinopyroxene (Figs. 7e-f). Most orthopyroxene grains have been re-
placed by bastite (Fig. 7g). Clinopyroxene typically occurs as interstitial
phase amongolivine and orthopyroxene grainswith sizes b0.5 mm(Fig.
7a), indicating its secondary origin. Cr-spinel (b 1.5 mm in size) is
euhedral to anhedral in shape (Figs. 7a-d) and contains a few silicate
shaped serpentinite III occurring as lenses in the serpentinite II. (b) The boundary between
ed in thematrix consisting of serpentine and chlorite, cross-polarized light. (d) A euhedral
) A euhedral Cr-spinel grain with an olivine inclusion, BSE. (f) A fractured Cr-spinel grain
Fe-chr, ferrian chromite; Cr-mag, chromian magnetite; Ol, olivine; Prg, pargasite.



Fig. 7. Photomicrographs of serpentinized harzburgite in the north Tianshan ophiolite. (a) Serpentinized harzburgite mainly consisting of olivine and orthopyroxene with minor
clinopyroxene and Cr-spinel, BSE. (b) Anhedral Cr-spinel and partial serpentinized olivine showing a mesh texture, cross-polarized light. (c) Anhedral Cr-spinel and relics of fresh
olivine, reflected light. (d) Euhedral Cr-spinel and relics of fresh olivine, reflected light. (e) Orthopyroxene porphyroclast displaying curved exsolution lamellae of clinopyroxene, cross-
polarized light. (f) Clinopyroxene occurring as exsolution lamellae in orthopyroxene, BSE. (g) Orthopyroxene is partly altered to bastite, cross-polarized light. (h) An orthopyroxene
inclusion in Cr-spinel, BSE. (i) A composite inclusion consisting of magnesiohornblende and clinopyroxene hosted in Cr-spinel, BSE. Abbreviations: Cr-spl, Cr-spinel; Ol, olivine; Opx,
orthopyroxene; Cpx, clinopyroxene; Srp, serpentine; Bas, bastite; Mhb, magnesiohornblende.
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inclusions (Figs. 7h-i). Cr-spinel is virtually unaltered, and only some
grains exhibit thin, ragged coatings of magnetite along fractures.

4.2. Mineral chemistry

Chemical compositions of Cr-spinel, olivine, orthopyroxene,
clinopyroxene, and amphibole from various rocks are listed in Supple-
mentary data.

Cr-spinel in the studied rock samples generally shows a homoge-
neous core with a discontinuous rim. The Cr-spinel rim, composed of
ferrian chromite and/or chromian magnetite, represents late-stage al-
teration processes, and thus only the Cr-spinel core which plots along
the Cr\\Al join on the Cr-Fe3+-Al diagram (Fig. 8a) is considered here.
The compositions of Cr-spinel cores in serpentinite I mainly depend
on their grain sizes. The large Cr-spinel grains generally have cores
with higher Mg# [100 × Mg/(Mg + Fe2+) atomic ratio; 48–50] but
lower Fe3+# [100 × Fe3+/(Cr + Al + Fe3+) atomic ratio; ≤1], Cr#
[100 × Cr/(Cr + Al) atomic ratio; 72–78], and MnO contents (0.34–
0.44 wt%) than the small ones (Mg# = 26–43, Fe3+# b 5, Cr# = 81–
88, MnO= 0.46–0.69 wt%; Figs. 8b-c). However, all Cr-spinel cores in
serpentinite I have similar TiO2 contents (b 0.10 wt%; Appendix 1a).
Cr-spinel cores in serpentinite II have Mg# of 41–50 and Cr# of 74–83.
Fe3+#, MnO, and TiO2 contents of these Cr-spinel cores are ≤5, ≤ 0.50
wt%, and ≤ 0.15 wt%, respectively (Supplementary data 1a). Compared
to the Cr-spinel cores in serpentinite II, those in serpentinite III are gen-
erally lower in Cr# (52–68) but higher in Mg# (45–61), Fe3+# (1–7),
and TiO2 contents (≤ 0.41 wt%). Cr-spinel cores in serpentinized
harzburgite show limited compositional variations (Fig. 8), with Cr#
of 54–69, Mg# of 51–59, MnO of 0.17–0.40 wt%, and TiO2 of ≤0.07 wt
%. In general,most analyzed Cr-spinel cores plot in the primary Cr-spinel
field on the Cr# vs. MnO diagram (Fig. 8c) with the small Cr-spinel
grains in serpentinite I falling in the altered Cr-spinel field. Only the un-
altered Cr-spinel would be used to elucidate the petrogenesis and tec-
tonic environment of the studiedmantle rocks in the following sections.

The fine-grained olivine in serpentinite I is characterized by low
forsterite [Fo = 100 × Mg/(Mg+ Fetot) atomic ratio; 84–89] and NiO
contents (b 0.20 wt%; Fig. 9a) but high MnO contents (up to 1.22 wt%;
Fig. 9b). Combined with the petrological observations (Fig. 4c–e), such
compositional fingerprints are in favor of a metamorphic origin for the
fine-grained olivine in serpentinite I, which might be formed by the in-
volvement of Fe-rich phases in the dehydration reaction of serpentine
(Ahmed and Surour, 2016; Nozaka, 2003). On the other hand, the relict
olivine in serpentinized harzburgite and the olivine inclusions in the Cr-
spinel are represented by unzoned forsterite with Fo ranging from 90 to
92 and from 92 to 94, respectively (Figs. 9a-b). Both of them have rela-
tively high NiO contents (0.34–0.50 wt%; Fig. 9a) and lowMnO contents
(b 0.16 wt%; Fig. 9b), and plot in the mantle olivine array on the Fo vs.
NiO diagram (Fig. 9a). Compared to the fine-grained olivine in
serpentinite I (Cr2O3 b 0.09 wt%) and the relict olivine in serpentinized
harzburgite (Cr2O3 b 0.15 wt%), olivine inclusions are markedly higher
in Cr2O3 concentrations (0.27–2.33 wt%; Supplementary data 1b),
which might be due to the contamination from the host Cr-spinel.

Orthopyroxene analyzed here is composed exclusively of enstatite
(En89–92 Fs7–9 Wo1–3; Supplementary data 1c). Relict orthopyroxene in
serpentinized harzburgite shows limited compositional variation
(Fig. 9c), with Mg# [100 × Mg/(Mg + Fetot) atomic ratio] of 91–92,



Fig. 8. Compositional variations of Cr-spinel in the mantle rock samples. (a) Cr-Fe3+-Al
diagram. (b) Fe3+# [100 × Fe3+/(Cr + Al+ Fe3+) atomic ratio] vs. Mg# [100 ×Mg/(Mg
+ Fe2+) atomic ratio] diagram. (c) MnO (wt%) vs. Cr# [100 × Cr/(Cr + Al) atomic ratio]
diagram (after Khedr and Arai, 2017).
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Al2O3 of 1.29–1.81 wt%, and Cr2O3 of 0.25–0.72 wt%. TiO2 contents of the
relict orthopyroxene are extremely low, being lower than the detection
limit of the EPMA (b 0.04 wt%; Appendix 1c). In comparison,
orthopyroxene inclusions in the Cr-spinel have relatively high Mg#
(92–93) and Cr2O3 contents (0.79–1.08 wt%) but low Al2O3 contents
(0.19–0.64 wt%), suggesting that they might be effected by subsolidus
re-equilibration with the host Cr-spinel.

Clinopyroxene in the mantle rock samples is dominant by diopside
(En48–52 Fs2–4 Wo44–49; Supplementary data 1d). These clinopyroxene
grains have similar Mg# [100 × Mg/(Mg+ Fetot) atomic ratio; 94–96]
and their TiO2 contents are almost below the detection limit (Fig. 9d).
The interstitial clinopyroxene in serpentinized harzburgite is character-
ized by low contents of Al2O3 (0.74–1.58 wt%), Cr2O3 (0.20–0.74 wt%),
and Na2O (0.03–0.11 wt%; Appendix 1d). A positive correlation be-
tween Al2O3 and Cr2O3 was observed in these interstitial clinopyroxene
grains, and their Na2O contents are almost constant with decreasing
Mg# (not shown here). Such characteristics suggest that the interstitial
clinopyroxene in serpentinized harzburgite might represent the sec-
ondary clinopyroxene trapped during melt percolation (Seyler et al.,
2007; Uysal et al., 2015). In comparison, clinopyroxene inclusions
within the Cr-spinel have relatively low Al2O3 contents (0.23–0.92 wt
%) but high Cr2O3 (0.89–1.74 wt%) and Na2O contents (0.03–0.28 wt%;
Supplementary data 1d). The negative correlation between Na2O and
Mg# in these clinopyroxene inclusions suggests that theymight be cap-
tured as residues. On the other hand, clinopyroxene in the mafic rock
samples is classified as augite (En41–54 Fs10–27 Wo27–42; Supplementary
data 1d). Clinopyroxene in gabbro is variable inMg#, ranging from62 to
84. Their TiO2, Al2O3, and Cr2O3 contents are 0.23–0.61 wt%, 1.45–3.00
wt%, and ≤ 0.68 wt%, respectively. Clinopyroxene phenocrysts in mas-
sive basalt have Mg# of 81–85, TiO2 of 0.22–0.47 wt%, and Cr2O3 of
0.47–0.82 wt%, which display a continuously compositional trend with
the clinopyroxene in gabbro (Fig. 9d). However, the compositions of
clinopyroxene phenocrysts in the pillow basalt differ from this trend.
They are characterized by relatively low Mg# (73–80) and high TiO2

contents (1.00–1.31 wt%; Fig. 9d). Al2O3 and Cr2O3 contents of these
phenocrysts range from 2.20 to 3.07 wt% and from nil to 0.71 wt%, re-
spectively (Supplementary data 1d).

Amphibole included in the Cr-spinel of serpentinite I and
serpentinized harzburgite belongs to magnesiohornblende (Fig. 9e),
while that in the Cr-spinel of serpentinite II and serpentinite III belongs
to pargasite (Fig. 9f). Compared to the magnesiohornblende inclusions
(MgO= 20.73–21.68 wt%, Al2O3 = 6.09–6.92 wt%, Cr2O3 = 2.05–2.79
wt%, TiO2 ≤ 0.13 wt%, Na2O= 1.17–1.46 wt%), the pargasite inclusions
generally contain lower MgO contents (18.54–20.14 wt%) but higher
Al2O3 (11.40–13.76 wt%), Cr2O3 (2.62–3.44 wt%), TiO2 (≤ 0.55 wt%),
and Na2O contents (3.18–3.61 wt%; Supplementary data 1e).
4.3. Geochemistry

Whole rock geochemical data of the studied rock samples are listed
in Table 1. The studied rock samples have LOI values ranging between
1.43 and 15.57 wt%. In order to reduce the effect of variable element di-
lution caused by alteration, all major elements were normalized on a
volatile-free basis.

The sole serpentinite I sample we analyzed is characterized by rela-
tively lowMgO contents (~ 30.74 wt%) and high SiO2 (~ 53.98 wt%), CaO
(~ 0.56 wt%), and Al2O3 contents (~ 3.68 wt%; Table 1). Its Ni, Cr, and V
concentrations are ~ 2596, ~ 2446, and ~ 32 ppm, respectively. Chon-
drite-normalized REE (Fig. 10a) and primitive mantle-normalized
multi-element diagrams (Fig. 10b) show that serpentinite I is enriched
in light REE and large ion lithophile elements (LILE) relative to heavy
REE and high field strength elements (HFSE), respectively. Overall, the
concentrations of incompatible trace elements in serpentinite I are
higher than those in the chondrite and the primitive mantle. Such
high contents of SiO2 and incompatible trace elements are consistent
with the presence of talc (Fig. 4a), tremolite (Fig. 4b), and zircon in
serpentinite I, which might result from an external-element addition
during metamorphism (Khedr and Arai, 2012; Qiu and Zhu, 2018).



Fig. 9. Compositional variations of olivine, orthopyroxene, clinopyroxene, and amphibole in the studied rock samples. (a) NiO (wt%) and (b) MnO (wt%) vs. Fo [100 ×Mg/(Mg+ Fetot)
atomic ratio] diagrams for olivine. The mantle olivine array is from Takahashi et al. (1987). (c) Al2O3 (wt%) vs. Mg# [100 ×Mg/(Mg+ Fetot) atomic ratio] diagram for orthopyroxene.
(d) TiO2 (wt%) vs. Mg# diagram for clinopyroxene. (e, f) Classification diagrams for amphibole (after Leake et al., 1997).
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Serpentinite II samples (except samples F10 and F11) display
broadly similar major element compositions (Table 1), with SiO2 con-
tents ranging from 40.26 to 42.75 wt%. They are extremely poor in Ti
and other fertility indicators (Al, Ca, Na; Table 1). Furthermore, the con-
centrations of Ni, Cr, and V are 3145–4263 ppm, 2568–3525 ppm, and
12–34 ppm, respectively. Total REE abundances are depleted in
serpentinite II compared to the chondrite (Fig. 10a). They generally dis-
play a pattern of depletion from light REE tomiddle REE that endswith a
slightly enrichment of heavy REE (Fig. 10a). Systematic positive Eu
anomalies (Eu/Eu* = 1.79–2.64) could be observed in these samples
(Fig. 10a). They exhibit enrichments in LILE relative to HFSE on the
primitive mantle-normalized multi-element diagram (Fig. 10b).
Whole-rock geochemistry of samples F10 and F11 represents a hybrid
composition between serpentinite II and serpentinite III because these
two samples contain abundant lenses of serpentinite III (Figs. 3c, 6a).
TiO2 (0.05–0.10 wt%; Table 1) and Al2O3 contents (0.08–0.26 wt%) of
samples F10 and F11 are relatively high. They also have higher
concentrations of incompatible trace elements than other serpentinite
II samples (Figs. 10a-b).

Serpentinized harzburgite has higher contents of SiO2 (43.11–44.19
wt%) and V (22–45 ppm), and lower contents of Ni (2088–2531 ppm)
and Cr (2480–3071 ppm) than serpentinite II. The total REE abundances
of serpentinized harzburgite are extremely poor, being below 0.2 time
chondritic values. Additionally, it exhibits a typically U-shaped pattern
on the chondrite-normalized REE diagram (Fig. 10a). Elements, such
as U, Ta, Zr, and Hf, give a spiked pattern on the primitive mantle-nor-
malized multi-element diagram (Fig. 10b).

Gabbro, withMg# [molar 100 ×MgO/(MgO+ FeOtot)] varying from
56 to 64 (Table 1) has relatively low contents of SiO2 (49.37–50.59 wt%)
and TiO2 (0.83–1.04 wt%), and high contents of CaO (10.42–11.79 wt%).
Ni, Cr, andVconcentrationsof gabbroare 48–71, 208–370, and274–311
ppm, respectively. Compared to the gabbroic samples, massive basalt
generally contains higher SiO2 (51.33–51.59 wt%), TiO2 (1.02–1.05 wt
%), and V (313–319 ppm) concentrations but lower CaO (8.09–8.75 wt



Table 1
Whole-rock major (determined by XRF) and trace (determined by XRF and ICP-MS) elements compositions of the studied rock samples in the north Tianshan ophiolite.

Rock type Serpentinite I Serpentinite II

Sample no. F1 F2 F7 F8 F9 F10 F11 F12 F13 F14

Major elements determined by XRF (wt%)
SiO2 53.98 41.83 40.84 42.08 42.43 41.29 42.04 40.24 42.25
TiO2 0.19 – 0.01 – 0.05 0.10 – – –
Al2O3 3.68 – – – 0.08 0.26 – – –
MgO 30.74 47.50 48.57 47.48 46.19 46.73 47.23 48.79 46.86
MnO 0.19 0.12 0.15 0.13 0.10 0.11 0.11 0.18 0.11
TFe2O3 9.90 10.48 10.38 10.26 11.10 11.48 10.58 10.46 10.73
CaO 0.56 – – – – – – 0.24 –
Na2O 0.37 – – – – – – – –
K2O 0.37 – – – – – – – –
P2O5 0.02 – – – – – – – –
LOI 8.02 14.59 15.00 14.48 14.13 14.56 14.41 15.57 14.36
Mg# 86 90 90 90 89 89 90 90 90

Trace elements determined by XRF (ppm)
Ni μ/g 2596 3393 3958 3468 3320 3257 3837 3803 2845
Cr μ/g 2446 3365 2921 2920 3598 3478 3525 2958 2568
V μ/g 32 18 26 29 9 19 12 25 34

Trace elements determined by solution ICP-MS (ppm)
Rb 10.32 10.20 – 0.025 – 0.343 0.390 0.228 – 0.072
Ba 149.3 152.9 1.712 0.914 0.572 0.997 2.227 2.427 0.984 2.151
Th 0.805 0.807 0.010 0.012 0.008 0.083 0.081 0.017 0.007 0.034
U 0.285 0.300 0.028 0.012 0.015 0.041 0.026 0.034 0.011 0.026
Ta 0.420 0.240 0.010 0.012 0.013 0.190 0.200 0.015 0.028 0.054
Nb 1.613 1.346 0.081 0.102 0.094 0.955 1.796 0.114 0.120 0.192
Zr 41.64 41.08 0.703 0.773 0.534 3.620 8.500 0.608 0.481 0.498
Hf 1.214 1.194 0.019 0.014 0.015 0.107 0.256 0.017 0.020 0.017
Y 6.177 6.118 0.100 0.046 0.094 0.734 0.970 0.080 0.112 0.053
La 4.130 4.066 0.280 0.158 0.191 0.488 0.488 0.231 0.108 0.097
Ce 9.227 9.119 0.584 0.346 0.394 1.010 1.091 0.432 0.176 0.191
Pr 1.064 1.236 0.085 0.043 0.051 0.124 0.146 0.059 0.029 0.024
Nd 4.603 5.339 0.300 0.190 0.220 0.533 0.747 0.233 0.138 0.110
Sm 0.978 0.986 0.049 0.034 0.035 0.102 0.151 0.042 0.031 0.028
Eu 0.297 0.298 0.031 0.022 0.017 0.028 0.023 0.017 0.014 0.014
Gd 1.023 1.031 0.040 0.013 0.030 0.119 0.178 0.023 0.025 0.021
Tb 0.170 0.172 0.004 0.002 0.004 0.021 0.032 0.003 0.004 0.003
Dy 1.024 1.055 0.025 0.009 0.019 0.132 0.189 0.017 0.023 0.013
Ho 0.219 0.219 0.004 0.002 0.004 0.028 0.038 0.003 0.005 0.002
Er 0.638 0.641 0.011 0.005 0.011 0.078 0.111 0.008 0.014 0.007
Tm 0.101 0.101 0.002 0.001 0.002 0.011 0.017 0.001 0.002 0.001
Yb 0.663 0.662 0.013 0.008 0.013 0.072 0.114 0.010 0.015 0.008
Lu 0.107 0.107 0.003 0.001 0.002 0.012 0.019 0.002 0.003 0.001
δEu 0.90 0.90 2.06 2.60 1.59 0.79 0.43 1.53 1.52 1.71
(La/Yb)N 4.47 4.41 15.30 14.96 10.65 4.85 3.06 16.62 5.16 8.19
(Dy/Yb)N 1.03 1.07 1.27 0.83 0.98 1.23 1.10 1.12 1.02 0.99
Ba/La 36.15 37.60 6.12 5.78 3.00 2.04 4.56 10.52 9.07 22.17
Ba/Th 185 190 169 77 74 12 27 142 144 64
Th/Nd 0.17 0.15 0.03 0.06 0.04 0.15 0.11 0.07 0.05 0.31

Rock type Serpentinite II Serpentinized harzburgite

Sample no. F15 F16 F17 F18 F27 16F83 16F85 16F86 16F87

Major elements determined by XRF (wt%)
SiO2 40.35 42.55 42.72 42.26 43.85 43.57 43.65 44.19 43.11
TiO2 – – – – – – – – –
Al2O3 – – – – – – – – –
MgO 47.49 44.50 45.37 46.91 45.49 45.77 45.61 45.22 46.66
MnO 0.11 0.10 0.11 0.09 0.05 0.11 0.15 0.14 0.16
TFe2O3 12.00 12.80 11.75 10.68 10.55 10.54 10.59 10.12 10.07
CaO – – – – – – – – –
Na2O – – – – – – – – –
K2O – – – – – – – – –
P2O5 – – – – – – – – –
LOI 14.68 14.06 14.84 14.24 14.81 14.59 14.29 11.53 14.27
Mg# 89 87 88 90 90 90 90 90 90

Trace elements determined by XRF (ppm)
Ni μ/g 4263 4225 4071 3355 2531 2231 2319 2088 2358
Cr μ/g 2872 3226 3181 3426 3071 2480 2774 2791 2962
V μ/g 29 22 14 14 22 45 42 40 28

Trace elements determined by solution ICP-MS (ppm)
Rb 0.125 0.113 – – 0.059 0.037 0.242 0.185
Ba 3.017 2.161 0.898 1.328 2.243 1.909 2.254 2.769
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Table 1 (continued)

Rock type Serpentinite II Serpentinized harzburgite

Sample no. F15 F16 F17 F18 F27 16F83 16F85 16F86 16F87

Th 0.009 0.006 0.007 0.010 0.004 – – –
U 0.038 0.018 0.022 0.031 0.028 0.028 0.026 0.021
Ta 0.022 0.018 0.009 0.009 0.010 – 0.011 –
Nb 0.075 0.050 0.042 0.087 0.050 – – –
Zr 0.692 0.477 0.500 0.653 0.434 0.254 0.604 0.623
Hf 0.018 0.012 0.015 0.018 0.009 0.000 0.011 0.014
Y 0.054 0.053 0.133 0.102 0.018 0.023 0.059 0.031
La 0.068 0.081 0.063 0.099 0.012 0.026 0.049 0.029
Ce 0.133 0.112 0.100 0.182 0.025 0.043 0.094 0.054
Pr 0.018 0.013 0.015 0.031 0.004 0.006 0.010 0.006
Nd 0.096 0.068 0.066 0.129 0.015 0.021 0.040 0.020
Sm 0.025 0.023 0.020 0.032 0.003 0.003 0.010 0.004
Eu 0.017 0.017 0.012 0.021 0.001 0.001 0.002 0.001
Gd 0.026 0.014 0.016 0.016 0.003 0.003 0.007 0.004
Tb 0.003 0.002 0.003 0.003 0.000 0.000 0.001 0.001
Dy 0.015 0.010 0.021 0.020 0.003 0.003 0.008 0.005
Ho 0.003 0.002 0.005 0.004 0.001 0.001 0.002 0.001
Er 0.007 0.007 0.010 0.011 0.003 0.004 0.008 0.005
Tm 0.001 0.001 0.002 0.002 0.001 0.001 0.002 0.001
Yb 0.008 0.008 0.010 0.012 0.009 0.010 0.019 0.014
Lu 0.001 0.002 0.001 0.002 0.002 0.002 0.003 0.003
δEu 2.00 2.64 1.92 2.44 0.90 0.84 0.80 0.90
(La/Yb)N 6.10 7.55 4.54 5.79 0.92 1.85 1.83 1.49
(Dy/Yb)N 1.30 0.87 1.40 1.08 0.22 0.20 0.28 0.24
Ba/La 44.46 26.65 14.21 13.47 188.13 74.17 46.40 95.49
Ba/Th 324 350 122 138 506 – – –
Th/Nd 0.10 0.09 0.11 0.07 0.30 – – –

Rock type Gabbro Massive basalt Pillow basalt

Sample no. 16F90 16F91 16F92 16F98 16F95 16F96 F28 F29 16F88 16F89

Major elements determined by XRF (wt%)
SiO2 50.48 50.59 50.00 49.37 51.33 51.59 59.33 52.15 49.76 52.18
TiO2 1.04 0.83 0.93 0.95 1.02 1.02 3.39 3.56 3.56 3.83
Al2O3 13.90 14.44 14.51 14.88 13.92 13.72 13.25 13.81 14.92 15.05
MgO 8.17 9.40 8.37 8.51 7.88 7.19 2.99 3.89 3.92 3.77
MnO 0.21 0.20 0.21 0.21 0.23 0.19 0.12 0.12 0.12 0.12
TFe2O3 12.59 10.53 12.31 12.15 13.41 12.79 8.86 12.59 12.64 11.25
CaO 10.52 11.12 11.79 10.42 8.09 8.75 4.89 7.79 8.97 6.69
Na2O 2.83 2.62 1.76 2.35 4.00 4.15 5.63 4.70 3.90 4.33
K2O 0.20 0.21 0.07 1.08 0.05 0.52 0.68 0.55 1.61 2.00
P2O5 0.07 0.04 0.06 0.07 0.08 0.08 0.86 0.84 0.59 0.78
LOI 2.48 3.08 1.43 2.71 2.05 2.20 2.06 2.74 2.03 2.07
Mg# 56 64 57 58 54 53 40 38 38 40

Trace elements determined by XRF (ppm)
Ni 48 58 53 71 50 52 – – – –
Cr 208 370 292 304 235 241 8 23 48 6
V 311 274 295 296 289 313 166 218 164 178

Trace elements determined by solution ICP-MS (ppm)
Rb 3.21 4.14 22.3 5.60 8.90 14.3 43.3 50.2
Ba 105 84.7 125 94 127 302 263 323
Th 0.26 0.20 0.22 0.22 0.24 6.08 5.10 6.68
U 0.09 0.05 0.06 0.081 0.11 2.35 1.00 1.57
Ta 0.17 0.12 0.14 0.19 0.18 1.51 2.28 2.47
Nb 2.74 1.92 2.17 2.58 2.22 33.9 37.4 43.5
Zr 53.4 42.4 48.8 45.5 53.1 328 313 392
Hf 1.58 1.25 1.44 1.37 1.56 8.40 7.78 9.68
Y 19.7 16.0 18.4 16.5 20.1 44.9 37.7 49.8
La 2.98 2.41 2.74 2.15 2.84 45.9 37.4 46.6
Ce 7.97 6.00 6.92 6.54 7.53 90.4 76.6 97.8
Pr 1.25 0.99 1.15 1.04 1.23 12.1 10.6 13.5
Nd 6.59 5.17 6.04 5.112 6.50 52.6 45.4 59.6
Sm 2.29 1.79 2.07 1.85 2.26 11.4 10.3 13.1
Eu 0.88 0.68 0.83 0.71 0.85 3.19 3.13 3.92
Gd 2.70 2.14 2.46 2.35 2.68 10.7 9.46 12.1
Tb 0.58 0.45 0.53 0.44 0.57 1.81 1.60 2.06
Dy 3.81 3.01 3.53 3.05 3.83 9.92 8.68 11.2
Ho 0.83 0.66 0.76 0.68 0.83 1.86 1.61 2.10
Er 2.41 1.91 2.23 1.87 2.45 4.84 4.17 5.39
Tm 0.37 0.29 0.34 0.27 0.37 0.66 0.56 0.74
Yb 2.38 1.87 2.19 1.81 2.37 3.98 3.36 4.39
Lu 0.36 0.28 0.33 0.27 0.36 0.56 0.48 0.62

(continued on next page)
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Table 1 (continued)

Rock type Gabbro Massive basalt Pillow basalt

Sample no. 16F90 16F91 16F92 16F98 16F95 16F96 F28 F29 16F88 16F89

δEu 1.08 1.05 1.13 1.04 1.05 0.87 0.95 0.94
(La/Yb)N 0.90 0.92 0.90 0.85 0.86 8.27 7.98 7.62
(Dy/Yb)N 1.07 1.07 1.08 1.13 1.08 1.67 1.73 1.71
Ba/La 35.20 35.15 45.53 43.58 44.56 6.58 7.04 6.93
Ba/Th 410 425 564 425 536 50 52 48
Th/Nd 0.04 0.04 0.04 0.04 0.04 0.12 0.11 0.11

Mg#= [molar 100 ×MgO/(MgO+ FeOtot)];−: Below detection limited.
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%), Ni (50–52 ppm), and Cr (235–241 ppm) concentrations. In general,
most major elements in gabbro and massive basalt show nearly linear
variations with their Mg#. Gabbro and massive basalt exhibit similar
chondrite-normalized REE and primitive mantle-normalized multi-ele-
ment patterns (Fig. 10c–d), which are akin to those of N-MORB. How-
ever, they are characterized by flatter REE patterns with (La/Yb)N
values of 0.85–0.92 (Table 1) compared to N-MORB [(La/Yb)N =0.56].
In addition, they have higher concentrations of Ba, Rb Th, and U than
N-MORB. Pillow basalt exhibits distinct compositional trends frommas-
sive basalt and gabbro, characterized by high TiO2 contents (3.39–3.83
wt%; Table 1) and low V concentrations (164–218 ppm). Moreover, it
has lowest Mg# (38–40), Ni (~0 ppm), and Cr (b48 ppm) concentra-
tions. Pillow basalt shows a similar trace element signature to OIB (Fig.
10c–d), which is typically enriched in light REE with respect to heavy
REE.

5. Discussion

5.1. Petrogenesis of the mantle rocks

The modal abundances of clinopyroxene are useful indicators for
tracing the partial melting processes in mantle peridotites (Dai et al.,
2011; Uysal et al., 2015) because clinopyroxene is considered as the
most rapidly consumed mineral during anhydrous melting of spinel
Fig. 10. Chondrite-normalized REE patterns (a, c) and primitive mantle-normalized multi-elem
chondrite, primitive mantle, N-MORB, E-MORB, and OIB are from Sun and McDonough (19
geochemistry of these two samples represents a hybrid composition between serpentinite II a
facies lherzolites (Jaques and Green, 1980). The low modal abundance
or even the absence of clinopyroxene (b 3 vol%) in the studied
serpentinized harzburgites indicates that these rocks underwent high
degrees of partial melting. This is supported by their extremely low
whole rock concentrations of CaO, Al2O3, and TiO2 (Table 1), which
are progressively depleted with an increasing extent of melting
(Pearce et al., 1992). The high Fo (90–92; Fig. 9a) of the relict olivine
and the low Al2O3 contents (1.29–1.81 wt%; Fig. 9c) of the relict
orthopyroxene in the serpentinized harzburgites are also consistent
with elevated degrees of partial melting (Czertowicz et al., 2016). Al-
though the exact modal mineralogy of other mantle rock samples has
been obscured by post-magmatic processes, low CaO, Al2O3, and TiO2

contents (Table 1) in these rocks can reflect their high-degree melting
nature.

We chose the whole-rock Ni and Yb concentrations to constrain the
degree of partial melting of the studied mantle rocks because the con-
centrations of Ni and Yb are almost independent of fluid- and melt-re-
lated enrichment processes. Yb is incompatible for major mantle
phases such as olivine and pyroxene (Green et al., 2000) and conse-
quently its abundance decreases with increasing degree of partial melt-
ing, while Ni behaves compatibly during melting (Suhr, 1999) and its
concentration increases with the extent of melting. Therefore, Ni/Yb
vs. Yb systematics of mantle peridotites is a useful tool for estimating
the degree of partial melting (Uysal et al., 2012). A closed-system non-
ent diagrams (b, d) of the studied rock samples in the north Tianshan ophiolite. Values of
89). F10 and F11 refer to sample F10 and sample F11 respectively, and the whole-rock
nd serpentinite III.



Fig. 11. (a) Ni/Yb vs. Yb diagram for the mantle rock samples, on which closed-system
non-modal dynamic melting model is shown. Starting composition for the melting
model is depleted MOR mantle (DMM, Workman and Hart, 2005) with Ol0.53(−0.06) +
Opx0.27(0.28) + Cpx0.17(0.67) + Sp0.03(0.11) mineralogy (Kinzler, 1997). Partition
coefficients are from Uysal et al. (2012). F10 and F11 refer to sample F10 and sample
F11, respectively. (b) Plot of Cr# vs. TiO2 (wt%) for primary Cr-spinel cores in the mantle
rock samples, on which melt-peridotite interaction trends are shown. Fields of IBM
(BON), IBM (IAT), Tonga (IAT), Scotia Sea (MORB/IAT) and Scotia Sea (MORB) are from
Pearce et al. (2000). Abbreviations: IBM, Izu-Bonin-Mariana; BON, boninite; IAT, island
arc tholeiite; MORB, mid-ocean ridge basalt.
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dynamicmeltingmodel (Shaw, 2000)was used to calculate themelting
trends. The starting composition was assumed to be that of a depleted
MORB-typemantle source (DMM;Workman andHart, 2005). Theman-
tle source modal composition and the eutectic proportions of mantle
mineral phases were taken as: Ol0.53(−0.06) + Opx0.27(0.28) + Cpx0.17
(0.67) + Sp0.03(0.11) (Kinzler, 1997). Clinopyroxene was exhausted after
approximately 25% partial melting, and a new modal composition was
calculated for higher degrees of melting, which was: Ol0.73(−0.18) +
Opx0.27(0.85) + Sp0.02(0.33). Accordingly, it could be estimated that
serpentinized harzburgite experienced 22–27% partial melting from
DMM, whereas the other mantle rock samples (except samples F10
and F11) were subjected to higher (26–29%) degrees of melting (Fig.
11a). The Ni and Yb concentrations of samples F10 and F11 correspond
to 13–17% melting. The whole-rock compositions of these two samples
represent a hybrid composition between serpentinite II and
serpentinite III. Thus, serpentinite III should undergo lower degrees of
melting than serpentinite II.

However, several lines of evidence suggest that theoriginof the stud-
iedmantle rocks could not be interpreted by partial melting alone. They
also underwent variable melt-rock interaction processes. The first evi-
dence comes from the presence of small interstitial clinopyroxene (Fig.
7a) between the olivine and the orthopyroxene grains in the studied
serpentinized harzburgites. Such clinopyroxene has different texture
and composition from the residual clinopyroxene (Uysal et al., 2016)
and is often considered to be formed during melt percolation through
mantle peridotites (Saka et al., 2014). Second, the occurrence of hydrous
silicate inclusions, such as magnesiohornblende (Figs. 4h, 7i) and
pargasite (Figs. 5e–f, 6f) within the Cr-spinel provides another evidence
for the reactions between melts and residual peridotites (Morishita et
al., 2011; Tamura et al., 2016). It has been suggested that these inclu-
sions crystallize from the trappedmelts produced bymelt-rock interac-
tions combined with zone refining effects (Arai et al., 1997). Although
the compositions of hydrous silicate inclusions within the Cr-spinel do
not directly reflect the parent melt composition which reacted with
the host peridotites, the low TiO2 contents (≤0.55 wt%; Supplementary
data 1e) of the studied amphibole inclusions suggest that the mantle
rocks were interacted with hydrous TiO2-poor melts rather than
MORB-relatedmelts (Morishita et al., 2011). Third, it has been suggested
that themorphology of Cr-spinel is dependent on the genetic processes
affecting its host rock (Kapsiotis, 2013; Matsumoto and Arai, 2001). For
example, the nature of the melting residue can be inferred from the
anhedral shape of Cr-spinel, whereas the euhedral Cr-spinel is more
likely to crystallize from percolating melts. Therefore, the presence of
euhedral Cr-spinel grains (Figs. 4f, 5d–f, 6d–f, 7d) in the studied mantle
rocks suggests that they have been modified by the percolating melt
during melt-rock interactions. This is consistent with the compositions
of Cr-spinel,which show theevidence of interaction ofmeltswithdiffer-
ent compositions. Cr-spinel cores in serpentinite III have moderate Cr#
(54–68), and exhibit awide variation in TiO2 contents (≤ 0.41 wt%; Sup-
plementary data 1a). Titanium is incompatible during partial melting
and its content is expected to decrease as the melting degree increases
(Kinzler and Grove, 1992; Pearce et al., 2000). Thus, the enrichment of
TiO2 in the Cr-spinel cores could not be explained by partial melting. In-
stead, interaction between a harzburgitic residue and amelt with island
arc tholeiitic composition might be the best explanation for such high
contents of TiO2 in these Cr-spinel cores (Fig. 11b). On the other hand,
Cr-spinel cores (Cr# N 70) in serpentinite I and serpentinite II have rela-
tively low but appreciable TiO2 contents (≤ 0.15 wt%; Supplementary
data 1a). Such Cr-spinel was most likely produced by interaction be-
tween a highly depleted mantle and a melt which is poor in Ti and rich
in Cr (i.e., boninitic melt; Fig. 11b).

5.2. The origin of the mafic rocks

Incompatible element ratios with a common denominator (Yb) can
minimize the effects of partial melting and fractional crystallization
(and/or cumulation), and thus can be used to trace magma sources
(Pearce and Peate, 1995). We used the Zr/Yb vs. Nb/Yb diagram to
show the depletion of mantle during partial melting (Condie, 2005).
Fig. 12a shows that all the studied mafic rocks fall within the MORB-
OIB array, with pillow basalt closing to OIB end-member and others
closing to N-MORB, suggesting that the studied pillow basalt was origi-
nated from an enriched mantle, whereas gabbro and massive basalt
were derived from a depleted MORB mantle. This is further supported
by the OIB-like REE patterns of the pillow basalt and the N-MORB-like
REE patterns of gabbro and massive basalt (Fig. 10c).

TiO2/Yb vs. Nb/Yb diagram was chosen to highlight the melting
depth proxy (Pearce, 2008). In Fig. 12b, pillow basalt plots into the
OIB field while gabbro and massive basalt fall in the MORB field, sug-
gesting that the pillow basalt was generated by partial melting within
garnet stability zone, whereas gabbro and massive basalt were pro-
duced by melting of a spinel-facies mantle source. This is consistent



Fig. 12. (a) Zr/Yb, (b) TiO2/Yb, and (c) Th/Yb vs. Nb/Yb diagrams for the mafic rock
samples. Shallow and deep melting fields in plane b and the MORB-OIB array in plane c
are based on Peace (2008).

Fig. 13. (a) Zr/Nb vs. Nb/Th diagram (after Condie et al., 2005) for themafic rock samples.
Arrows indicate effects of batch melting (F) and subduction (SUB). Abbreviations: UC,
upper continental crust; DM, shallow depleted mantle; HIMU, high μ (U/Pb) source;
EM1 and EM2, enriched mantle sources; ARC, arc related basalts; N-MORB, normal mid-
ocean ridge basalt; OIB, oceanic island basalt; DEP, deep depleted mantle; EN, enriched
component; REC, recycled component. (b) V (ppm) vs. Ti/1000 (ppm) diagram (after
Shervais, 1982) for the mafic rock samples. Abbreviations: IAT, island arc tholeiite;
MORB, mid-ocean ridge basalt; OIB, ocean island basalt. (c) Correlations of Alz
(percentage of tetrahedral sites occupied by Al) vs. TiO2 (wt%) of clinopyroxene in the
mafic rock samples. Reference trends in arc- and rift-related are based on Loucks (1990).
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with the higher (Dy/Yb)N ratios of pillow basalt (1.70–1.72; Table 1)
than those of gabbro and massive basalt (1.07–1.13; Table 1).

On the Th/Yb vs. Nb/Yb diagram, the studied mafic rocks fall within
or slightly above the MORB-OIB array (Fig. 12c), indicating that they
were slightly affected by crustal addition (Pearce, 2014). There are
threemain crustal inputs at the present day: crustal contamination dur-
ing magma ascent, addition of slab-derived fluids and/or melts to the
overlyingmantlewedge through dehydration and/ormeltingprocesses,



Fig. 14. (a) Cr# vs. Mg# diagram for primary Cr-spinel cores in themantle rock samples. The abyssal peridotite field is fromDick and Bullen (1984), and the forearc peridotite field is from
Ishii et al. (1992) and Parkinson and Pearce (1998). (b) Na2O (wt%) vs. TiO2 (wt%) diagram for the pargasite inclusions within the Cr-spinel. The boundary betweenmid-ocean ridge and
forearc is based on Tamura et al. (2016).
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and incorporation of crustal materials (e.g., chemically modified slab
components and lower continental crust) in the mantle via subduction
or delamination. The studied pillow basalt has slightly higher Th/Yb ra-
tios than theHawaiian tholeiites, but lower thanOIB forming in the con-
tinental setting or subduction zone at a given Nb/Yb ratio (Pearce,
2008). On the Zr/Nb vs. Nb/Th diagram, the pillow basalt falls close to
the enriched mantle 2 (EM2-type mantle) end member of the recycled
component field (Fig. 13a). Combinedwith the low trace element ratios
that are sensitive to additions of slab-derived components (e.g., Ba/La
= 6.6–7.0, Ba/Th= 48–52, and Th/Nd= 0.11–0.12; Table 1), we sug-
gest that the mantle source of the pillow basalt was affected by the
EM2-type mantle components rather than by slab-derived fluids and/
or melts. By contrast, massive basalt and gabbro have much higher Ba/
La (35–46) and Ba/Th (410–564) but similar Th/Nd ratios (~ 0.03;
Table 1) compared to N-MORB (Ba/La = 2.5, Ba/Th = 2.7, Th/Nd =
0.02; Sun and McDonough, 1989), indicating that their mantle source
was modified by slab-derived fluids. Such subduction signatures are
also revealed by their low Ti/V ratios (~ 20; Fig. 13b), which are typical
of island arc tholeiite as well as their clinopyroxene compositions,
which plot in the arc-related field on Alz (Alz = percentage of tetrahe-
dral sites occupied by Al) vs. TiO2 diagram (Fig. 13c).

The OIB-like rocks may be derived from an OIB reservoir through a
mantle plume (White, 2010) or generated by decompression melting
of an enriched metasomatized mantle in mid-ocean ridges
(Khogenkumar et al., 2016). The OIB can also be found in some arc-re-
lated settings, such as slab rolling back inducing interactions between
asthenospheric and lithospheric mantle (Ferrari et al., 2001; Tang et
al., 2012),melting of themantlewedgemetasomatized by subducted al-
kaline basalts (i.e., old seamounts; Yang et al., 2015), and upwelling of
an enriched asthenosphere through a slab window during ridge sub-
duction (Cole and Stewart, 2009). If theOIB formed inmid-ocean ridges,
enriched basalts such as E-MORB should also be found. However, there
are no E-MORB documented in this region (Yang et al., 2018), suggest-
ing that the OIB-like pillow basalt in the north Tianshan ophiolite was
not produced in a mid-ocean ridge setting. If the OIB was derived from
the overlying lithospheric mantle interacting with ascending astheno-
sphere or subducted alkaline basalts in arc-related settings, it would
show geochemical features of both intra-plate and island arc magmatic
rocks (Ferrari et al., 2001; Tang et al., 2012; Zhu et al., 2001). As men-
tioned above, the studied pillow basalt shows no arc-related signatures,
suggesting that it did not form in such environments. Due to the ab-
sence of available geochronological data, it is difficult to determine
whether the studied OIB-like pillow basalt was derived from a mantle
plume or a slab window related to ridge subduction. However, based
on the lack of other key features attributed to ridge subduction, such
as adakitic magmatism and high-temperature metamorphism (Cole
and Stewart, 2009; Guo et al., 2013) in the NTAC, we prefer that the
studied pillow basalt represents the fragment of seamounts derived
from the mantle plume.

5.3. Tectonic implications

Ophiolites formed in a forearc setting (e.g., Izu-Bonin-Mariana
forearc) are characterized by systematic variations in lava compositions,
from initially MORB-like through island arc tholeiitic to boninitic
(Saccani et al., 2017; Stern et al., 2012). The occurrence of highly refrac-
tory mantle rocks is also an important and distinctive feature of forearc
ophiolites (Abdel-Karim et al., 2016; Marchesi et al., 2016; Morishita et
al., 2011). Thewhole-rock compositions ofmassive basalt and gabbro in
the north Tianshan ophiolite (Table 1) are comparable to those of the
Izu-Bonin-Mariana forearc basalt (Reagan et al., 2010). The composi-
tions of Cr-spinel in the samples of serpentinite I, serpentinite II, and
serpentinite III record the interactions with island arc tholeiitic and
boninitic melts (Fig. 11b), and such related crustal rocks have been doc-
umented in the NTAC (Li et al., 2015; Zhao et al., 2007). Combined with
the mineral (Supplementary data) and whole-rock (Table 1) composi-
tional data of the mantle rock samples, which are similar to those of
forearc peridotites (Fig. 14), we suggest that massive basalt, gabbro,
and the mantle rocks in the north Tianshan ophiolite were generated
in a forearc setting.

Twomechanisms have been proposed for forearc ophiolites: sponta-
neous subduction initiation mechanism (Arculus et al., 2015; Whattam
and Stern, 2011) and subduction zone decoupling-retreat mechanism
(Butler and Beaumont, 2017). The former mechanism is favored in
intra-oceanic settings where the subducted lithosphere is old and the
upper plate is young and thin, while the latter one is used to explain
the forearc ophiolites generated at an active continental margin.
Distinguishing between these two mechanisms is that decoupling-re-
treat mechanism would have a geological record of prior subduction,
such as arc magmatism before decoupling, whereas this would be ab-
sent in the case of subduction initiation. Early Carboniferous radiolar-
ians found in the chert of the NTAC (Xiao et al., 1992), together with
zircon U\\Pb ages of 325–344Ma obtained from plagiogranite and gab-
bro (Li et al., 2015; Xu et al., 2006) suggest that the north Tianshan
ophiolite formed during Early Carboniferous. However, most zircon
U\\Pb ages and geochemical data of plutonic and volcanic rocks along
the north margin of the Yili-central Tianshan terrane (An et al., 2017;
Zhang et al., 2008) suggest that southward subduction of the north
Tianshan oceanic lithosphere started since Early Devonian. Therefore,
we prefer subduction zone decoupling-retreat mechanism to explain



Fig. 15. Schematic cartoons (not to scale) illustrating the formation of the north Tianshan ophiolite. Detailed interpretations are given in the text. Abbreviations: CC, continental crust;
SCLM, sub-continental lithospheric mantle; IAT, island arc tholeiite.
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the north Tianshan forearc ophiolite (Fig. 15). Southward subduction of
the north Tianshan oceanic lithosphere beneath the Yili-central
Tianshan terrane since Early Devonian led to the activation of arc
magmatism (Fig. 15a). The seamounts, represented by the OIB-like pil-
low basalt, were likely scraped-off and accreted in the accretionary
prismduring this stage. Subduction continued until the onset of subduc-
tion zone retreat. The northward migration of the trench at Early Car-
boniferous (~ 344 Ma) triggered the extension of overlying forearc
lithosphere, and led to decompression melting of the upwelling as-
thenosphere, forming massive basalt and gabbro with N-MORB affini-
ties (Fig. 15b). The high ratios of Ba/La and Ba/Th for massive basalt
and gabbro indicate that the decompressionmeltingmight be enhanced
by a flux of slab-derived fluids. Continuous slab sinking and retreat pro-
moted accelerated return flow of the depleted mantle toward the
forearc region. Meanwhile, the mantle wedge was progressively
metasomatized by fluids/melts releasing from the sinking slab (Fig.
15c). These processes collectively led to high degrees of partial melting,
producing island arc tholeiitic to boninitic melts. These melts might in-
teractwith refractorymantle residues and formed themantle rocks (i.e.,
the protoliths of serpentinite and serpentinized harzburgite) in the
north Tianshan ophiolite.

6. Conclusion

The mafic and ultramafic rocks in the north Tianshan ophiolite
cropping out along the Duku road mainly consist of pillow basalt, mas-
sive basalt, gabbro, serpentinite, and serpentinized harzburgite. Pillow
basalt shows an OIB-like geochemical signature, while massive basalt
and gabbro display dual features of MORB- and arc-like geochemistry.
Serpentinite and serpentinized harzburgite, belonging to the mantle
section of the ophiolite, are characterized by highly depleted mineral
andwhole-rock compositions. Presentmodel based on newpetrological
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observations and geochemical data suggests that the north Tianshan
ophiolite formed in a forearc setting by shifting conditions of melting.
Massive basalt and gabbro formed due to decompressionmelting of up-
welling asthenosphere triggered by retreat and rollback of the north
Tianshan subducted slab. Refractory harzburgites as well as island arc
tholeiitic to boniniticmelts formed subsequently as a result of enhanced
partialmelting due to increasing infiltration of slab-derived fluids/melts
in themantle wedge. Island arc tholeiitic and boninitic melts interacted
with the residual harzburgites, leading to the formation of the mantle
rocks in the north Tianshan ophiolite.
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