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Abstract

Pyroxenite veins and dikes are commonly observed in the mantle section of ophiolites. Because of their mantle occurrence, these
pyroxenites are free from crustal contamination and offer a unique opportunity for studying mantle compositions and melt–rock
interaction processes. We conducted an integrated petrological and geochemical study of a suite of composite orthopyroxenite,
websterite, and pyroxene-bearing dunite veins from the Xiugugabu ophiolite located on the western segment of Yarlung–Zangbo
Suture Zone. The dunite is separated from the host peridotite by a layer of pyroxenite, forming a composite vein system. Systematic
variations in major, minor, and trace element compositions in minerals across the composite veins are observed. Two generations
of orthopyroxenes in the pyroxenites are characterized by high Mg#, low TiO2 concentrations, and depleted patterns of incompatible
trace elements. Clinopyroxenes in the pyroxenites are characterized by high Mg#, low contents of TiO2 and Na2O, spooned shaped
REE patterns, and a negative Zr anomaly. Through major and trace element modeling, we showed that both orthopyroxene and
clinopyroxene were in equilibriumwith melts with different compositions. This hypothesis is further confirmed by distinct initial Nd
and Hf isotope ratios in the two pyroxenes. A model for the formation of composite pyroxenite veins is developed, whereby hydrous
and silica-rich melts percolate along the margins of a dunite channel. The orthopyroxenite was formed by the reaction between a
hydrous, silica-richmelt and the surrounding peridotite. Thewebsterite is formed by reactive crystallization of a hybridmelt produced
bymixing silica-richmelt and themelt formed by remelting of previously depleted peridotite in the deeper part of themantle column.
The extremely enriched Nd–Hf isotope compositions of the pyroxenite veins (εNd = −20.3 to +11.5 and εHf = −13.2 to +25.3, 125million
years ago) can be explained by the addition of ancient, recycled sediments to themantle source in a supra-subduction setting. Based on
the low-Cr# spinel in the Xiugugabu dunites (Cr#= 19–50) and the depleted nature of the parental melt of the Xiugugabu pyroxenites,
we deduced that the formation of pyroxenites postdate the formation of the Xiugugabu ophiolite at ∼125–130 Ma. Collectively, results
from this study have provided support to the hypothesis that the Xiugugabu ophiolite experience a two-stage evolution, i.e., firstly
formed in a mid-ocean ridge setting and subsequently modified in a supra subduction zone.
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INTRODUCTION
Although volumetrically minor, pyroxenite veins and
dikes are commonly observed in abyssal peridotites
(Dantas et al., 2007; Laukert et al., 2014; Warren et al.,
2009), orogenic peridotites (Bodinier et al., 1987; Garrido
& Bodinier, 1999; Downes, 2007; Gysi et al., 2011; Xiong et
al., 2014), and ophiolitic peridotites (Python & Ceuleneer,
2003; Tamura & Arai, 2006; Borghini et al., 2013; Le
Roux & Liang, 2019; Belousov et al., 2021). Fragments
of pyroxenite and pyroxenite–peridotite composite are
also observed as mantle xenoliths from a variety of con-
tinental settings (Frey & Prinz, 1978; Chen & Zhou, 2005;

Liu et al., 2005; Dantas et al., 2009; Ionov et al., 2018). The
lithology and origin of pyroxenite is diverse, including
orthopyroxenite, websterite, and clinopyroxenite, some
of which contain hydrous minerals such as amphibole.

Three mechanisms have been proposed for the
formation of pyroxenite in mantle peridotites: they
represent (1) metamorphosed recycled oceanic crust
that was stretched in the asthenosphere by mantle
convection and eventually incorporated into lithospheric
mantle (Allègre & Turcotte, 1986; Morishita et al., 2003;
Yu et al., 2010), (2) cumulates of percolating melts
derived from the asthenosphere (Dantas et al., 2007;
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Warren et al., 2009; Seyler et al., 2011; Xiong et al.,
2014), or (3) products of reaction between through-going
melts and host peridotites (Garrido & Bodinier, 1999;
Bodinier et al., 2008; Borghini et al., 2016; Tilhac et al.,
2016). Based on structural and textural relationships
with the host peridotite, Bodinier & Godard (2014)
subdivided pyroxenites into three groups: (1) dikes and
veins showing a clear crosscutting boundary with the
peridotite foliation and compositional layering, which
are crystallized from deep-seated melt and hence not
genetically related to the host peridotites; (2) replacive
pyroxenites occurring as straight layers parallel to the
foliation of host peridotite, which are formed by melt-
peridotite reaction at conditions close to the solidus
of peridotite; and (3) deformed pyroxenites occurring
as isoclinally folded and boudinaged layers or patches
in host peridotites, some of which represent recycled
materials due to their chemical similarity to the oceanic
crust (e.g., a positive ‘europium’ anomaly in a formerly
plagioclase-bearing lithology, a depleted heavy rare earth
element (REE) garnet signature, and δ18O values as low
as 4.5�).

The present study focuses on pyroxenite veins from
the Xiugugabu ophiolite, which is located on the west-
ern segment of the Yarlung–Zangbo Suture Zone (YZSZ).
Previous studies have been conducted on the structural,
petrological, and geochemical features of the mantle
peridotites and themafic dikes intruding into themantle
peridotites in the south part of the Xiugugabu ophiolite
(Bezard et al., 2011; Zhong et al., 2019). While pyroxenites
and dunites are frequently found intruding into theman-
tle peridotite in the Xiugugabu ophiolite, no cross-cutting
relationships betweenmafic dikes and ultramafic pyrox-
enitic veins have been found in the Xiugugabu ophiolite.
Here, we present, for the first time, detailed petrologi-
cal observations, elemental concentrations, and Nd–Hf
isotopes of the Xiugugabu pyroxenites and pyroxene-
bearing dunite, which enable us to systematically inves-
tigate magmatic processes leading to the formation of
these pyroxenite veins and the nature of their man-
tle sources. A two-stage model is proposed to interpret
the possible tectonic settings from which the Xiugu-
gabu ophiolite was originated. The Xiugugabu ophiolite
formed in a mid-ocean ridge (MOR) and subsequently
experienced a subduction re-initiation process.

GELOGICAL BACKGROUND AND SAMPLE
DESCRIPTION
Geological background
The Tibetan Plateau is an orogenic collage formed
by the northward accretion of a series of terranes,
which are separated by three well-defined suture zones
(Yin & Harrison, 2000), i.e., the Jinsha River Suture
Zone, the Bangong–Nujiang Suture Zone, and the YZSZ
(Fig. 1a). The nearly W-E trending YZSZ marks the final
closure of Neo-Tethys Ocean, which separates the Lhasa
block to the north from the Indian plate to the south.

Geological units neighboring the YZSZ, from north to
south, include the Gangdese batholith, the Xigaze forearc
basin, the Yarlung–Zangbo ophiolites, accretionary
mélange, and Tethyan Himalayan strata (Fig. 1b). The
Gangdese batholith was generated during subduction
of the Neo-Tethys Ocean during the Jurassic or earlier
(Chung et al., 2005; Ji et al., 2009; Ji et al., 2014; Wang et
al., 2016a). Sedimentary strata deposited in the Xigaze
forearc basin, from the bottom up, include radiolarian
chert, deep- to shallow-water turbidites, and clastic rocks
(Wu et al., 2010; An et al., 2014; Wang et al., 2017). Zircon
U–Pb dating on the tuff layers interlayered within the
radiolarian cherts suggests that deposition in the Xigaze
forearc basin was no earlier than ∼119 Ma (Wang et
al., 2017). To the south of the forearc basin, the YZSZ
ophiolites are exposed, and previous geochronological
studies on ocean crustal rocks (i.e., gabbros, diabases,
and plagiogranites) have yielded Early Cretaceous ages
of ∼119–132 Ma (Guilmette et al., 2009; Dai et al., 2013;
Liu et al., 2016b; Zhang et al., 2016a; Cheng et al., 2018;
Zhong et al., 2019). The Tethyan Himalayan sequences
are Permian to Cretaceous sedimentary rocks that were
deposited on the Indian passive continental margin (Liu
& Einsele, 1996; Liu & Einsele, 1999; Yang et al., 2005;
Guangwei et al., 2010).

The YZSZ is geographically subdivided into three seg-
ments: the eastern (Luobusa–Zedang), central (Renbu–
Sangsang), and western (Saga to Dongbo) segments
(Fig. 1a). In general, the YZSZ has a coherent ophiolitic
sequence consisting of a thick mantle section (>7 km
thick) and a thin crustal section (<3 km) (e.g., Nicolas et
al., 1981; Girardeau et al., 1985; Liu et al., 2021), which
is typical of present-day slow-spreading ridges (Dick
et al., 2003; Cannat et al., 2006). Along the YZSZ, the
mafic crustal rocks are geochemically similar to MOR
basalts (MORBs) (e.g., Liu et al., 2016; Zhang et al., 2016b)
and mantle peridotites geochemically resemble global
peridotites (e.g., Liu et al., 2014, 2019; Warren, 2016;
Zhang et al., 2020a, 2020b), which are indicative of mid-
ocean setting. However, mafic crustal rocks intruding
into mantle peridotites of the YZSZ show enrichment in
large ion lithophile elements (LILEs; e.g., Li, K, Rb, and Cs)
and depletion in high-field-strength elements (HFSEs;
e.g., Nb, Ta, Zr, and Hf) (e.g., Bezard et al., 2011; Dai et al.,
2013, 2021; Xiong et al., 2016, 2017b; Zhong et al., 2019),
suggesting a supra-subduction zone (SSZ) setting.

The Xiugugabu ophiolite, located at the western
segment of the YZSZ, is a∼260-km2 fragment of oceanic
lithosphere lying on the Cretaceous tectonic mélange.
It mainly consists of mantle rocks (Fig. 1c). A diabase
unit, which is geochemically similar to oceanic island
basalt (OIB), occurs in the NE flank of the ophiolite
(Bezard et al., 2011). The latter is overlain by a Triassic
sedimentary sequence (Xiukang Strata; Fig. 1c). The
mantle rocks are mainly composed of lherzolites and
clinopyroxene-bearing harzburgites. Dunites locally
occur as irregular pockets or veinlets within the lher-
zolites and clinopyroxene-bearing harzburgites. In the
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Fig. 1. (a) Simplified tectonic map of the Tibetan Plateau showing several main suture zones; (b) geological sketch map of western segment of the
YZSZ illustrating the location of the Xiugugabu ophiolite; (c) geological map of the Xiugugabu ophiolite with the sample locations. Note mantle section
is in fault contact with the Permian to Jurassic strata.

south flank of the ophiolite, mantle peridotites are
commonly intruded by diabase/gabbroic dikes and sills,
which have been dated by multiple geochronological
methods: 126.2+/− 9.1 Ma (Sm–Nd; Xu et al., 2008);
120.3+/− 3.1 to 122.3+/−2.4 Ma (zircon U–Pb; Zhong
et al., 2019, and Wei et al., 2006, respectively). These
mafic intrusions have geochemical affinity of MORB,
but with variable degrees of contamination by crustal
materials in their mantle source (Xu et al., 2008; Bezard
et al., 2011; Zhong et al., 2019). In addition, veinlets of
orthopyroxenites, websterites, and gabbronorites occur
within mantle peridotites (Fig. 2).

Sample description and modal compositions
Pyroxenites hosted in the Xiugugabu dunites or harzbur-
gites mostly occur as swarms of subparallel veins
(Fig. 2a) or elongated lenses/patches (Fig. 2b). The width
of pyroxenite veins ranges from thin and diffusive
pyroxene layers (<1 cm) to thick pyroxenites (∼10 cm).
The pyroxenite veins are lithologically symmetric on
either side of dunite hosted by harzburgites (Fig. 2a). The
boundary or interface between pyroxenites and their
surrounding dunites and/or harzburgites is relatively
sharp and can be easily identified (Fig. 2; Appendix 1).
Websterite veins are more abundant than orthopyrox-
enite veins. Eight samples, including one composite
dunite-orthopyroxenite-websterite vein, five olivine
websterites, one plagioclase-bearing orthopyroxen-
ite, and one pyroxene-bearing dunite, were selected
for study. Their host peridotites are also studied for
comparison. Images of pyroxenite veins included in
this study are presented in Figs 3 and 4; Appendix 1.
Mineral modes were obtained by counting 3000–3500
points for each thin section using the image analyzing
program, JmicroVision (Roduit, 2008). Mineral modes

of five samples were also obtained through mass-
balance calculation using their bulk-rock and mineral
major element concentrations. The weight proportions
were converted to volume proportions assuming the
following density ratios: clinopyroxene/olivine=1.03,
orthopyroxene/olivine= 0.97, and spinel/olivine= 1.1 (Le
Roux et al., 2014). The calculated modal contents are
given in Table 1. Two samples (17TP18-2 and 17TP21)
show good agreements between the two methods. The
composite pyroxenite veins 17TP19 and the olivine
websterite 17TP22 have much higher calculated olivine
modes, while olivine websterite 17TP25 has a higher
calculated orthopyroxene mode. This is likely due to the
small size of the thin section that might not capture
the distribution of pyroxenite veins in the host rock.
Hereafter, we will use point-counted modes to classify
pyroxenites and mass-balance modes to reconstruct
their bulk rock trace element concentrations.

Composite dunite–orthopyroxenite–websterite and olivine
websterite veins

Sample 17TP19 is a typical composite vein consisting
of dunite, orthopyroxenite, and websterite from center
to edge (Fig. 3a and b). Within the dunite part, coarse-
to fine-grained olivines show kink bands and undulose
extinction. Spinels are subhedral to anhedral and
aligned along the vein, with a maximum grain size of
∼1 mm (Fig. 3c). Spinels in the dunite are coarser than
those in the surrounding pyroxenite and harzburgite
(Fig. 3a; Appendix 1). Separated from the dunite by
a diffuse boundary, the orthopyroxenite vein mainly
consists of porphyroclastic orthopyroxene (Wo1En89Fs10;
Fig. 3a and b). The websterites (17TP19-1 and 17TP 19-5)
are mainly composed of porphyroclastic orthopy-
roxene (Wo1-3En87-9Fs10–11) in a fine-grained matrix
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Fig. 2. Photograph of the outcrop showing spatial relations of the Xiugugabu pyroxenites and their host peridotites. (a) Composite
dunite–websterite–harzburgite veins. Foliation in the host peridotites is defined by the elongated pyroxene-bearing and pyroxene-poor bands.
(b) Highly deformed pyroxenite veins/patches and associated dunites and harzburgites. (c) Websterite veins parallel to the foliation of reactive
harzburgites; (d) gabbronorite vein cross-cut websterite veins and surrounding peridotites.

Table 1: Texture, modal composition, and equilibrated temperature of the Xiugugabu pyroxenite veins and pyroxene-bearing dunite

Sam-
ple

Lithol-
ogy

Tex-
ture

Mode T(◦C)

Ol Opx Cpx Sp TBKN TCa TREE

17TP18–1 Ol-websterite Porphyroclastic 18.3 69.2 10.4 2.1 868 1045 1214
17TP18–2 Ol-websterite Equigranular/porphyroclastic 17.8 (22.1) 67.2 (62.3) 13.0 (14.8) 2.0 (0.8) 790 939 1027
17TP19 19–1 Websterite Equigranular/porphyroclastic 2.4 59.2 37.8 0.6 882 1044 1046

19–3 Ol-orthopyroxenite Porphyroclastic 8 (35.4) 89.8 (54.5) 1.6 (7.5) 0.6 (2.7) 761 884 —
19–5 Ol-websterite Equigranular/porphyroclastic 5.4 64.2 28.8 1.6 860 977 1140

17TP21 Pyroxene-bearing dunite Equigranular 56.8 (59.0) 27.4 (26.1) 13.4 (10.7) 2.4 (3.6) 975 1060 1044
17TP22 Ol-websterite Equigranular 12.9 (64.5) 68.6 (30.4) 15.9 (5.1) 2.6 (0.0) 805 1016 1073
17TP25 Ol-websterite Equigranular/porphyroclastic 7.6 (7.3) 32.4 (50.8) 58.4 (40.3) 1.6 (0.4) 830 951 1144
17TP29 Pl-orthopyroxenite Porphyroclastic 1.6 95.7 2.3 0.4 750 901 —
17TP30 Ol-websterite Equigranular/porphyroclastic 17.2 59.4 22.8 0.6 808 882 1193

Themineralmodal contents have been estimated by point-counting andmass-balance calculation betweenwhole rock andmineral chemistry. The results from
mass-balance calculation were presented in parentheses. The sample 17TP21 is the pyroxene-bearing dunite rather a lherzolite (see Appendix 1). Ol indicates
olivine; Sp, spinel; Cpx, clinopyroxene; Opx, orthopyroxene.

of orthopyroxene (Wo1-2En88-89Fs10–11) and clinopy-
roxene (Wo47-50En4-5Fs45–49) neoblasts (Fig. 3c and d;
Appendix 1). From the dunite-orthopyroxenite contact
to the websterite-harzburgite contact, the modal abun-
dance of vermicular spinels decreases, whereas the
modal abundance of clinopyroxene increases (cf. Fig. 3a
and b).

The five olivine websterites included in this study
are hosted in dunite. Except for the olivine websterite
17TP25, orthopyroxene is the most abundant mineral in
olivine websterites (32–69 vol.%; Table 1). All the olivine
websterites display a porphyroclastic texture (Fig. 4d–g;
Appendix 1) with orthopyroxene as porphyroclasts
(grain size up to 1.1 cm; Appendix 1). The porphyro-
clastic orthopyroxene often encloses olivine poikilo-
blasts (Fig. 4a). The matrix is fine-grained (0.1–0.5 mm)

and consists of clinopyroxene and orthopyroxene
neoblasts (Fig. 4c). Interestingly, some coarse orthopyrox-
ene
porphyroclasts (>500 μm, orthopyroxene 1) have a
similar grain size as orthopyroxene in the host harzbur-
gite and exhibit extensive clinopyroxene exsolution
(clinopyroxene blobs in Fig. 4e and f), whereas other
orthopyroxene porphyroclasts and clinopyroxene and
orthopyroxene neoblasts (<500 μm, orthopyroxene 2,
and clinopyroxene 2) display no or narrow exsolution
lamellae. Olivine and spinel are present as small
idiomorphic interstitial grains along the pyroxene grain
boundaries or junctions (Fig. 4c). The vermicular relic
grains of olivine display kink bands and undulose extinc-
tions similar to olivines in their host rock (Appendix 1)
and are partly replaced by orthopyroxene (Fig. 4c).
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Fig. 3. Sketches (a, c) and crossed polarized images (b, d) of typical thin
sections from the composite dunite–orthopyroxenite–websterite vein
17TP19. Note the orthopyroxene porphyroclasts in the websterite and
orthopyroxenite (a, c) and small orthopyroxene grains and trails of
spinel in the dunite (c). The sketches were drawn mainly based on BSE
images. Abbreviations: Ol, olivine; Sp, spinel; Cpx, clinopyroxene; Opx,
orthopyroxene.

Anhedral spinels are often associated with olivine,
whereas euhedral poikilitic spinels are enclosed in
pyroxenes on rare occasions (Fig. 4c).

The olivine websterite 17TP25 is distinct due to its
higher proportion of clinopyroxene than orthopyroxene
(58 vol.% vs 32 vol.%, respectively; Table 1; Appendix 1). A
small elongated dunite vein is enclosed in the websterite
vein (Appendix 1). Rare interstitial amphiboles grains
(<0.2 mm) are found along the boundaries between
clinopyroxene and orthopyroxene.

Plagioclase-bearing orthopyroxenite (17TP29)

In addition to orthopyroxene (∼96 vol.%), the orthopy-
roxenite (17TP29) contains small amount of olivine
(1.6 vol.%), clinopyroxene (2.3 vol.%), spinel (0.4 vol.%),
and a very small amount of plagioclase. The por-
phyroclastic orthopyroxene has a grain size of up to
5 mm (Appendix 1) and olivine–orthopyroxene–spinel–
plagioclase assemblages can be found interstitially along

the boundaries of irregularly shaped orthopyroxene
grains (Fig. 4i).

Pyroxene-bearing dunites

The dunite sample 17TP21 contains a∼3-cm spinel-
and pyroxene-bearing vein (Appendix 1), which consists
of 61% olivine, 25% orthopyroxene, 12% clinopyroxene,
and 2% spinel. The boundary between the dunite and
pyroxene-bearing vein is not sharp. Both orthopyroxene
and clinopyroxene have comparable grain sizes and
show interfingering textures. We regard orthopyroxene-
clinopyroxene aggregates as micro-pyroxenites within
the dunite. Amphiboles are occasionally observed at the
rim of clinopyroxene (Fig. 4h).

ANALYTICAL METHODS
All analyses were conducted at the Institute of Geology
and Geophysics, Chinese Academy of Sciences, Beijing,
China. Detailed procedures, precision, and accuracy of
our measurements were presented in the online Sup-
plementary Materials. Briefly, whole rock major element
and trace element abundances were obtained using x-
ray fluorescence spectroscopy and inductively coupled
plasma mass spectrometry (Table S1), respectively.
Mineral major element concentrations were determined
using a Cameca SX Five electron microprobe (Table S2).
Mineral trace elements were obtained by laser ablation
inductively coupled plasma mass spectrometry (LA-
ICP-MS) (Table 2; Table S3). Neodymium and hafnium
isotopic compositions were measured using a Thermo
Fisher Neptune plus mass spectrometer (Table 3). In
the section ‘Spatial geochemical variations’, the Al2O3,
Cr2O3, CaO, and Na2O contents in clinopyroxene and
orthopyroxene were obtained by electron microprobe
analysis. Other trace element concentrations such as Sc,
Dy, Yb, and Y were obtained through LA-ICP-MS (Fig. 8;
Appendix 3).

RESULTS
Whole rock chemistry
TheXiugugabu pyroxenites are freshwith little alteration
(Figs 3 and 4), which is consistent with their low loss
on ignition (<0.8 wt.%). Four olivine websterites and one
pyroxene-bearing dunite were analyzed for whole rock
major elements.The five samples display large variations
in Al2O3 (1.3–3.4 wt.%) and CaO (1.5–9.9 wt.%) (Table S1).
Such large variations remain the same within the olivine
websterite veins. These samples contain 26.8–43.1 wt.%
MgO and 5.3–8.2 wt.% FeOTot, yielding nearly constant
Mg# [=100×Mg/ (Mg+FeTot)] of 90–91, reflecting dif-
ferent proportions of orthopyroxene and clinopyroxene.
In addition, these samples have remarkably low abun-
dances of TiO2, Na2O, and K2O (all <0.1 wt.%).

In terms of trace elements, the five samples display
large variations of REE contents, which correlate with
their clinopyroxene abundances. For example, sample

D
ow

nloaded from
 https://academ

ic.oup.com
/petrology/article/63/6/egac046/6585637 by Brow

n U
niversity user on 17 June 2022

https://academic.oup.com/petroj/article-lookup/doi/10.1093/petroj/egac046#supplementary-data
https://academic.oup.com/petroj/article-lookup/doi/10.1093/petroj/egac046#supplementary-data
https://academic.oup.com/petroj/article-lookup/doi/10.1093/petroj/egac046#supplementary-data
https://academic.oup.com/petroj/article-lookup/doi/10.1093/petroj/egac046#supplementary-data
https://academic.oup.com/petroj/article-lookup/doi/10.1093/petroj/egac046#supplementary-data
https://academic.oup.com/petroj/article-lookup/doi/10.1093/petroj/egac046#supplementary-data
https://academic.oup.com/petroj/article-lookup/doi/10.1093/petroj/egac046#supplementary-data
https://academic.oup.com/petroj/article-lookup/doi/10.1093/petroj/egac046#supplementary-data
https://academic.oup.com/petroj/article-lookup/doi/10.1093/petroj/egac046#supplementary-data


6 | Journal of Petrology, 2022, Vol. 63, No. 6

Fig. 4. Representative microtextures of the Xiugugabu pyroxene-bearing dunite and pyroxenites. (a) A poikilitic olivine grain was enclosed by
orthopyroxene porphyroclast (Opx1), which has extensive clinopyroxene exsolution lamellae. (b) Spinel inclusions in clinopyroxene. (c) Plane-polarized
image of recrystallization features (17TP22) with well-developed 120◦ triple junctions (clinopyroxene–orthopyroxene assemblage). (d–g) Composite
vein 17TP19: veinlet of clinopyroxene–orthopyroxene assemblage intrudes the coarse-grained Opx1. (h) Interstital amphibole occurs at the margin of
the clinopyroxene. Note the small poikilitic clinopyroxene in the amphibole. (i) Interstitial olivine-plagioclase-clinopyroxene-orthopyroxene
assemblage in the orthopyroxenite 17TP29. Abbreviations: Amp, amphibole; Pl: plagioclase.

17TP25 has the highest modal clinopyroxene of 58.4%
(Table 1) and the highest REE contents. In the chondrite-
normalized REE diagram (Fig. 5a), the pyroxene-bearing
dunites and pyroxenites show spoon-shaped patterns
with flat heavy REE (HREE), depleted middle REE (MREE),
elevated light REE (LREE), and exhibit large ranges
of REE concentrations (YbN = 0.7–2.6) (Fig. 5a). In the
primitive mantle normalized spider diagram (Fig. 5b),
the Xiugugabu pyroxene-bearing dunite and olivine
websterites do not show strong enrichments in LILEs
and other fluid-mobile elements (e.g., Rb, Ba, and Sr).
Two samples (17TP18-2 and 17TP21) have positive Nb
and Ta anomalies and positive Ti anomalies in their
bulk rocks. The latter is due to the high proportion of
orthopyroxene in the samples (Fig. 5b and d). To assess
contributions of clinopyroxene and orthopyroxene to
the bulk composition, we reconstructed bulk rock trace
element composition using a simple mass balance
calculation (equation (5) in Liang et al., 2021). The
reconstructed results show a good agreement with
their whole rock compositions for the middle and
HREE (Fig. 5c). However, LREE, Sr, and HFSE in the
reconstructed bulk rock are lower than the measured
whole rock values (Fig. 5c and d). This may result from
larger analytical uncertainty of the lower concentration
LREE in the bulk rock and/or presence of interstitial

minerals (e.g., amphibole and plagioclase) in these
samples (Fig. 4h and i).

Mineral major elements
Average mineral major element compositions of the
Xiugugabu pyroxene-bearing dunite, pyroxenites, and
their host peridotites are presented in Table S2. Olivines
in the pyroxenites and their neighboring peridotites have
similar forsterite contents [Fo= 100×Mg/ (Mg+ FeTot)]
varying from 89 to 91. Olivine in the pyroxene-bearing
dunite (17TP21) has the highest Fo content (92) among
the studied samples (Fig. 6a). Overall, olivines in the
pyroxenites and pyroxene-bearing dunite commonly
have lower Fo and higher NiO contents than those in the
peridotites from the YZSZ (Fig. 6a; Appendix 2). Spinels
in the studied pyroxenites are heterogeneous in composi-
tion, with Cr# [=100×Cr/ (Cr+Al)] ranging from 22 to 37.
Spinels with different morphologies also have different
compositions (Appendix 1; Table S2). Specifically, spinels
that occur as inclusions within orthopyroxene grains
have the lowest Cr# (17–23) compared with spinels that
occur either in the symplectites or as chains in the
samples (Cr# ranging from 19 to 33) (Table S2; 17TP22
and 17TP25). In addition, spinel from the pyroxene-
bearing dunite has the highest Cr# value of 50 (Fig. 6b).
Interestingly, TiO2 content in spinel in the studied

D
ow

nloaded from
 https://academ

ic.oup.com
/petrology/article/63/6/egac046/6585637 by Brow

n U
niversity user on 17 June 2022

https://academic.oup.com/petroj/article-lookup/doi/10.1093/petroj/egac046#supplementary-data
https://academic.oup.com/petroj/article-lookup/doi/10.1093/petroj/egac046#supplementary-data
https://academic.oup.com/petroj/article-lookup/doi/10.1093/petroj/egac046#supplementary-data
https://academic.oup.com/petroj/article-lookup/doi/10.1093/petroj/egac046#supplementary-data
https://academic.oup.com/petroj/article-lookup/doi/10.1093/petroj/egac046#supplementary-data


Journal of Petrology, 2022, Vol. 63, No. 6 | 7

Table 2: Average trace element compositions of clinopyroxene and orthopyroxene in the Xiugugabu pyroxenites and pyroxene-bearing
dunite

Litho. Ol-web. Ol-web. Web. Web. Px-b. dun. Ol-web. Ol-web. Ol-web.
Cpx 17TP18–1 17TP18–2 17TP19–1 17TP19–5 17TP21 17TP22 17TP25 17TP30

N 7 18 11 14 8 7 8 5
Sc 50 54 55 51 73 47 48 49
Ti 444 752 652 525 1027 424 490 570
Cr 8339 7662 8788 9251 12177 4891 7478 6523
Co 27 23 24 26 24 24 24 21
Ni 439 388 410 384 385 365 337 406
Sr 0.07 2.38 0.86 0.67 0.84 0.07 0.13 0.22
Y 3.92 5.93 4.93 3.68 6.79 3.87 4.09 5.81
Zr b.d.l b.d.l 0.101 0.093 0.173 0.037 0.049 0.067
Nb 0.019 0.010 0.027 0.029 0.055 0.010 0.006 0.014
Ba b.d.l 0.091 0.446 0.179 0.291 0.066 0.055 0.190
La b.d.l b.d.l 0.005 0.009 0.032 b.d.l 0.002 0.002
Ce b.d.l b.d.l 0.014 0.019 0.031 b.d.l 0.005 0.004
Pr b.d.l b.d.l 0.008 0.007 0.028 0.001 0.003 0.003
Nd b.d.l 0.135 0.115 0.124 0.178 0.007 0.078 0.060
Sm 0.035 0.155 0.175 0.156 0.251 0.041 0.159 0.143
Eu 0.022 0.074 0.088 0.077 0.121 0.024 0.077 0.072
Gd 0.203 0.451 0.473 0.352 0.591 0.236 0.332 0.467
Tb 0.056 0.109 0.105 0.081 0.131 0.065 0.077 0.113
Dy 0.589 0.962 0.827 0.659 1.155 0.588 0.716 0.935
Ho 0.153 0.228 0.194 0.147 0.264 0.146 0.169 0.225
Er 0.485 0.704 0.588 0.437 0.784 0.467 0.498 0.706
Tm 0.074 0.100 0.085 0.065 0.116 0.076 0.068 0.100
Yb 0.502 0.707 0.578 0.439 0.793 0.484 0.528 0.686
Lu 0.073 0.097 0.081 0.062 0.113 0.076 0.071 0.097
Hf b.d.l b.d.l 0.026 0.019 0.101 0.009 b.d.l 0.022

Table 2: Continued

Litho. Ol-web. Ol-web. Web. Ol-opxnite Web. Px-b. dun. Ol-web. Ol-web. Ol-opxnite Ol-web.
Opx 17TP18–1 17TP18–2 17TP19–1 17TP19–3 17TP19–5 17TP21 17TP22 17TP25 17TP29 17TP30

N 10 9 6 10 12 9 6 4 11 8
Sc 25 21 23 22 23 24 22 24 26 22
Ti 177 226 238 199 208 404 149 194 372 191
Cr 4827 4269 4967 5247 4548 4636 4277 4693 3886 5015
Co 60 53 59 68 60 54 61 55 65 60
Ni 789 664 757 841 632 674 707 653 822 815
Sr 0.03 0.03 0.03 0.04 0.03 0.05 0.05 0.02 0.23 0.09
Y 0.49 0.52 0.44 0.45 0.41 0.60 0.43 0.56 0.83 0.61
Zr 0.037 b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l 0.042 0.268
Nb 0.014 0.007 0.015 0.016 0.028 0.013 0.012 0.004 0.020 0.007
Ba b.d.l b.d.l b.d.l 0.167 b.d.l b.d.l b.d.l b.d.l 1.102 b.d.l
La 0.001 b.d.l b.d.l 0.000 b.d.l b.d.l 0.000 b.d.l 0.005 0.002
Ce 0.001 b.d.l b.d.l 0.001 b.d.l b.d.l b.d.l b.d.l 0.005 b.d.l
Pr 0.000 b.d.l 0.000 0.001 b.d.l 0.001 0.000 b.d.l 0.001 0.001
Nd 0.001 b.d.l 0.003 0.007 b.d.l 0.014 0.001 b.d.l 0.003 0.004
Sm 0.001 b.d.l 0.003 0.009 b.d.l 0.013 0.001 b.d.l 0.002 0.007
Eu 0.004 b.d.l 0.008 0.004 b.d.l 0.006 b.d.l b.d.l 0.003 0.006
Gd 0.010 0.039 0.013 0.019 0.020 0.026 0.008 0.021 0.020 0.023
Tb 0.004 0.007 0.004 0.005 0.008 0.006 0.004 0.006 0.007 0.006
Dy 0.048 0.063 0.048 0.055 0.054 0.074 0.043 0.064 0.091 0.069
Ho 0.017 0.018 0.015 0.017 0.014 0.023 0.017 0.022 0.029 0.021
Er 0.078 0.073 0.071 0.067 0.066 0.094 0.073 0.080 0.128 0.089
Tm 0.016 0.014 0.014 0.014 0.011 0.018 0.015 0.018 0.024 0.018
Yb 0.151 0.157 0.135 0.114 0.121 0.152 0.148 0.167 0.227 0.160
Lu 0.027 0.025 0.026 0.020 0.026 0.026 0.026 0.029 0.040 0.030
Hf 0.002 0.009 0.002 0.004 0.004 0.004 0.003 b.d.l 0.009 0.006

Litho. indicates lithology; N, number of measurements; Cpx, clinopyroxene; Opx, orthopyroxene; Ol, olivine; Web., websterite; Px-b. dun., pyroxene-bearing
dunite; Opxnite, orthopyroxenite; b.d.l, below detection limit.
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Fig. 5. Whole rock compositions in the Xiugugabu dunite and pyroxenites. (a) Chondrite normalized REE patterns (normalization values are from
Anders & Grevesse, 1989). (b) Primitive-mantle normalized trace element patterns (normalization values from Palme & O’Neill, 2014).
(c, d) Reconstructed trace element compositions (dashed lines).

samples is very low (<0.1 wt.%). In fact, it is lower than
those observed in abyssal pyroxenites (Dantas et al., 2007;
Warren et al., 2009; Dick et al., 2010; Laukert et al., 2014),
pyroxenites from the Oman (Python & Ceuleneer, 2003;
Tamura & Arai, 2006; Python et al., 2008), and Josephine
ophiolites (Le Roux & Liang, 2019) (Fig. 6b).

In general, orthopyroxene show core-to-rim zonation
with decreasing Al2O3 and Cr2O3 from the core of
coarse-grained orthopyroxene (orthopyroxene 1) to the
rim of orthopyroxene 1 and toward the interstitial
orthopyroxene neoblasts (orthopyroxene 2) (Fig. 8;
Appendix 3; Table S2). Compositional zoning is not
observed in clinopyroxene in samples included in this
study. Detailed variations across pyroxenites and their
host peridotite are discussed in the section ‘Spatial
Geochemical Variations’. Pyroxenes in the studied
samples contain relatively low Al2O3 (1.9–3.6 wt.% for
orthopyroxene and 2.5–4.3wt.% for clinopyroxene; Fig. 6c
and e). The pyroxene-bearing dunite has the highest
Mg# in orthopyroxene (92) and clinopyroxene (94), and
the highest Na2O (0.53 wt.%) and TiO2 (0.17 wt.%)
contents in clinopyroxene among the studied samples
(Fig. 6f). Compared with orthopyroxene from the residual

peridotites, orthopyroxene in the pyroxenites have
lower Mg# values (89 to 92) but similar Al2O3 and TiO2

contents (Fig. 6c and d; Appendix 2). Clinopyroxenes in
the Xiugugabu pyroxenites (Wo46-49En46-50Fs3–4) are Cr-
diopside in composition (Cr2O3: 0.71–1.38 wt.%), and they
have high Mg# (92–93), low TiO2 (0.07–0.18 wt.%), and
Na2O (0.06–0.27 wt.%) contents.

Amphibole identified in two samples (17TP20 and
17TP25; Fig. 4h) occurs at the rims of clinopyroxene
and contains 10.6–13.1 wt.% Al2O3 and 1.0–3.1 wt.%
Na2O and has high Mg# (91–93; Table S2). Accord-
ing to the classification of Leake et al. (1997), they
are pargasite and magnesio-hornblende. In highly
serpentinized abyssal peridotites, amphibole formed
during seawater alteration is typically tremolitic in
composition and associated with talc (e.g., Dick et al.,
2010). The amphiboles observed in the two samples
(17TP20 and 17TP25) are different in compositions
from the amphiboles produced by seawater alteration.
Finally, plagioclases are found in the orthopyroxenite
17TP29 (Fig. 4i). They are nearly pure anorthite with
An content [An=100×Ca/ (Ca+Na+K)] of 97–98
(Table S2).
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Fig. 6. Selected major element compositions of olivine (a), spinel (b), orthopyroxene (c and d), and clinopyroxene (e and f) in the Xiugugabu
pyroxene-bearing dunite and pyroxenites. Abyssal pyroxenites are from (Dantas et al., 2007; Dick et al., 2010; Laukert et al., 2014; Warren et al., 2009).
The Oman pyroxenites (Python & Ceuleneer, 2003; Python et al., 2008; Tamura & Arai, 2006), Josephine pyroxenites (Le Roux & Liang, 2019), and Marum
orthopyroxenites (Kaczmarek et al., 2015) are shown for comparision. Lherzolites and harzburgites in the western segment of YZSZ are from (Gong et
al., 2016; Guo et al., 2015; Lian et al., 2016; Liu et al., 2014; Su et al., 2015). Dunites in the western segment are from (Guo et al., 2015).

Mineral trace elements
Trace element concentrations of clinopyroxene and
orthopyroxene in the Xiugugabu pyroxene-bearing
dunite and pyroxenites are reported in Table S3. Sample
averages are provided in Table 2. Neither amphibole nor
plagioclase was measured for trace elements due to
their small grain sizes. To better capture the chemical
variations along the transect (Fig. 8), we focused our
analytical effort on different mineral grains that include
the rim of orthopyroxene 1, cores of orthopyroxene
2, and clinopyroxene within each pyroxenite vein.
Most orthopyroxene show an increase in incompatible
element concentration from core to rim (Table S3). In
contrast, the cores of porphyroclastic orthopyroxene in
the plagioclase-bearing orthopyroxenite (17TP29) have

higher contents of incompatible trace elements than the
rims (Appendix 3; Table S3).

Clinopyroxenes in the Xiugugabu pyroxenites have a
characteristic spoon-shaped REE pattern with flat MREE
to HREE, Ce to Sm depletion, and a mild La enrichment
(Fig. 7a). In the primitive mantle normalized spider dia-
gram, they show a moderate enrichment in Ba and Nb
relative to La but varying negative anomalies in Zr and
Hf relative to Nd and Sm (Fig. 7c). Orthopyroxenes from
all the Xiugugabu pyroxenites typically display LREE-
depleted patterns (Fig. 7b). In the primitive mantle nor-
malized diagram, they show a strong positive Ti anomaly
and a mild positive Hf anomaly (Fig. 7d). Trace element
patterns of clinopyroxene and orthopyroxene are very
similar to those of residual peridotites from the YZSZ
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Fig. 7. Chondrite (Anders & Grevesse, 1989) normalized REE and primitive mantle (Palme & O’Neill, 2014) normalized trace element patterns of
clinopyroxene and orthopyroxene. Also shown as color-coded fields are compositons of clinopyroxene in Oman orthopyroxenites (Tamura & Arai,
2006), Josephine pyroxenites (Le Roux & Liang, 2019), and Marum pyroxenites (Kaczmarek et al., 2015) and compositions of orthopyroxene in Josephine
pyroxenites (Le Roux & Liang, 2019) and Marum orthopyroxenites (Kaczmarek et al., 2015). The data source of abyssal pyroxenites is the same as those
in Fig. 6. The compositional regions of clinopyroxene and orthopyroxene in the residual peridotites in the Purang ophiolite (Gong et al., 2020) and the
Zedong ophiolite (Xiong et al., 2017b).

(Fig. 7a–d). Pyroxenes in the Xiugugabu pyroxenites have
higher REE contents than those pyroxenites from the
Oman ophiolite (Tamura & Arai, 2006), the Josephine
ophiolite (Le Roux & Liang, 2019) and the Marum ophi-
olites (Kaczmarek et al., 2015). As shown in Fig. 7, pyrox-
enites from the aforementioned ophiolites are gener-
ally more depleted in incompatible trace elements than
abyssal pyroxenites (Dantas et al., 2007; Warren et al.,
2009; Laukert et al., 2014).

Spatial geochemical variations
Spatial compositional variations are observed on the
grain scale and thin-section scale for the composite
dunite-orthopyroxenite-websterite vein 17TP19 (Fig. 8).
The Al2O3 concentrations in orthopyroxene and clinopy-
roxene increase from dunite to websterite (Fig. 8a and e;
Table S2). In the websterite-harzburgite section (17TP19-
5), the coarse-grained orthopyroxene has higher Al2O3

content (3.50–3.82 wt.%) than the fine-grained orthopy-
roxene (2.59–3.59 wt.% Al2O3). Orthopyroxene in the
dunite-orthopyroxenite section (17TP19-3) has the
lowest Al2O3 concentration (1.70–2.78 wt.%). The Al2O3

concentration profiles are approximately symmetric
across the lithological sequence (Fig. 8a and e). The
systematic variation is also observed for Cr2O3 in

orthopyroxene and clinopyroxene (Fig. 8b and f). It is
worth noting that clinopyroxene in the orthopyroxenite
and dunite has a steep drop in Na2O concentration
relative to clinopyroxene in the surrounding websterite
(Fig. 8g). Additionally, we analyzed one coarse grained
orthopyroxene and its clinopyroxene exsolution lamellae
(clinopyroxene 2 in Fig. 4f). The host orthopyroxene has
2.97–3.30 wt.% Al2O3, whereas the exsolved clinopy-
roxene has 3.65–3.72 wt.% Al2O3 that is slightly lower
than clinopyroxene neoblasts (3.86–4.04 wt.%) near the
orthopyroxene.

Thin-section scale spatial major element variations
of other samples are presented in Appendix 3. They
share some similarities with the composite dunite–
orthopyroxenite–websterite vein 17TP19: (1) most sam-
ples show gradual chemical variations from dunite
through pyroxenites to host harzburgite, whereas
orthopyroxene in the plagioclase-bearing orthopyrox-
enite has abrupt variations of Al2O3, changing from
1.65–2.25 wt.% in veins to 3.40–3.63 wt.% in the host
harzburgite; (2) both clinopyroxene and orthopyroxene
show decreasing trend of Al2O3 contents in the order of
dunite, pyroxenite, and host harzburgite.

Concentration profiles of trace elements are incom-
plete across the lithological sequence. Our limited
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Fig. 8. Spatial variations in selected major and trace elements in orthopyroxenes and clinopyroxenes from the composite
dunite-orthopyroxenite-websterite vein (17TP19). The error bars are the standard deviation (1σ ) about the mean of all analyses of orthopyroxene and
clinopyroxene for a particular lithology. The thick arrows in (a) and (c) indicate the core to rim composition variations in the porphyroclastic
orthopyroxenes.

data suggest that concentrations of incompatible trace
elements in orthopyroxene and clinopyroxene are
inversely correlated with concentrations of Al2O3 in
the pyroxenes. This trend is also true for grain scale
core-to-rim variations. Figure 8d and h shows examples
of Y concentration profiles measured by LA-ICP-MS.
Concentration profiles of other incompatible elements
are presented in Appendix 3.

Temperature estimates for the Xiugugabu
pyroxenites and pyroxene-bearing dunite
Primary P–T conditions of the Xiugugabu mantle section
were overprinted by late-stage melt percolation events
and subsequent cooling. Although there are no suitable
geobarometers for garnet-free ultramafic rocks, the pres-
sure of these pyroxenites can be evaluated indirectly.
The occurrence of anorthitic plagioclase (An= 97–98) in
the plagioclase-bearing orthopyroxenite 17TP29 suggests
that the pyroxenite can reach shallow levels of the upper
mantle (∼0.7 GPa; Borghini et al., 2010). Spinel is the
dominant aluminous phase in the Xiugugabu pyroxen-
ites, which suggests that they represent magmatic prod-
ucts derived from relatively high pressure. For a pyrox-
enitic bulk composition, the breakdown of spinel into
plagioclase (Fig. 4i; spinel + orthopyroxene + clinopy-
roxene → plagioclase + olivine) occurs at 0.6–0.7 GPa
(Gasparik, 1984). In addition, high-Al amphiboles (parga-
site and magnesio-hornblende) that coexist with olivine,
pyroxenes, and spinel have a narrow stability field of

850◦C–1050◦C and 0.8–1.7 GPa (Grove et al., 2006). Over-
all, a pressure of 0.7–1.5 GPa seems a reasonable esti-
mate for the formation of the Xiugugabu pyroxenitic
samples.

Assuming a pressure of 1.0 GPa for the pyroxene-
bearing dunite and pyroxenites, equilibrium or closure
temperatures for the studied lithologies were obtained
using pyroxene thermometers (Brey &Köhler, 1990; Liang
et al., 2013). The results are presented in Table 1 and
Appendix 4. The temperature estimates of the pyroxen-
ites are calculated using methods of Mg–Fe exchange
between clinopyroxene and orthopyroxene and Ca sol-
ubility in orthopyroxene (Brey & Köhler, 1990). REE clo-
sure temperatures were obtained by linear fitting of the
apparent partition coefficients of REE between coexisting
clinopyroxene and orthopyroxene. Some LREE (e.g., La,
Ce, Pr, Nd) are excluded as they showed significant devi-
ations from the trend defined by other REE in the inver-
sion diagram (Appendix 5). In general, the REE-based
temperatures are higher than major-element based tem-
peratures (TREE >TCa >TBKN in Appendix 4), which is
consistent with closure temperatures for REE, Ca, and
Fe–Mg diffusion in pyroxenes (Zhang et al., 2009; Cher-
niak & Dimanov, 2010; Liang et al., 2013; Dygert et al.,
2017). The closure temperatures of the pyroxene-bearing
dunite and pyroxenites generally overlap with the fields
of MOR-affinity peridotites and SSZ-affinity peridotites.
Two olivine websterite samples (17TP18-1 and 17TP30 in
Appendix 4a) have higher TREE at a given TBKN, indicating
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a possiblemultistage thermal-magmatic history (Le Roux
& Liang, 2019).

Nd–Hf isotopes
For the five samples that we reported whole rock major
and trace element compositions, we also measured the
Nd–Hf isotope compositions of the whole rock, clinopy-
roxene, and orthopyroxene. The results are presented in
Table 3 and Fig. 9. Large variations in 147Sm/144Nd (0.143–
1.180), 143Nd/144Nd (0.511156–0.514023), 176Lu/177Hf
(0.199–0.924), and 176Hf/177Hf (0.282785–0.285570) are
observed for the studied samples. The initial 143Nd/144Nd,
176Hf/177Hf, εNd, and εHf values calculated at the age of
diabase/gabbroic dike intrusions in the Xiugugabu peri-
dotites (125 Ma), and those values varied from 0.511439
to 0.513058 for 143Nd/144Nd (εNd(t)= −20.3 to +11.5) and
0.282321–0.283411 for 176Hf/177Hf (εHf(t)= −13.2 to +25.3)
(Fig. 9a). In the initial 147Sm/144Nd-143Nd/144Nd diagram,
the Xiugugabu pyroxenites define a broad positive
correlation with more depleted samples overlapping
with YZSZ peridotites (Fig. 9b; Appendix 8a). In the
176Lu/177Hf-176Hf/177Hf diagram, they show a roughly
positive covariation (Fig. 9c; Appendix 8b). Importantly,
the Xiugugabu pyroxenites show no overlap in initial Nd
and Hf isotope ratios with the mafic rocks from YZSZ
(Fig. 9b and c), suggesting the lack of genetic relationship
between the two.

DISCUSSION
Origin of the Xiugugabu pyroxenites and
pyroxene-bearing dunite
The studied pyroxenites are mostly tabular or elongated
and have sharp boundaries with their associated
harzburgites or dunites (Figs 2a, b, and d and 3). In most
cases, pyroxenite veins are lithologically symmetric
around dunite, forming a dunite–orthopyroxenite–
websterite or dunite–websterite sequence (Appendix 1).
Both olivine and spinel in the pyroxenites are of residual
origin, as they exhibit similar microstructural and
compositional features relative to those in the host peri-
dotites (Figs 3b and 6a and b; Figure S1 in Appendix 2).
A few orthopyroxene porphyroclasts, occurring at the
boundary between the orthopyroxenite vein and the host
peridotite and containing abundant clinopyroxene exso-
lution lamellae (orthopyroxene 1 in Fig. 4d–g), are also
residual phases, as their Al2O3 and CaO concentrations
are higher than the orthopyroxene neoblasts (e.g., 17TP19
in Table S2). Most porphyroclastic orthopyroxenes in
the pyroxenite veins show no or thin clinopyroxene
exsolution lamellae (orthopyroxene 2 in Fig. 4d, e, and g)
and their Al2O3 and CaO contents are comparable with
the fine-grained orthopyroxene in the matrix and lower
than those in the host harzburgite (e.g., olivinewebsterite
17TP18-1 in Appendix 3). These porphyroclastic orthopy-
roxenes are chemically zoned in major and incompatible
trace element concentrations (e.g., plagioclase-bearing
orthopyroxenite 17TP29 in Table S3) and might have

crystallized from a silica-rich, Al2O3- and incompatible
element-depleted melt. Fine-grained orthopyroxene and
clinopyroxene in the matrix (i.e., orthopyroxene 2 and
clinopyroxene 2) within the Xiugugabu pyroxenites were
crystallized from a later melt that infiltrated the host
peridotites. The crystallization sequence of orthopy-
roxene followed by orthopyroxene + clinopyroxene is
supported by the observations that newly formed coarse-
grained orthopyroxene is surrounded by fine-grained
clinopyroxene and orthopyroxene neoblasts (Figs 3 and
4d), and the orthopyroxenes from orthopyroxenites
have higher Mg# and lower contents of Al2O3 than
those in orthopyroxenes from websterites (Figs 6c and
10c). The two generations of orthopyroxenes suggest
complex melt-peridotite interaction processes involving
dissolution of the residual orthopyroxene in the sur-
rounding harzburgite and precipitation of neoblasts of
orthopyroxene and clinopyroxene in the pyroxenite veins
(e.g., Liang, 2003).

Given the high Mg# in the pyroxenitic clinopyroxene
(92–93) and orthopyroxene (89–91) and the presence of
amphibole, we hypothesize that the infiltrating hydrous
melts were originally in equilibrium with a mantle peri-
dotite that had an Mg# similar to that of the Xiugugabu
peridotites (Fig. 6). To test this hypothesis, we carried
out batch and fractional crystallization simulations
using the thermodynamic program alphaMELTS2 for
five choices of melt compositions (Ghiorso & Sack, 1995;
Asimow & Ghiorso, 1998; Ghiorso et al., 2002; Smith
& Asimow, 2005). We consider an anhydrous primitive
MORB, a hydrous basalt (ID-16), a hydrous basaltic
andesites (JR-28), a low-Ca boninite (BON IB), and a
high-Ca boninite (CY106) (Table 4). The composition
of the primitive MORB (Mg#= 75) is the aggregated
melt produced by 10% near fractional melting of DMM
using alphaMELTS2. The four hydrous melts have
high Mg# (69–80) and are considered primitive based
on previous studies (Falloon & Danyushevsky, 2000;
Weaver et al., 2011; Grove et al., 2012; Woelki et al.,
2018). We started crystallization from the liquidus to
200◦C below the liquidus at 1◦C/step and at pressures
of 1.0 GPa for the anhydrous melt and 1.5 GPa for
the hydrous melts. The higher pressure (1.5 GPa)
used here for hydrous melts is intended to make our
crystallization sequences derived from thermodynamic
calculations match those derived from experimental
studies. For instance, in the phase equilibria experi-
ment of basaltic andesite (JR-28) with 3 wt.% water,
olivine is on the liquidus at 1.0 GPa (Weaver et al.,
2011). However, in our modeling at 1.0 GPa, the crys-
tallization sequence was orthopyroxene followed by
clinopyroxene (Fig. 3 vs Fig. 4 in Appendix 6). Our goal
here is to evaluate whether the inferred crystallization
sequences and trends of major element variations
in clinopyroxene and orthopyroxene in the studied
pyroxenites can be explained by the crystallization
of basaltic melts. Appendix 6 presents details of our
simulation results for each melt composition. Below,
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Fig. 9. Correlations of isotope ratios in the system Sm–Nd–Lu–Hf. (a) 143Nd/144Nd versus 176Hf/177Hf for the whole rock, clinopyroxene and
orthopyroxene. Arrows connect present-day (large solid symbols) and initial values (small pale symbols). (b) Present date 147Sm/144Nd versus initial
143Nd/144Nd. (c) Present-day 176Lu/177Hf versus initial 176Hf/177Hf. The errorbars for 143Nd/144Nd and 176Hf/177Hf are smaller than size of symbols. The
initial 143Nd/144Nd and 176Hf/177Hf ratios are calculated at 125 Ma. Data source of Nd–Hf isotope compositions of the YZSZ mafic rocks (Li, 2013, Liu et
al., 2018b, Mahoney et al., 1998, Miller et al., 2003, Niu et al., 2006, Xiong et al., 2016, Xu & Castillo, 2004, Zhang, 2017, Zhang et al., 2016a, 2016b, Zhang et
al., 2005) and the YZSZ residual peridotites (Cheng et al., 2011, Liu et al., 2017, Miller et al., 2003, Xiong et al., 2016, Xiong et al., 2017b, Zhang, 2017,
Zhang et al., 2020b, Zhang, 2014) are plotted for comparision. The depleted MORB mantle is from (Workman & Hart, 2005). The ‘enriched mantle’
compsition that is calculated by mixing 1% sediments (GLOSS-II) with 99% residual lherzolite (09-ZH-51). Dashed horizontal lines in (b) and (c)
represent trends of partial melting of the depleted MORB mantle..

we summarize key conclusions derived from these
simulations.

Olivine is on the liquidus of the anhydrous primitive
MORBmelt at 1.0 GPa. Clinopyroxene starts to crystallize
with olivine ∼40◦C below the liquidus. Orthopyroxene
crystallizes near the end of the simulation at ∼1150◦C.
Themineralmodal abundances at the end of simulations
are 87.6% clinopyroxene, 0.9% orthopyroxene, and 11.5%
spinel. This is in good agreement with phase equilibria
studies of MORB crystallization (e.g., Green & Ringwood,
1967; Elthon & Scarfe, 1984; Villiger et al., 2007). Concen-
trations of Al2O3 in clinopyroxene crystallized from the
MORB melt range from 6.0 to 12.8 wt.%, which are con-
siderably higher than the Al2O3 content of clinopyrox-
ene in the Xiugugabu pyroxenites (Fig. 1 in Appendix 6).
Hence, anhydrous MORB is an unlikely candidate for the
parental melt of the Xiugugabu pyroxenites.

The crystallization sequence of hydrous arc magmas
depends on the melt composition and water content.
Orthopyroxene is on the liquidus of the boninite melt
at 1.5 GPa (BON IB with 3 wt.% H2O at 1.5 GPa; Fig. 5
in Appendix 6). Clinopyroxene is not a liquidus phase
until 48% crystallization. High Al2O3 and TiO2 contents

in the clinopyroxene crystals are not consistent with
the Xiugugabu pyroxenites (Fig. 5 in Appendix 6). At
1.5 GPa, the crystallization sequence of basalt ID-16 (with
3 wt.% H2O) is orthopyroxene (0%–10% crystallization),
followed by clinopyroxene (12%–44% crystallization)
(Fig. 2 in Appendix 6). A similar crystallization sequence
is observed for both basaltic andesite JR-28 (3 wt.%
H2O) (Fig. 4 in Appendix 6) and the high-Ca boninite
(3 wt.% H2O) (Fig. 8 in Appendix 6). Our modeling results
are consistent with previous experimental studies
on crystallization of hydrous primitive arc magmas
(Müntener et al., 2001; Weaver et al., 2011; Wang et
al., 2016b), lending support to the inference that the
Xiugugabu pyroxenites were crystallized from hydrous
melts.

Experiments on the liquid lines of descent of primitive
mantle-derived melts show that increasing water con-
tent in the melt and decreasing pressure would suppress
orthopyroxene stability and extend the temperature
interval of clinopyroxene crystallization (e.g., Elthon
& Scarfe, 1984; Müntener et al., 2001; Weaver et al.,
2011). With increasing extent of crystallization, the
Mg#s of clinopyroxene and orthopyroxene decrease, and
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Fig. 10. Crytallization sequences and variations of major element compositions of clinopyroxene and orthopyroxene during the AlphaMELTS2 model
of batch crystallization of modified hydrous basaltic andesite ‘JR-28’. (a) Temperature (◦C) vs mass (g) of crystallized phases; (b) temperature (◦C) vs
modal proportion (vol.%); (c) Mg# (mol%) vs Al2O3 contents in orthopyroxene and clinopyroxene; (d) Mg# (mol%) vs TiO2 contents in orthopyroxene
and clinopyroxene; (e) Mg# (mol%) vs CaO contents in orthopyroxene; (f) Mg# (mol%) vs CaO contents in clinopyroxene. The Mg# variations in
orthopyroxene and clinopyroxene in the Xiugugabu peridotites (Bezard et al., 2011) are shown for comparision. See text for discussion.

Al2O3 and TiO2 within clinopyroxene and orthopyroxene
increase (Appendix 6). Experimental study of basaltic
andesite JR28 show that it was formed from partial
melting of a depleted harzburgite (Weaver et al., 2011).
The Al2O3 and CaO contents in crystallized clinopy-
roxene and orthopyroxene are higher than those in the
Xiugugabu pyroxenitic clinopyroxene and orthopyroxene
(Appendix 6). Hence, the parental melt for the Xiugugabu
pyroxenites should have lower contents of Al2O3 and CaO
than JR28. This can be further tested by decreasing Al2O3

and CaO in the starting melt of JR28 from 16.2 to 10 wt.%
for Al2O3 and from 8.4 to 7.0 wt.% for CaO, while keeping
proportions of other major elements the same. The
orthopyroxene crystallized from the new melt cover the
variations of Al2O3 and TiO2 contents of orthopyroxene in
the Xiugugabu pyroxenites (Fig. 10c and d). The increase

of Al2O3 and CaO in orthopyroxene in the Xiugugabu
pyroxenite veins from the orthopyroxenites toward the
websterites (Fig. 10c and e) may result from crystalliza-
tion of the orthopyroxene during the inflow of melt into
the system. However, the clinopyroxenes crystallized
from the hydrous magma are of much lower Mg# than
the clinopyroxenes in the Xiugugabu pyroxenite veins
(Figs. 10e and f). Hence, clinopyroxenes in the Xiugugabu
pyroxenite veins cannot be crystallized from the same
batches of melt as orthopyroxenes. Multiple episodes of
melt infiltration therefore are likely involved and the
clinopyroxene in the Xiugugabu pyroxenites may results
from crystallization of a later batch of melt.

The concentration profiles across the composite
dunite–orthopyroxenite–websterite–harzburgite vein
system of sample 17TP19 lend support to this hypothesis
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Table 4: Primitive melt compositions used to derive their crystallization sequences and variations of mineral major elements

Description Calculated primitive MORB ID161 JR-282 BON IB3 CY1064

Pressure (GPa) 1.0 1.5 1.5 1.5 1.5
H2O (wt.%) 0.0 3.0 3.0 2.5 3.0
SiO2 46.0 48.9 53.2 51.9 54.2
TiO2 0.7 0.7 0.8 0.7 0.3
Al2O3 17.5 16.0 16.2 8.7 14.0
FeO(T) 8.7 8.8 7.6 8.9 7.7
MnO 0.0 0.2 0.1 0.1 0.1
MgO 13.9 11.4 9.4 20.7 9.4
CaO 10.3 10.9 8.4 7.1 12.6
Na2O 2.9 2.2 3.4 1.7 0.8
K2O 0.0 0.5 0.8 0.2 0.1
P2O5 100.0 0.1 0.2 0.0 0.0
Molar Mg# 75 70 70 80 69

P, pressure in GPa; H2O contents in weight percent (wt.%). Mg#= 100∗(Mg/Mg+ FeOTot). Subscript notes are data source from 1 and 2. Weaver et al., 2011; 3.
Falloon & Danyushevsky, 2000; 4.Woelki et al., 2018. Calculated primitive MORB were derived from aggregated melt composition from 0% to 10% decompression
melting of DMM (Table S4).

(Fig. 8). Two endmembers are needed to interpret the
concentration profiles: (1) a residual harzburgite or
lherzolite and (2) a hydrousmelt that is depleted in Al2O3,
TiO2, and Na2O. Variations of Al2O3 in clinopyroxene
and orthopyroxene across the vein system and the steep
drop in Na2O content in clinopyroxene in the dunite and
orthopyroxenite (Fig. 8) may be attributed to infiltration
of a depleted melt from the dunite channel into the
residual peridotite or a mixing process involving an
Al2O3- and Na2O-depleted melt in the dunite and a
second melt that is less depleted in Al2O3 produced
by hydrous melting of the relatively fertile residual
peridotite from below.

In summary, the early crystallization of orthopyroxene,
the low contents of Al2O3, CaO, and TiO2 in the orthopy-
roxene, and the presence of interstitial amphibole and
nearly pure anorthite (Fig. 4h) in the Xiugugabu pyroxen-
ites suggest that the Xiugugabu pyroxenites were crystal-
lized from a hydrous melt that is depleted in Al2O3, TiO2,
and Na2O. Such a melt is unlikely to be formed beneath
an MOR spreading center. The hydrous melt could be
produced by hydrousmelting of previously depleted peri-
dotites (Kelemen et al., 1997; Python & Ceuleneer, 2003;
Marchesi et al., 2009; Bénard et al., 2018; Le Roux & Liang,
2019). Chemical variations in clinopyroxene across the
vein system can be accounted for by multiple episodes
of melt flow and melt-rock reaction. The higher Mg# of
orthopyroxene and clinopyroxene in the pyroxenite and
dunite veins are likely buffered by the host peridotite via
dissolution and reprecipitation (Fig. 10).

Enriched and depleted mantle components as
deduced from initial Nd–Hf isotopes
The initial Nd–Hf isotopic compositions of the Xiugu-
gabu pyroxenite veins reported here extend to more
unradiogenic Nd–Hf isotopic compositions than those
of MORB and OIB (Fig. 11a). This is in stark contrast
to basalts and peridotites from the YZSZ that have
initial Nd–Hf isotope compositions similar to present-
day MORB (Fig. 11a). The large Nd–Hf isotopic variations

of the Xiugugabu pyroxenite veins can be explained by
mixing of melts derived from a depleted endmember and
an enriched endmember. The depleted endmember has
initial Nd and Hf isotope ratios similar to those of DMM
(Fig. 11a). Here, we use the average age-corrected Nd–Hf
isotopic compositions of the YZSZ peridotites as the Nd–
Hf isotopic compositions of the depleted endmember
in our mixing calculations (Figs 9 and 11a). The large
variations of Nd–Hf isotope ratios in the pyroxenite
samples cannot be explained by any known enriched
mantle components (EM-I, EM-II, or HIMU) (Fig. 11a).
It is possible that the enriched component contains a
higher amount of ancient, recycled sediment or upper
continental crust. To further investigate the nature of
the enriched component in the mantle source of the
Xiugugabu ophiolite, we plot Nd and Hf isotope ratios
against selected trace element ratios in Fig. 12 (figures
showing additional elemental ratios are presented in
Appendix 8). In Fig. 12a and c, the negative correlations
between Nd isotope ratios and La/Nd or Th/Nd suggest
a mixing relationship between two components: one
is the melt derived from partial melting of residual
peridotite with DMM isotopic feature and the other is the
enriched melt derived from a mantle source with high
La/Nd and Th/Nd ratios. Similar conclusion can be drawn
from initial Hf isotope ratios vs La/Hf, Th/Hf, Zr/Hf, and
Sm/Hf ratios (Fig. 12b and d–f). A potential candidate for
the enriched component that has high Zr/Hf ratios and
low Sm/Hf ratios could be zircon-bearing, incompatible
element-enriched sediment (e.g., Leat et al., 2004; Barry
et al., 2006; Chauvel et al., 2008). In the absence of
additional information, here, we choose the enriched
component with the least radiogenic composition from
ancient Himalaya sediments (143Nd/144Nd=0.511348
and 176Hf/177Hf= 0.281371; Richards et al., 2005) and
trace element compositions from GLOSS-II (Plank,
2014). Before entering the peridotite melting region, the
sediments must have melted and subsequently reacted
with their surrounding depleted mantle. As a proof-of-
concept, we use a mixture of 1% sediments and 99%

D
ow

nloaded from
 https://academ

ic.oup.com
/petrology/article/63/6/egac046/6585637 by Brow

n U
niversity user on 17 June 2022

https://academic.oup.com/petroj/article-lookup/doi/10.1093/petroj/egac046#supplementary-data
https://academic.oup.com/petroj/article-lookup/doi/10.1093/petroj/egac046#supplementary-data


Journal of Petrology, 2022, Vol. 63, No. 6 | 17

Fig. 11. Initial Nd–Hf isotopic compositions for the Xiugugabu pyroxenites and pyroxene-bearing dunite at 125 Ma. Binary mixing lines derived from
mixing of matrix melt from residual peridotite and aggregated channel melt from the enriched mantle are shown as thick color-coded lines. The thin
lines with plus symbols represent mixing lines for 0.1% to 20% enriched melt proportion. OIB and MORB compilations are from Salters et al., 2011, and
Stracke et al., 2003. Source for compositions of YZSZ peridotites and mafic rocks are the same as those listed in the caption to Fig. 9.

residual lherzolite (sample 09-ZH-51 of Bezard et al.,
2011) to simulate the enriched mantle composition
in the modeling below. Both Nd–Hf isotope ratios of
the sediment and the residual lherzolite is corrected
to 125 Ma. Figure 11 shows results of simple binary
mixing calculations (heavy solid lines). In our model,
the enriched endmember is the aggregated melt derived
from 2% to 10% melting of the enriched mantle at
a greater depth, and the depleted endmember is the
instantaneous melt derived from 0% to 10% near
fractional melting of the residual lherzolite that is near
the pyroxenite veins from below (Fig. 11). Parameters
used in the melting and mixing calculations are listed in
Table S5. Two main observations are summarized below.

Firstly, simple binary mixing between melts derived
from the depleted mantle source and the enriched
mantle source can explain most of the observed
variations in (176Hf/177Hf)i - (143Nd/144Nd)i, 147Sm/144Nd-
(143Nd/144Nd)i, and 176Lu/177Hf-(176Hf/177Hf)i correlation
diagrams (Fig. 11). Contributions of the enriched and
depleted mantle to the pyroxenite depend on the
assumption about trace element and isotopic com-
positions of the two endmembers and their degrees
of melting. For example, at a given enriched melt
composition, increasing the degree of melting of the
depleted mantle would reduce the fraction of enriched
mantle needed in the mantle source. Figure 11 shows

that less than 20% enriched mantle derived melts are
needed to explain the observed Nd-Hf isotope variations
of the Xiugugabu pyroxenites. In more complicated
mixing models that consider the size and lithology of
the enriched mantle, larger variations in Nd–Hf isotope
ratios are expected in the mixed melts (e.g., Liu & Liang,
2017, 2020; Liang, 2020). Therefore, the 20%melts derived
from the enriched mantle should be considered as an
upper bound.

Secondly, initial Nd–Hf isotope compositions of clinopy-
roxene and orthopyroxene in two samples (17TP25
and 17TP19-1) are distinct and fall outside the mixing
curves shown in Fig. 11a. In the olivine websterite
17TP25, clinopyroxene has similar initial Nd–Hf isotope
compositions to the age-corrected DMM, whereas
orthopyroxene has a more refractory Hf isotope but an
enriched Nd isotope composition (Fig. 11a). In composite
pyroxenite vein 17TP19, the whole-rock Nd–Hf isotope
composition of orthopyroxenite (17TP19-3) resemble
those of orthopyroxene in the websterite (17TP19-1),
whereas the clinopyroxene in this websterite sample
has a more depleted initial Nd isotope composition
than that in the bulk rock or orthopyroxene. It is
likely that clinopyroxene and orthopyroxene in these
pyroxenites were crystallized from different batches of
melt. This is supported by major element compositions
of the orthopyroxene and clinopyroxene discussed in
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Fig. 12. Initial Nd–Hf isotopic composition vs trace element ratios: (a) 143Nd/144Ndi vs La/Nd; (b) 176Hf/177Hfi vs La/Hf; (c) 143Nd/144Ndi vs Th/Nd; (d)
176Hf/177Hfi vs Th/Hf; (e) 176Hf/177Hfi vs Zr/Hf; (f) 176Hf/177Hfi vs Sm/Hf. Solid lines are from linear regressions and dashed lines are the prediction
interval of 95%. See text for discussion.

the preceding section. These hydrous melts were derived
from partial melting of a hybrid mantle source including
a DMM and a DMM metasomatized by ancient, recycled
sediments. Finally, it is possible that the enriched
component has lower 176Hf/177Hf and higher 143Nd/144Nd
than that used in our modeling, which could better
explain the Nd–Hf isotope rations of the clinopyroxene
samples.

Trace element constraints on characteristics of
infiltrating melts
To further examine the enriched and depleted mantle
components identified by the Nd and Hf isotope ratios,
we consider REE, Sr, Nb, Zr, Hf, and Ti concentrations in
melts in equilibrium with the pyroxenites. The effect
of subsolidus re-distribution on REE, Zr, Hf, and Ti
between clinopyroxene and orthopyroxene is neglected
in the modeling described below as a 200◦C temperature

reduction (from 1300◦C to 1100◦C) would result in less
than a factor of two variations in REE concentrations in
the pyroxenes (for details, see Appendix 7). We use trace
element concentrations in clinopyroxene and orthopy-
roxene in the pyroxenites and their partition coefficients
to infer compositions of parental melts from which
the pyroxenes were crystallized. The clinopyroxene-
melt and orthopyroxene-melt partition coefficients were
calculated using the parameterized lattice strain models
for REE, Zr, Hf, and Ti (Sun & Liang, 2012, 2013; Yao
et al., 2012; Sun, 2014), major element compositions of
pyroxenes in the pyroxenite, and at a temperature of
1250◦C. Partition coefficients for Nb and Sr are from
(Kelemen et al., 2003). Partition coefficients used in this
study were listed in Table S5.

Figure 13a and b shows N-MORB normalized trace
element patterns of calculated melts in equilibrium
with pyroxenitic clinopyroxene and orthopyroxene. In
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general, the equilibrium melts are more depleted than
mafic rocks that intruded into the Xiugugabu peridotites
(Fig. 13c) (Bezard et al., 2011; Zhong et al., 2019). HREE
in the calculated melts have higher concentrations and
follow a different trend in the spider diagram than both
high-Ca and low-Ca boninites (Fig. 13d) (Reagan et al.,
2010; Ishizuka et al., 2011; Cluzel et al., 2016; Woelki
et al., 2018). LREE, Sr, Nb, Zr, and Ti in the calculated
melts in equilibrium with pyroxenitic orthopyroxene
are higher than those in equilibrium with pyroxenitic
clinopyroxene, whereas heavy to MREE in the calculated
melts in equilibrium with pyroxenitic clinopyroxene are
slightly higher than those in equilibrium with orthopy-
roxene (Fig. 13a and b). A striking feature of the melts in
equilibrium with pyroxenitic clinopyroxene is the strong
negative Zr anomaly and moderate negative Hf anomaly
relative to Nd and Sm. The negative Zr and Hf anomalies
were also observed in mafic rocks in the studied region
(Fig. 13c) (Bezard et al., 2011; Zhong et al., 2019), although
the amplitudes are smaller. We infer that the parental
melts of the Xiugugabu pyroxenites were mixtures of
melts generated by re-melting of the depleted peridotites
and altered sediments. This is consistent with the initial
Nd–Hf isotopic compositions of the Xiugugabu pyroxen-
ites that show the mixing relationships between DMM-
like YZSZ peridotites and ancient sediments (Figs 11 and
12). The contrasting trace element patterns between
the calculated melts in equilibrium with pyroxenitic
orthopyroxene and clinopyroxene (Fig. 13a and b) may
result from early crystallization of orthopyroxene,
followed by addition of an LREE- and Zr-depleted melt
derived from peridotites in the underlying mantle.

To test the above hypothesis, we used a two-porosity
melting model similar to the one described in Liang
& Peng (2010) to calculate trace element patterns in
the instantaneous melt produced by partial melting
of a depleted and enriched lherzolite (called matrix
melt hereafter) and the aggregated melt extracted
to dunite channels (called channel melt). The trace
element concentrations of the depleted lherzolite are
from sample 09-ZH-51 of Bezard et al. (2011) that has the
lowest Cr# in spinel and highest bulk REE contents (Fig.
S3c in Appendix 2). The trace element concentrations
of the enriched lherzolite are obtained by adding 1% of
the alerted sediment GLOSS-II (Johnson & Plank, 1999;
Plank, 2014) to the depleted lherzolite and (red squares
in Fig. 14a and c). This choice of the enriched component
is not unique (e.g., Stracke et al., 2003) but adequate to
demonstrate the basic idea here. Melting parameters
used in the modeling are listed in Table S5. Figure 14a–d
displays calculated trace element concentrations in the
matrix melts and channel melts produced by 0%–10%
near fractional melting of the two starting compositions.
The channel melts have trace element patterns broadly
similar to the calculated melts in equilibrium with
pyroxenitic orthopyroxene (Fig. 14b and d).

The trace element patterns of clinopyroxene-derived
melt could be produced by partly aggregating melts

from a more depleted mantle source (Fig. 14e and f). The
higher Nb in the calculated melts may be attributed to
the higher Nb concentrations in the enriched mantle
sources than used in our modeling. The negative Zr
and Hf anomalies in the calculated melts in equilibrium
with clinopyroxene could be explained by (1) a starting
lherzolite with more depleted Zr and Hf abundances
(Fig. 7c), (2) presence of zircon in the residual mantle
(Fig. 12e), or (3) disequilibrium melting of the starting
lherzolite. Hydrous melting at low temperatures favors
disequilibrium melting. Due to their slow diffusion rates
in clinopyroxene and orthopyroxene (Bloch & Ganguly,
2014; D. Cherniak, pers. comm., 2021), Zr and Hf are less
depleted in residual clinopyroxene and orthopyroxene
during disequilibrium melting. Consequently, the chan-
nel melts are more depleted in Zr and Hf than the case
of equilibrium melting (e.g., Liang & Liu, 2016).

In summary, our trace element modeling suggests
that orthopyroxene and clinopyroxene in the Xiugugabu
pyroxenites crystallized from different batches of melts.
The parental melt of orthopyroxene is enriched in highly
incompatible trace elements, whereas the parental
melt of clinopyroxene is less enriched and has a large
component of melt derived from partial melting of
peridotites in the underlying mantle. Crystallization
of different melt batches in the pyroxenite veins also
provide a simple explanation to the observed differences
in initial Nd and Hf isotope ratios between clinopyroxene
and orthopyroxene in thewebsterite samples 17TP19 and
17TP25 (Fig. 11a) and Y and other trace element concen-
tration profiles across the veins (Fig. 8; Appendix 3).

Petrogenetic model for the Xiugugabu
pyroxenites
The field occurrence and textures of the Xiugugabu
pyroxenites are very similar to those observed in
pyroxenites from the Bay of Islands ophiolite and
the Voykar ophiolite (Varfalvy et al., 1996; Suhr et al.,
2003; Batanova et al., 2011; Belousov et al., 2021), which
were attributed to hydrous melt-peridotite reactions.
Numerical simulations of dunite channel formation in
a deformable harzburgite have shown that compaction
in the central part of the dunite and dissolution of
harzburgite at the dunite-harzburgite interface forced
melt to localize along the harzburgite-dunite interface
in the dunite side of the high-porosity channel (Liang
et al., 2010; Schiemenz et al., 2011). At the lithosphere–
asthenosphere boundary, the localized interstitial melt
in the dunite channel starts to freeze (e.g., Morgan
et al., 2008; Rampone & Borghini, 2008; Dygert et al.,
2016; Basch et al., 2019). Depending on melt flux from
below, crystallization of the interstitial melt can lead
to local pressure buildup, which in turn may induce
higher porosity or hydro-fracture in the downstream
direction in the dunite (Liang et al., 2010; Schiemenz et al.,
2011). The accumulated melt in the high porosity melt
vein may further react with its surrounding harzburgite
and may even induce local fluxed melting of the host
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Fig. 13. (a, b) N-MORB (Sun & McDonough, 1989) normalized trace element compositions of melt in equilibrium with pyroxenitic clinopyroxene and
orthopyroxene from the Xiugugabu ophiolite. (c, d) Mafic rocks from west segment of the YZSZ are compiled from Bezard et al., 2011, Liu et al., 2018a,
and Zhong et al., 2019. Forearc basalts and boninites from the Izu–Bonin–Mariana arc (Woodland et al., 2002; Ishizuka et al., 2011), boninites from the
Troodos ophiolite (Woelki et al., 2018), and boninites from the New Caledonia ophiolite (Cluzel et al., 2016) are shown for comparison.

peridotite if the melt is hydrous and water in the melt
diffuses into the surrounding harzburgite (Wang et
al., 2016b). Continuous cooling and crystallization of
the melt vein could lead to the formation of trails of
pyroxene megacrysts and/or pyroxenite veins in the
dunite (Fig. 15a). The spatial distribution of the veins
follows the melt distribution in the dunite channel.
We envision that the Xiugugabu dunite was formed
by reactive dissolution involving a hydrous melt during
its transport through the partially molten peridotite in
the asthenospheric mantle. This is supported by the
nonlinear geometry of the composite dunite-pyroxenite
veins (Fig. 3; Appendix 1) and the strike of the Xiugugabu
pyroxenite veins that is parallel to the foliations of the
host peridotites (Fig. 2a–c). The former indicates that
the strong chemical exchange between pyroxenite veins
and host peridotites and the latter indicates that melt
flow occurred parallel to layering. Such features are
typical of the Oman dunites and pyroxenites, which
were originally formed in the asthenospheric mantle
(Braun & Kelemen, 2002; Python & Ceuleneer, 2003).
In addition, the systematic decrease in spinel grain
size from the central dunite vein to the pyroxenite
veins and host harzburgite (Fig. 3; Appendix 1) is likely
produced by spinel partial dissolution during melt-
peridotite reaction (Liang, 2003; Morgan et al., 2008). In
an upwelling mantle column, the dunite formed in the
deeper part of themantle would be eventually brought to

the lithosphere–asthenosphere boundary where freezing
or crystallization commenced (e.g., Braun & Kelemen,
2002). When a late stage, hydrous- and silica-rich melt
approached the lithosphere-asthenosphere boundary,
reaction between the hydrous melt and peridotite would
produce orthopyroxenites at the interface between
dunite and host peridotite (Fig. 15a). A laboratory exam-
ple of dunite–orthopyroxenite–harzburgite sequence
formed by hydrous melt and peridotite interaction was
reported by Wang et al. (2016b). When water-induced
flux melting is extensive in the surrounding peridotite,
the partial melt would flow along the local pressure
gradient, accumulating and freezing on the newly formed
orthopyroxenite, producing a dunite–orthopyroxenite–
websterite vein sequence in the dunite (Fig. 15b). The
dunite in between the websterite and harzburgite would
be orthopyroxene-bearing, whereas the dunite in the
center could be orthopyroxene-free (Fig. 15).

Tectonic implications for the YZSZ
Ophiolites along the YZSZ are generally taken as relics
of the Neo-Tethys Ocean and tectonic settings from
which they were originated remain equivocal. Early
studies have suggested that the YZSZ ophiolites were
generated at slow-spreading ridges (e.g., Nicolas et
al., 1981), whereas later studies have proposed SSZ
settings based on geochemical compositions of mafic
rocks and/or mantle peridotites, either in a forearc (e.g.,
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Fig. 14. Trace element patterns of matrix melt and channel melt derived from partial melting of the Xiugugabu residual lherzolite. Trace element
concentrations are normalized to N-MORB (Sun & McDonough, 1989). (a) Trace element concentrations of matrix melts (lines) calculated from
re-melting of a residual lherzolite. (b) The thick lines represent trace element patterns of aggregated melts. (c, d) Similar to (a, b) but the trace element
concentrations in the starting lherzolite contains 1% altered sediments. (e, f) Similar to (d) but only partly aggregate matrix melt from 2% to 4%
melting, 4% to 6% melting, etc. See text for discussion.

Dai et al., 2013; Maffione et al., 2015; Xiong et al., 2016) or a
back-arc setting (e.g., Guilmette et al., 2012). More recent
studies have invoked that the YZSZ ophiolites represent
oceanic core complexes generated at ultraslow spreading
ridges (Liu et al., 2014, 2021; Zhang et al., 2019).

The Xiugugabu dunites have low spinel Cr# values that
are comparable to those previously reported for dunitic
spinel (e.g., Xiong et al., 2017a, 2017c), which supports
the inference that the Xiugugabu dunites were formed
via the reaction between a silica-unsaturated melt
(i.e., MORB-like) and mantle peridotite. Here, we have
shown that the Xiugugabu pyroxenite veins represent the
crystallization of hydrous and silica-enriched melts with
unradiogenic Nd–Hf isotope compositions in a partially
molten mantle, near the lithosphere–asthenosphere
boundary. Therefore, the Xiugugabu pyroxenites and
dunite witness the transition of tectonic settings from
MOR to SSZ.

Such a transition can be explained by either the sub-
duction initiation model (e.g., Dai et al., 2013, 2021; Xiong

et al., 2016, 2017b, 2017c) or the subduction re-initiation
model (Zhang et al., 2019; Liu et al., 2022). According to
the subduction re-initiation model, the YZSZ ophiolites
represent relics of oceanic core complex generated at
ultraslow spreading ridges and clogged at the trench,
which triggered re-initiation of a new subduction in the
south flank of the Neo-Tethys Ocean. Although the sub-
duction initiation model cannot be completely ruled out,
here, we prefer the subduction re-initiation model for
the following considerations. Firstly, mantle peridotites
from the Xiugugabu ophiolite have compositions more
fertile (e.g., low spinel Cr# and higher contents of Al2O3

andREE in clinopyroxene) than typical forearc peridotites
(Appendix 2), which argues against high-degrees of melt-
ing in a SSZ setting. Secondly, gabbroic intrusions in the
Xiugugabu peridotites have flat REE patterns (Fig. 11c)
and depleted Nd–Hf isotopes (Fig. 13b and c), which are
geochemically similar to present-day MORB (Bezard et
al., 2011; Zhong et al., 2019). Finally, a recent study on
gabbros of the Xigaze ophiolite in the central segment of
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Fig. 15. Schematic diagram illustrating the formation of composite dunite–orthopyroxenite–websterite veins. (S1) Formation of orthopyroxenite at the
boundary between dunite and host peridotite during percolation of a hydrous-, silica-rich melt in the dunite channel. Diffusional loss of water from
the hydrous melt to surrounding peridotite causes re-melting of surrounding peridotite forming a depleted melt. (S2) Reactive crystallization of the
depleted melt forms the websterite at the boundary between orthopyroxenite and host peridotite. See text for discussion.

the YZSZ revealed an episodic and intermittent magma
supply within the lower oceanic crust, a feature that is
only observed in present-day ultraslow spreading ridges
(Liu et al., 2021).

Therefore, we proposed that the Xiugugabu ophio-
lite was generated at an ultraslow spreading ridge as
an ocean core complex (OCC), which was very close
to the southern margin of the Lhasa terrane according
to paleomagnetism data (Huang et al., 2015; Li et al.,
2016). Asthenosphere-derived MORB-like magmas were
transported in the oceanic mantle and reaction with the
host peridotites produced the Xiugugabu dunite veins.
Shortly after its formation, the Xiugugabu OCC entered
the subduction zone and clogged in the trench, due to
its high topography. This would result in the demise
of an old subduction zone and northward drifting of
the Indian continent exerted a far-field compressional
strength, which initiated a new subduction in the south
of the clogged OCC. Sediments were subducted along
with the new subduction and recycled to metasomatize
the mantle. Partial melting of such metasomatized man-
tle sources would give rise to enriched melts required by
the formation of the Xiugugabu pyroxenites.

CONCLUSION
The Xiugugabu pyroxenite veins are crystallization
products of hybrid hydrous melts formed at the waning
stage of partialmelting and reactivemelt transport in the
asthenospheric mantle. Results from this study enable
us to develop a model for the formation of composite
dunite-pyroxenite veins in residual peridotite. Themodel
has four key components or steps. (1) Re-melting of pre-
vious depleted mantle forms hydrous, silica-saturated,
and incompatible trace element-depleted melt. (2)

Percolation of the hydrous melt through the dunite
channel results in reactive dissolution of the surrounding
peridotite and formation of the orthopyroxenite at
the interface between the dunite and host peridotite.
(3) Diffusional loss of water from the hydrous melt
in the dunite channel induces partial melting of the
surrounding residual peridotite, producing hybrid melts
that are depleted in highly incompatible trace elements.
(4) The hybrid melt would flow along the local pressure
gradient, crystallizing on the newly formed orthopyrox-
enite, forming the composite dunite–orthopyroxenite–
websterite vein sequence. Such a mechanism can also
explain the coexistence of pyroxenites and dunites in
the mantle sections of other ophiolites around the world
(Suhr et al., 2003; Tamura & Arai, 2006; Batanova et al.,
2011; Sergeev et al., 2014; Kaczmarek et al., 2015).

The present study has demonstrated the advantages
of studying trace element and isotope compositions
in coexisting clinopyroxene and orthopyroxene in the
pyroxenites. Distinct trace element patterns between
clinopyroxene- and orthopyroxene-derived melts and
different Nd–Hf isotope compositions of clinopyroxene
and orthopyroxene within each sample in the Xiugugabu
pyroxenite veins have provided strong evidence for
the crystallization of the pyroxenes from different
batches of melts. The parental melt of orthopyroxene
is more enriched in incompatible trace elements and
Nd–Hf isotope compositions than the parental melt of
clinopyroxene. The latter has a larger contribution of
melt derived from re-melting of previously depleted
peridotite in the underlying mantle. The extremely
enriched Nd–Hf isotope compositions of the Xiugugabu
pyroxenite veins reveal that the mantle source of the
Xiugugabu ophiolite is considerablymore heterogeneous,
which can be explained by the existence of ancient and
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recycled sediments or upper continental crusts. Melting
of such a heterogeneous mantle can produce melts
with spoon-shaped trace element patterns similar to
those observed in the Xiugugabu pyroxenites and the
peridotites from the YZSZ (Fig. 13; Appendix 2).

The magmatic sequences recorded within the Xiugu-
gabu ophiolite are ‘MORB’ melts followed by hydrous and
highly incompatible element-enriched melts. Consider-
ing low degrees of melting experienced by the co-existing
mantle peridotites, results from the Xiugugabu pyrox-
enites provide supports to the subduction re-initiation
model, i.e., the Xiugugabuwas formed as OCC in an ultra-
slow spreading ridge, which was subsequently clogged in
the trench and had triggered a new subduction.
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