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Abstract
Pyroxenite veins are commonly observed in the mantle section of ophiolites, reflecting a variety of melts that percolate 
through the mantle, react, and finally crystallize in the lithosphere. To better understand the formation mechanism of the 
pyroxenite veins and associated peridotites, we conducted an integrated petrological and geochemical study of a suite of 
orthopyroxenite, websterite, and composite clinopyroxenite–orthopyroxenite veins in residual peridotites from the Dazhuqu 
ophiolite (Southern Tibet, China). Both orthopyroxene and clinopyroxene in pyroxenites are characterized by high Mg#, low 
Al2O3 concentrations, and depleted patterns of incompatible trace elements. This suggests that parental melts of the pyrox-
enites could be formed by re-melting of a previously depleted mantle source. We observed systematic variations in the major 
and trace element compositions of clinopyroxene and orthopyroxene across the pyroxenite–harzburgite sequences. Through 
trace element modeling, we have established a model for the formation of pyroxenite veins and associated harzburgites. 
According to this model, hydrous and aggregated melts were expelled from the tip of the dunite channels and subsequently 
injected into the lithosphere via fractures. The infiltrating melts then underwent diffusional loss of water into the residual 
harzburgites within the asthenosphere, which in turn promoting partial melting of the harzburgite. The pyroxenite veins were 
formed by mixing the infiltrating channel melt and matrix melt derived from partially molten harzburgite. This formation 
model can be applied to explain the pyroxenite–harzburgite and dunite–pyroxenite–harzburgite sequences in the Yarlung-
Tsangbo ophiolite and other ophiolites around the world.

Keywords  Pyroxenite · Melt–rock reaction · Hydrous melt infiltration · The Yarlung-Tsangbo ophiolites · Concentration 
gradient

Introduction

Pyroxenite is an ultramafic rock that contains less than 40% 
olivine. As samples from Earth’s upper mantle, pyroxenites 
are observed as veins or dikes in abyssal peridotites (Dan-
tas et al. 2007; Laukert et al. 2014; Warren et al. 2009), 
orogenic massifs (e.g., Bodinier et al. 1987; Garrido and 
Bodinier 1999; Downes 2007; Xiong et al. 2014), ophiolitic 
sequences (e.g., Ceuleneer et al. 2008, 2022; Python and 
Celeneer 2003; Borghini et al. 2013; Zhang et al. 2022), 
and mantle xenoliths (e.g., Chen and Zhou 2005; Liu et al. 
2005; Dantas et al. 2009; Ionov et al. 2018). The lithology 
of pyroxenite is diverse, including orthopyroxenite, web-
sterite, and clinopyroxenite, some of which contains spinel, 
plagioclase, amphibole, and phlogopite. The varied litho-
logical and chemical features of pyroxenites result from 
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their origins, which include recycled oceanic crust that has 
been enrolled in asthenosphere and subsequently incorpo-
rated into the lithosphere (e.g., Allègre and Turcotte 1986; 
Morishita et al. 2003; Yu et al. 2010), cumulates derived 
from mantle melting under moderate to high pressure (e.g., 
Dantas et al. 2009; Lu et al. 2018, 2020; Warren et al. 2009; 
Xiong et al. 2014), in situ melting/dissolution of pyroxenes 
followed by precipitation in pyroxenite layers (e.g., Dick and 
Sinton 1979; Pilet et al. 2005; Tilhac et al. 2021), and prod-
ucts of melt–rock reaction (e.gBodinier et al. 2008; Laukert 
et al. 2014).

According to structural relationships with the host peri-
dotite, pyroxenite vein or bodies in ophiolites are associated 
with two types of peridotites: those associated with dunite in 
a harzburgite (the pyroxenite–dunite–harzburgite sequence, 
PDH) or lherzolite host without harzburgite (the pyroxen-
ite–dunite–lherzolite sequence, PDL) (e.g., Varfalvy et al. 
1996; Kaczmarek et al. 2015; Laukert et al. 2014; Suhr et al. 
2003), and those associated with harzburgite or lherzolite 
(the pyroxenite–harzburgite or the pyroxenite–lherzolite 
sequence, PH or PL) but without dunite (e.g., Borghini 
et al. 2021; Dantas et al. 2007; Laukert et al. 2014; Warren 
et al. 2009). Two significant formation mechanisms of the 
pyroxenites are illustrated in Fig. 1. One mechanism involves 
pyroxenites in PH sequences crystallizing from depleted 
fractional melts formed at the top of melting column (Cumu-
late regime in Fig. 1a; Basch et al. 2019; Pilet et al. 2005, 
2011) or from the pooled fractional melts in both the lith-
ospheric and asthenospheric mantle (Cumulate regime in 
Fig. 1b; Dantas et al. 2007; Lambart et al. 2022; Laukert 
et al. 2014; Warren et al. 2009). Compared to the fractional 
melt formed at the top of mantle column, the pooled melt 
is less depleted in incompatible elements (e.g., Liang et al. 

2010). The other mechanism involves the infiltration of 
melts and their subsequent reactions within an open system 
with host harzburgites in the lithospheric mantle (reactive 
regime in Fig. 1a), asthenospheric mantle, or both (Fig. 1b; 
Wang et al. 2016; Zhang et al. 2022). Each mechanism has a 
specific implication for the spatial relationship between the 
pyroxenite and its host peridotite, a topic that has received 
little attention. For example, it is not generally agreed upon 
if the pyroxenites are formed in the lithospheric mantle or 
the asthenospheric mantle. It is also unclear whether the 
PDH sequence and PH sequence can be formed by the same 
mechanism.

To differentiate the various formation mechanisms of the 
pyroxenite, we systematically sampled a number of PDH 
sequences at the Xiugugabu ophiolite and PH sequences at 
the Dazhuqu ophiolite along the Yarlung-Zangbo Suture 
Zone, Southern Tibet, China, (Fig. 2a). Major and trace ele-
ment abundances and Nd and Hf isotope ratios in pyroxenes 
from eight PDH sequences were reported in Zhang et al. 
(2022). In this companion study, our primary focus will be 
on elucidating the formation mechanisms of PH sequences. 
Specially, we present detailed compositional traverses 
across three PH sequences from the Dazhuqu ophiolite: one 
orthopyroxenite–harzburgite, one websterite–harzburgite, 
and one composite clinopyroxenite–orthopyroxenite–harz-
burgite sequences. These high-resolution traverses across 
the PH sequences from the Dazhuqu ophiolite are used to 
constrain the magmatic processes leading to the formation 
of the pyroxenite veins. Our results demonstrate the signifi-
cance of hydrous melt infiltration in controlling the kinet-
ics of melt–peridotite reaction, leading to extensive partial 
melting of residual peridotites. This reaction mechanism is 
important not only for pyroxenites in the PH sequences but 

Fig. 1   Schematic diagram 
adapted from Zhang et al. 
(2022) illustrating some of 
the formation mechanisms of 
pyroxenite veins. In scenario 
(a), matrix melt formed at 
the top of the mantle column 
infiltrates into the lithosphere 
and crystallizes into pyroxenite 
(cumulate regime), or reacts 
with harzburgite and subsequent 
crystallizes into pyroxenite 
(white circles represent harzbur-
gite dissolution processes). In 
scenario (b), a hybrid melt com-
posed of both channel melt and 
matrix melt infiltrates, leading 
to the formation of a pyroxen-
ite–harzburgite sequence and a 
dunite-pyroxenite–harzburgite 
sequence, respectively, from the 
top to bottom of the mantle
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also for those in the PDH sequences. Based on cross-cut 
relations between the foliations of harzburgites and pyrox-
enites veins in the PH and PDH sequences, we propose that 
PH sequences were formed in the lithosphere near the litho-
sphere–asthenosphere boundary (LAB), whereas the PDH 
sequences were formed in the asthenosphere beneath the 
LAB.

Geology and petrology

Geological setting

The Yarlung-Tsangbo Suture Zone (YTSZ) is a well-defined 
suture located on the southern Tibetan Plateau, separating 
the Eurasian plate from the Indian plate (Fig. 2a). Ophi-
olites along the YTSZ are regarded as the remnants of the 
Neo-Tethys oceanic lithosphere (Yin 2000; Zhu et al. 2013; 
Zhou et al. 2005). Geographically, the Yarlung-Tsangbo 
ophiolites are divided into three segments: the eastern 

Luobusha–Zedong segment, the central Rebu–Sangsang 
segment, and the western Saga–Dongbo segment (Hébert 
et al. 2012). Ophiolites located in the central segment are 
commonly referred as the Xigaze ophiolite (Fig. 2b). These 
ophiolites are found in fault contacts between the Xigaze 
forearc basin to the north and the Triassic–Cretaceous ophi-
olitic mélange to the south. Zircon U–Pb dating on the tuff 
layers interbedded with radiolarian chert at the base of the 
Xigaze forearc basin suggests that the formation of the basin 
occurred no earlier than ~ 119 Ma (Wang et al. 2017).

The Dazhuqu ophiolite is located on the eastern most 
part of the Xigaze ophiolite and preserves a continuous lith-
ospheric sequence (Fig. 2b), comprising, from the bottom 
up: partly serpentinized mantle harzburgites, plagioclase-
bearing lherzolites, gabbros, dolerite sill complexes, and 
pillow lavas (Liu et al. 2021, 2018, 2019; Tian et al. 2022). 
The mantle section primarily consists of lherzolites and 
harzburgites, with a limited number of irregular pockets or 
veinlets of dunite and pyroxenite (Figs. 2c, 3). The region of 
Moho Transition Zone (MTZ) was reported in the northern 

Fig. 2   a Simplified tectonic map of the Tibetan Plateau shows distri-
butions of several main suture zones and tectonic units. KSZ Kunlun 
suture zone, BNSZ Bangong-Nujiang suture zone, YTSZ Yarlung-

Tsangbo suture zone. b Geological sketch map of the Dazhuqu ophi-
olite. The red lines represent fault contacts. c Sketch map shows the 
localities of the collected pyroxenite samples
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part of the Dazhuqu ophiolite (Tian et al. 2022). This zone 
comprises plagioclase-bearing peridotites, troctolites, and 
layered gabbros. The crustal section contains gabbros, dia-
base sill complexes, and pillow lavas. The pillow lavas are 
commonly in fault contact with sedimentary deposits from 
the Xigaze forearc basin (Liu et al. 2018). Zircon U–Pb dat-
ing of the crustal rocks suggest that the Dazhuqu ophiolite 
formed at 124–128 Ma (Dai et al. 2013; Liu et al. 2016; 
Malpas et al. 2003), aligning with the formation ages of 
the Xigaze ophiolite and other ophiolites along the YTSZ 
(Cheng et al. 2018; Guilmette et al. 2009, 2012; Liu et al. 
2016; Zhang et al. 2016, 2019).

Several pieces of evidence suggest that the Dazhuqu 
ophiolite originally formed at a slow- to ultraslow-spreading 
ridge proximal to a subduction zone: (1) it has a thin crus-
tal section (< 3 km thick) and a thick mantle section (> 7 
km), which is similar to present-day slow-spreading ridges 

(Girardeau et al. 1985; Jiang et al. 2015; Liu et al. 2022; 
Nicolas et al. 1981); (2) gabbroic bodies show episodic and 
intermittent magma supply within the lower oceanic crust 
(Liu et al. 2021; Zhou et al. 2023), which was only observed 
at present-day ultraslow-spreading ridges; and (3) the mafic 
crustal rocks and mantle peridotites within the Xigaze ophi-
olite are geochemically similar to mid-ocean ridge basalts 
(MORB) (Liu et al. 2018, 2016) and abyssal peridotites (Liu 
et al. 2019; Zhang et al. 2017), respectively. The inference 
of subduction-related influences is additionally substantiated 
by a palaeomagnetic study of the Xigaze forearc basin, rep-
resented by the Ngamring Formation (Fig. 2b, Abrajevitch 
et al. 2005). Furthermore, observations of relative depletion 
in high field strength element (HFSE) and enrichment in 
large ion lithophile element (LILE) in the basaltic dikes of 
the Dazhuqu ophiolite provide possible evidence of subduc-
tion-related processes (e.g., Dai et al. 2013).

Fig. 3   Photographs of representative outcrops shows field relations 
of intruding pyroxenite veins and host peridotites. a Reddish-weath-
ered orthopyroxenite vein with sharp contact with host harzburgite. 
The marker pen for scale is 15 cm long. b Harzburgite with foliations 

defined by elongated orthopyroxenes is cross-cut by a coarse-grained 
websterite patch. Note the small relic harzburgite in the websterite 
patch. c Intruding websterite vein in a ‘dunitized’ harzburgite. d Oli-
vine websterite vein has a sharp contact with the host harzburgite
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Sample description

Pyroxenite veins within the Dazhuqu ophiolite occur as 
subparallel layers (Figs. 3a, d) or elongated patches in the 
host harzburgites (Figs. 3b, c). The pyroxenites range from 
millimeters to centimeters in width and display relatively 
sharp contacts with the host peridotites (Fig. 3 and Appendix 
1). No fine-grained chilled margins were observed at the 
interfaces between pyroxenite veins and their host harzbur-
gites. Generally, orthopyroxenite veins are more abundant 

than websterite veins in the field. A total of fourteen sam-
ples were selected for the study, including one composite 
clinopyroxenite–orthopyroxenite–harzburgite vein (referred 
to as “the composite vein” hereafter), six orthopyroxenite 
veins, and seven websterite veins. Their host peridotites 
were also studied for comparison. Images of the pyroxen-
ite veins are presented in Figs. 4, 5, 6, and the Appendix 
1. Mineral modes were obtained by counting ~ 3500 points 
for each pyroxenite using JmicroVision software (Roduit 
2008). Additionally, mineral modes for four samples were 

Fig. 4   Sketched a, c and cross-
polarized images b, d of thin 
sections from the orthopyroxen-
ite 17DQ09 (a, b) and the web-
sterite 17DQ14 (c, d). Note the 
presence of small clinopyroxene 
neoblasts in (a), porphyroclastic 
clinopyroxene in the websterite 
(black line in (a) and (b)), and 
elongated orthopyroxene in (c) 
and (d) at the interface (white 
dashed line in (d))
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obtained via mass balance calculations using the major ele-
ment concentrations of bulk rock and constituent minerals. 
The weight proportions were converted to volume propor-
tions using the following density ratios: Cpx/Ol = 1.03, Opx/
Ol = 0.97, and Spl/Ol = 1.1 (Le Roux et al. 2014). The calcu-
lated modal abundances are presented in Table 1.

Orthopyroxenite veins

Orthopyroxenes in the Dazhuqu orthopyroxenites display 
equigranular and/or porphyroclastic textures (Fig. 4a, b and 
Fig. 5a–d, Appendix 1) with grain sizes ranging from 0.5 to 
5 mm. Clinopyroxenes are interstitial and often in subhedral 

shape (Fig. 4a, b and Fig. 5c and d). Olivine and clinopy-
roxene chadacrysts in large orthopyroxene grains are fre-
quently observed (Figs. 4a, b). Relic grains of olivine display 
kink bands and undulose extinction similar to olivines in 
the host harzburgite (Figs. 4b, 5a and b). Olivine modes are 
highly variable across orthopyroxenite veins (6–59 vol.%), 
increasing from the center to the edge of the vein in sam-
ples 17DQ09 (Fig. 4a), 17DQ03 and 17DQ10 (Appendix 
1). Clusters of anhedral spinels and fine-grained olivines 
are sparsely distributed at the margins of coarse-grained 
orthopyroxene (Figs. 4a, 5a, and c). Interestingly, orthopy-
roxenes within the orthopyroxenite veins have no obvious 
signs of deformation (Fig. 4a, b).

Fig. 5   Photomicrographs (a, b) and backscatter images (c–i) of the 
Dazhuqu pyroxenite veins. a, b Granular orthopyroxenite (17DQ09) 
containing coarse-grained orthopyroxene, interstitial olivine, and 
brownish spinel. Plain-polarized light and cross-polarized light for 
a and b, respectively. c Anhedral clinopyroxene occurs interstitially. 
d Oikocrysts of clinopyroxene and orthopyroxene. e–h Olivine, 
orthopyroxene, and amphibole are always at the grain boundaries of 

coarse-grained clinopyroxenes in the websterite 17DQ13. Note that 
irregular-shaped amphiboles are also found within the clinopyroxene. 
i A diffuse contact between orthopyroxenite and clinopyroxenite in 
the composite vein 17DQ05. Red dashed lines represent lithological 
interfaces. Abbreviations: Ol olivine; Sp spinel; Cpx clinopyroxene; 
Opx orthopyroxene; Amp amphibole
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Olivine websterite veins

Excluding the minor presence of low-temperature phases 
such as amphibole, serpentine, and talc, the olivine web-
sterites consist of 13–76 vol.% clinopyroxene, 15–71 vol.% 
orthopyroxene, 3–39 vol.% olivine, and minor traces of 
spinel (commonly < 1 vol.%) (Fig. 5e–h and Table 1). Both 
17DQ02 and 17DQ07 display mosaic texture (Appendix 
1) with equigranular clinopyroxene and orthopyroxene 
(1–3 mm). Other samples display a coarse-grained por-
phyroclastic texture (Figs. 4c, 4d, and 5e–h), in which 
clinopyroxene porphyroclasts (3–11 mm) are surrounded 
by fine-grained (0.3–0.5 mm) neoblasts of clinopyroxene 
and orthopyroxene (Figs. 4d, 5e, and 5f). The vermicular 

grains of olivine are partly replaced by orthopyroxene 
(Fig. 5e, f). Rare euhedral to anhedral spinels are found in 
contact with clinopyroxene (Fig. 5e). Secondary amphi-
bole is common in all the olivine websterite, but rarely 
exceeds 2 vol.%. They occur as interstitial phases between 
mosaic crystals of pyroxenes (Fig. 5e, f) or appear as 
inclusions within clinopyroxene (Fig. 5g, h).

Sample 17DQ14 is embedded in a highly deformed host 
harzburgite and characterized by the extremely stretched 
porphyroclastic orthopyroxene at the margin of the vein. 
The gradual transition from porphyroclastic to fine-grained 
orthopyroxene, from the edge toward the center of the vein 
(Fig. 4c, d).

Fig. 6   Sketched (a, c) and 
cross-polarized images (b, 
d) of thin sections from the 
composite clinopyroxenite–
orthopyroxenite–harzburgite 
vein 17DQ05. Note the porphy-
roclastic orthopyroxene in the 
orthopyroxenite (black solid 
line in a and b) and different 
shapes of clinopyroxenes in the 
orthopyroxenite (a and c). The 
black dashed lines in panels (a) 
and (c) depict the directions 
of chemical variations across 
the vein, which will be further 
discussed in Fig. 11. Abbrevia-
tions: Ol olivine; Sp spinel; Cpx 
clinopyroxene; Opx orthopy-
roxene
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Composite clinopyroxenite–orthopyroxenite–
harzburgite vein

Sample 17DQ05 comprises clinopyroxenite, orthopyrox-
enite, and host harzburgite from center to edge (Fig. 6a, 
c). The clinopyroxenite and orthopyroxenite display equi-
granular textures (Fig. 6a, c). Within the clinopyroxenite, 
anhedral orthopyroxenes occur in contact with fine-grained 
clinopyroxenes (Fig. 6a, b). Separated from the clinopyrox-
enite by a sharp boundary, the orthopyroxenite vein mainly 
consists of fine-grained orthopyroxenes (1–2 mm) and a 
few interstitial clinopyroxenes (< 0.5 mm) (Figs. 6a, c). The 
host harzburgite displays a porphyroclastic texture, in which 
porphyroclastic orthopyroxene grains are surrounded by a 
fine-grained olivine matrix (Figs. 6a, c). Modal abundances 
of vermicular spinel decrease from the harzburgite through 
the orthopyroxenite to the clinopyroxenite (Figs. 6a, c). 
Abundant interstitial amphiboles (~ 0.2 mm) are found along 
the boundaries between orthopyroxene and clinopyroxene 
(Fig. 5i).

Analytical methods

All measurements in this study were conducted at the Insti-
tute of Geology and Geophysics, Chinese Academy of Sci-
ence, Beijing, China. Detailed analytical procedures, pre-
cision, and accuracy of our measurements are provided in 
the Appendix 2, and a brief description is given here. Bulk 
rock major and trace element concentrations were obtained 
using X-ray fluorescence spectroscopy and inductively cou-
pled plasma mass spectrometry (ICP-MS), respectively. 
Mineral major element and trace element abundances were 
determined using a Cameca SX Five electron microprobe 
and a laser ablation inductively coupled plasma mass spec-
trometry (LA-ICP-MS), respectively. Specially, in the sec-
tion “Fractionation of major and trace elements across the 
composite pyroxenite veins”, the Al2O3, Cr2O3, CaO, and 
Na2O contents in pyroxenes were obtained using the elec-
tron microprobe. Other trace element contents in the two 
pyroxenes, such as Sc, Ti, Dy, Y, Yb, and Zr, were obtained 
by LA-ICP-MS analysis.

Table 1   Lithology, modal abundance, equilibrated temperature, and cooling rate of the Dazhuqu pyroxenites

The mineral modes obtained by mass balance calculation are presented as bold fonts
Abbreviations: Cpx clinopyroxene; Opx orthopyroxene; Sp Spinel; Ol olivine. See main text for discussion

Sample No Lithology Ol Opx Cpx Sp TBKN TCa TREE dT/dt (℃/y) from 
TREE and TBKN

dT/dt 
(℃/y) from 
TREE-in-Opx

dT/dt 
(℃/y) from 
TCa-in-Opx

17DQ01 Olivine–websterite 0.22 0.59 0.16 0.04 818 871 1100 8.77E-04 6.19E-05 7.75E-05
17DQ02 Olivine–websterite 0.11 0.40 0.49 0.00 913 889 1184 1.18E-02 4.62E-04 1.21E-04
17DQ03 Orthopyroxenite 0.07 0.88 0.03 0.02 790 948 1108 2.66E-04 7.63E-05 4.69E-04
17DQ04 Olivine–Orthopyroxenite 0.37 0.63 0.01 899 1015 – 3.12E-03
17DQ05 Clinopyroxenite 0.02 0.05 0.93 0.00 867 991 1153 3.91E-03 3.91E-04 2.02E-03

Orthopyroxenite 0.04 0.94 0.02 0.00 881 849 – 5.88E-05
17DQ05 Composite vein 0.07 0.39 0.53 0.01
17DQ06 Orthopyroxenite 0.08 0.86 0.05 0.01 688 912 1117 3.18E-05 6.91E-05
17DQ07 Websterite 0.10 0.48 0.40 0.02 907 965 1079 2.37E-02 7.42E-05 1.37E-03
17DQ08 Olivine–Orthopyroxenite 0.09 0.89 0.02 – 948 – 1.11E-03
17DQ09 Orthopyroxenite 0.05 0.91 0.03 0.01 911 987 1148 5.77E-03 1.31E-04 7.06E-04

0.53 0.40 0.03 0.01
17DQ10 Orthopyroxenite 0.06 0.92 0.02 819 949 1132 5.43E-04 1.27E-04 4.43E-04
17DQ11 Olivine–websterite 0.39 0.47 0.13 0.01 883 955 1039 2.78E-02 1.21E-04 5.17E-03
17DQ12 Olivine–websterite 0.10 0.35 0.55 0.00 868 880 1109 8.26E-03 2.21E-04 2.72E-04

0.29 0.15 0.54 0.00
17DQ13 Websterite 0.09 0.27 0.64 0.00 900 980 1220 1.83E-02 2.07E-03 1.94E-03

0.06 0.17 0.76 0.00
17DQ14 Websterite 0.09 0.69 0.21 0.01 1011 912 1102 5.09E-05 1.61E-04
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Results

Bulk rock geochemistry

One olivine orthopyroxenite (17DQ09), two olivine web-
sterites (17DQ12 and 17DQ13), and one composite vein 
(17DQ05) were selected for the analysis of bulk rock major 
and trace element compositions. These samples were cho-
sen due to their substantial thickness (> 2 cm), facilitating 
easy separation from the host harzburgites. These pyroxen-
ite veins are fresh with minimal alteration (Figs. 4, 5, and 
6). This observation is further supported by their low con-
tents of loss on ignition (< 1.2 wt.%) and a limited degree 
of serpentinization (< 9%). The bulk rock composition of 
the composite vein is bracketed by the bulk compositions 
of the clinopyroxenite and orthopyroxenite (Fig. 6). Both 
the composite vein and websterite veins display limited 
variations of Mg# [Mg# = 100 × Mg/ (Mg + FeTot), 91], 
Al2O3 (1.35–1.67 wt.%), Cr2O3 (0.43–0.59 wt.%), and CaO 
(12.69–17.55 wt.%) (Table S2). The orthopyroxenite vein 
has the lowest Mg# (90) and CaO content (0.98 wt.%), and 
comparable contents of Al2O3 (1.93 wt.%) and Cr2O3 (0.53 
wt.%) as those from websterites. All the pyroxenite veins 
have extremely low abundances of TiO2, Na2O, and K2O 
(all less than 0.1 wt.%).

In terms of trace elements, the four samples display 
large variations in rare earth element (REE) contents 
(Fig.  7a), which correlate with their clinopyroxene 
modes. For example, orthopyroxenite 17DQ09 has the 
least clinopyroxene modal proportion (3 vol.%) and the 

lowest contents of REE. In the chondrite normalized 
REE diagram (Fig. 7a), the composite vein and webster-
ite veins exhibit depleted REE patterns. Orthopyroxen-
ite vein 17DQ09 shows a spoon-shaped REE pattern. 
The enrichment in La and negative Eu anomaly may be 
attributed to alteration (e.g., Paulick et al. 2006). In the 
primitive mantle normalized spider diagram (Fig. 7b), 
the Dazhuqu pyroxenite samples show slight enrichments 
in large ion lithophile elements (LILE) and fluid-mobile 
elements (e.g., Rb, Ba, and Sr). Specifically, the compos-
ite vein and websterite veins have negative anomalies of 
high field strength elements (HFSE: Nb, Ta, Zr, Hf, and 
Ti); whereas, the orthopyroxenite has positive anoma-
lies of HFSE. Overall, the bulk rock major and trace ele-
ment compositions of the Dazhuqu pyroxenite veins are 
modulated by different proportions of clinopyroxene and 
orthopyroxene in the samples (Fig. 7b).

Mineral major elements

Average mineral major element compositions of the 
Dazhuqu pyroxenite veins and their host harzburgites are 
presented in Table S2. As shown in Fig. 8a, olivines in the 
pyroxenites have a slightly larger range of forsterite con-
tents [Fo = 100 × Mg/ (Mg + FeTot), 89–92] than their host 
harzburgites (90–91). Compared with Dazhuqu plagioclase-
bearing lherzolite, olivines in pyroxenite veins have higher 
Fo and NiO (Fig. 8a). Spinels in the studied pyroxenites 
are highly variable in composition, with Cr# [= 100 × Cr/ 
(Cr + Al)] ranging from 25 to 69 and Mg# ranging from 70 
to 38 (Fig. 8c). The inverse correlation between spinel Cr# 
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Fig. 7   Bulk rock compositions in the Dazhuqu pyroxenites. a Chon-
drite normalized REE patterns (normalization values are from 
(Anders and Grevesse 1989)). b Primitive-mantle normalized trace 
element patterns (normalization values from (Palme and O'Neill 

2014)). The dashed lines represent reconstructed trace element com-
positions of pyroxenites. These compositions were calculated using a 
mass balance equation, and then 1 wt.% of LREE-enriched amphibole 
was added (Appendix 5)
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and Mg# follows the trends defined by the Dazhuqu perido-
tites (Fig. 8c). The TiO2 contents of spinel in both pyroxenite 
veins and their host harzburgites are characteristically low 
(< 0.1 wt.%, Fig. 8b), lower than those observed in abyssal 
pyroxenites, pyroxenites from the Oman ophiolite, and the 
Dazhuqu plagioclase-bearing lherzolites (data source pro-
vided in the caption of Fig. 8).

Orthopyroxene and clinopyroxene in the Dazhuqu pyrox-
enites are heterogenous in major element compositions 
(Fig. 9). Both orthopyroxene and clinopyroxene show core-
to-rim zonations. Generally, Mg#, Al2O3, and Cr2O3 in the 
coarse-grained orthopyroxene in orthopyroxenites decrease 

from the core to the rim and the interstitial orthopyroxene 
neoblasts (Table S2 and Appendix 3). Clinopyroxenes show 
complex, but overall reversal zonations, with increasing 
Mg#, decreasing Al2O3 and Cr2O3 from the cores of coarse-
grained clinopyroxene to the rims of clinopyroxene and fine-
grained clinopyroxene neoblast (Table S2 and Appendix 3). 
Pyroxenes in the Dazhuqu pyroxenites have low Al2O3 
(1.00–3.40 wt.% for orthopyroxene and 1.06–3.73 wt.% for 
clinopyroxene, Figs. 9a, c) compared to abyssal pyroxen-
ites. Compared with the orthopyroxenes in the Dazhuqu 
vein-free peridotites, those in the pyroxenites have lower 
Mg# values (88–92), but similar Al2O3 and CaO contents 
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Fig. 8   Selected major element compositions of olivine a and spinel b, 
c in the Dazhuqu pyroxenites are shown, with references for the Xiu-
gugabu pyroxenites (Zhang et al. 2022), abyssal pyroxenites (Dantas 
et al. 2007; Dick et al. 2010; Laukert et al. 2014; Warren et al. 2009), 
abyssal peridotites (Birner et  al. 2018, 2021; Warren 2016), Oman 

pyroxenites (Python and Ceuleneer 2003; Python et al. 2008; Tamura 
and Arai 2006), lherzolites and harzburgites from the Dazhuqu ophi-
olite (Liu et al. 2019; Tian et al. 2022), and plagioclase-bearing lher-
zolites (Tian et al. 2022)
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(Figs. 9a, c). On the other hand, clinopyroxenes within the 
Dazhuqu pyroxenites are identified as Cr-diopside (Cr2O3: 
0.55–0.93 wt.%) and are characterized by high Mg# values 
(93–94), low TiO2 (0.03–0.11 wt.%), and Na2O (0.06–0.22 
wt.%) contents (Fig. 9d).

Amphiboles identified in three samples (17DQ05, 
17DQ09, and 17DQ14) are magnesio-hornblendes and 
tremolites (Appendix 5). In samples 17DQ05 and 17DQ09, 
amphiboles display limited chemical variations, with Si 
and Na + K in site A ranging from 6.78 to 7.46 atoms per 
formula unit (a.p.f.u.) and from 0.18–0.27 a.p.f.u. (Appen-
dix 5). Conversely, amphiboles within websterite 17DQ14 

show a continuous composition trend, from magnesio-
hornblendes to tremolites, where Si increases from 6.58 
to 7.87 a.p.f.u. and Na + K in site A decreases from 0.67 to 
0.03 a.p.f.u. Overall, the magnesio-hornblendes preserve 
magmatic characters, as they have high Mg# (91–94) and 
Cr2O3 contents (0.68–2.03 wt.%) (Dick 2010; Liu et al. 
2021). Possible seawater alteration in the greenschist 
phase of these amphiboles is support by the presence of 
interstitial tremolites and the detection of small amounts of 
Cl (0.003–0.027 wt.%) within the rims of some magnesio-
hornblendes (Table S2).
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Mineral trace elements

Trace element concentrations of the Dazhuqu pyroxen-
ites are presented in Table S3. Most orthopyroxenes and 
clinopyroxenes show an increase in the concentration of 
incompatible trace elements from their cores to their rims 
(Table S3 and Appendix 4). Clinopyroxenes in the Dazhuqu 
pyroxenites show flat heavy REE (HREE) and slightly 
depleted middle REE (MREE) to light REE (LREE) pat-
terns (Fig. 10a). In the primitive mantle normalized spider 
diagram, they show varying negative anomalies in Zr and 
Hf with respect to Sm and Nd (Fig. 10c). Orthopyroxenes 
from all the Dazhuqu pyroxenites display typical depleted 
REE patterns but with varying elevations of La, Ce, and Pr 
relative to Nd (Fig. 10b). In the primitive mantle normal-
ized diagram, the orthopyroxenes exhibit strong positive Ti 
anomalies and slight positive anomalies of Zr, Hf, and Nb 
(Fig. 10d). Websterite 17DQ14 is distinct in that it displays 
nearly flat REE patterns for clinopyroxene and amphibole 
(Fig. 10e), and fine-grained orthopyroxene in this sample 
shows strong enrichments in Zr and Hf (Fig. 10f).

Estimates of temperatures and cooling rates 
for the Dazhuqu pyroxenites

The pressure conditions of the Dazhuqu pyroxenites can 
only be envaulted indirectly as there are no suitable geoba-
rometers for garnet- and plagioclase-free ultramafic rocks. 
The sole presence of spinel as the only aluminous phase in 
the Dazhuqu pyroxenites suggests their formation within the 
stability field of spinel. Experimental studies on pyroxenites 
show that 1.3–1.7 GPa is the lower pressure limit for gar-
net at the solidus (Kogiso et al. 2004; Lambart et al. 2013) 
and ~ 0.7GPa is the upper pressure limit for plagioclase 
(Borghini et al. 2010). Furthermore, the high-Al amphi-
boles (edenite and Mg-hornblendes) found in association 
with olivine, pyroxene, and spinel have a narrow stability 
field of 850–1050 ℃ and 0.8–1.7 GPa (Grove et al. 2006). 
Considering these constraints, the Dazhuqu pyroxenite veins 
were formed at a moderate pressure (0.8–1.7 GPa).

Assuming a pressure of 1 GPa for the Dazhuqu pyrox-
enites, the closure temperatures for the studied pyroxenites 
could be obtained using two-pyroxene thermometers (e.g., 
Brey and Köhler 1990; Liang et al. 2013). The results are 
summarized in Table 1 and Fig. 11. Closure temperatures 
of the pyroxenites were obtained using methods of Mg–Fe 
exchange between clinopyroxene and orthopyroxene, Ca 
solubility in orthopyroxene (Brey and Köhler 1990), and 
REE distribution between coexisting clinopyroxene and 
orthopyroxene (Liang et al. 2013). Overall, the REE-based 
temperatures are higher than major element-based tempera-
tures [TREE (1039–1220 ℃) > TCa (849–1015 ℃) > TBKN 
(688–1011 ℃)], which is consistent with REE, Ca, and 

Fe–Mg diffusion in the pyroxenes (Cherniak and Dimanov 
2010; Cherniak and Liang 2022; Dygert et al. 2017; Zhang 
et al. 2009). The closure temperatures of orthopyroxenites 
and websterites are indistinguishable, suggesting similar 
thermal histories between these two lithologies (Fig. 11a).

Closure temperatures obtained from two thermometers 
can serve for estimating the average cooling rate for a sam-
ple by comparing the temperatures, assuming an effective 
and constant orthopyroxene grain radius of 0.5 mm (Dygert 
et al. 2017). Based on diffusive parameters of Van Orman 
et al. (2002) and Cherniak and Liang (2007) for REE dif-
fusion in diopside and enstatite, Liang (2015) and Yao and 
Liang (2015) showed that closure temperatures of REE-in-
two-pyroxene thermometer proposed by Liang et al. (2013) 
are the same as closure temperatures of REE in orthopy-
roxene within the same two pyroxenes system, except when 
clinopyroxene abundance in the pyroxenite is very low (e.g., 
ϕCpx: ϕOpx < 0.05). In the context of the Dazhuqu pyroxen-
ites, this approximation generally holds true for most sam-
ples, excluding three olivine orthopyroxenites (17DQ04, 
08, and 10, as outlined in Table 1). Excluding these three 
samples, Fig. 11a presents closure curves constructed using 
a modified form of Dodson’s equation (Ganguly and Tirone 
1999), which models the dependence of closure tempera-
ture (Tc) on grain size, initial temperature, and cooling rate, 
assuming the closure of TREE are rate limited by diffusion in 
orthopyroxene (Cherniak and Liang 2007) and the closure 
of TBKN are approximated by diffusion of Fe–Mg in clino-
pyroxene (Dimanov and Wiedenbeck 2006). As shown by 
the closure curves, the path of a sample in temperature space 
is as follows: staring on the 1:1 line, it moves left along a 
cooling curve corresponding to its initial temperature. If it 
cools sufficiently slowly, the sample will then move diago-
nally downward along the curve. Samples that fall to the 
left of the cooling curves may record closure temperatures 
that are not meaningful (Dygert et al. 2017). The position 
of a sample in temperature space is subsequently scaled to 
its measured grain size (radius of orthopyroxene: 0.3–1.6 
mm, Table S1) to obtain its cooling rate (Table 1). Apparent 
cooling rates obtained from the closure curves ranges from 
2.66 × 10–4 -2.78 × 10–2 ℃/yr for the Dazhuqu pyroxenite 
veins (Table 1). Eight of the fourteen samples plot along 
a single cooling curve corresponding to an apparent initial 
temperature of ~ 1200 ℃ (black dashed circle in Fig. 11a). 
The orthopyroxenite sample, positioned considerably to the 
left of the cooling curve in Fig. 11a, does not yield closure 
temperatures pertinent to the high-temperature cooling his-
tory (Fig. 11a). The additional three samples that plot away 
from the cooling curve defined by the eight samples to the 
right of the cooling curves, may indicate a subsequent ther-
mal disturbance linked to obduction (Fig. 11a).

We then consider closure temperatures of Ca and 
REE in orthopyroxene in pyroxenites. Given the closure 
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Fig. 10   Chondrite normalized REE and primitive normalized trace 
element patterns of clinopyroxene, orthopyroxene, and amphibole. 
The Xiugugabu pyroxenite compositions are shown for comparison 
(Zhang et  al. 2022). Pink regions represent compositions of clino-
pyroxene and orthopyroxene in the Oman orthopyroxenites (Tamura 
and Arai 2006), Josephine pyroxenites (Le Roux and Liang 2019), 

and Marum pyroxenites (Kaczmarek et al. 2015). The compositional 
regions of clinopyroxene in the Dazhuqu ophiolite (Liu et  al. 2019; 
Tian et al. 2022) and orthopyroxene in the Zedong ophiolite (Xiong 
et al. 2016, 2017a) are also shown for comparison. Other data sources 
used in this figure are the same as those in Fig. 8. Refer to the main 
text for further discussion
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temperatures of Ca and REE in orthopyroxene and orthopy-
roxene grain sizes, we can calculate cooling rates using 
the familiar Dodson’s Equation (Dodson 1973). The cool-
ing rates are 3.18 × 10–5 –2.07 × 10–3 ℃/yr and 5.88 × 10–5 
–5.17 × 10–3 ℃/yr for REE and Ca in orthopyroxene, respec-
tively (Fig. 11b, c, and Table 1). These results are in good 
agreement with the results derived from the closure curves 
established by TREE and TBKN (Fig. 11a).

Spatial variations of major and trace elements

Spatial compositional variations, along strike of pyroxen-
ite vein and across pyroxenite–harzburgite transverse, are 
observed on the grain scale and thin-section scale for the 
composite vein 17DQ05, orthopyroxenite veins 17DQ03 and 
17DQ09, and websterite vein 17DQ14. Below, we briefly 
describe the main features.

Chemical profiles across pyroxenite–harzburgite 
lithological interface

Figure 12a–h and Figure S6.4 in Appendix 6 illustrate the 
spatial distributions of selected major and incompatible 
trace elements in orthopyroxene (blue circles) and clino-
pyroxene (red triangles) across the composite vein. (Loca-
tions of profiles are indicated by dashed arrows in Fig. 6a, 
c) From the harzburgite through the orthopyroxenite and 
then to the clinopyroxenite, the Mg# and incompatible 
element concentrations of the orthopyroxene decrease 

(Fig. 12d–h), whereas concentrations of Al2O3 and Cr2O3 
increase (Fig.  12a, b). Noticeable drops of Al2O3 and 
Cr2O3 in orthopyroxene are observed in the orthopyrox-
enite near the interface between the harzburgite and the 
orthopyroxenite, whereas other major and trace element 
concentration profiles change gradually. In the orthopyrox-
enite veins, the coarse-grained orthopyroxene has higher 
contents of Al2O3, Cr2O3, CaO, and other incompatible 
elements than the fine-grained orthopyroxene (Appen-
dix 3). Concentrations of Al2O3 and Cr2O3 in clinopyrox-
ene in the interior of the clinopyroxenite vein decrease 
toward the neighboring orthopyroxenites (Fig. 12a–b). 
This systematic variation is also observed in the trace ele-
ments (Fig. 12e–h). It is worth noting that clinopyrox-
ene at the margin of the clinopyroxenite has distinct trace 
element concentrations and elemental ratios (i.e., Y/Ce) 
compared with clinopyroxene in the orthopyroxenite and 
harzburgite (Fig. 12e–j).

Thin-section scale spatial major and trace element 
variations of the orthopyroxenite samples 17DQ03 and 
17DQ09, and clinopyroxenite 17DQ14 are presented in 
Appendix 6. They share some similarities with the com-
posite vein 17DQ05: (1) most samples display abrupt 
changes from the pyroxenite to its host harzburgite (e.g., 
Fig. S6.2 in Appendix 6); (2) contents of Al2O3, Cr2O3, 
Na2O, and other trace elements in clinopyroxene and 
orthopyroxene in the pyroxenite veins are generally higher 
than those in the harzburgite host; and (3) chemical pro-
files of Al2O3, Cr2O3, Na2O, and other trace elements are 
nearly symmetric within the pyroxenite vein.
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Fig. 11   a Closure temperature cooling curves calculated using the 
method of Dygert and Liang (2017) overlaid on measured closure 
temperatures for the REE and BKN thermometers. Closure temper-
ature calculations are shown for a range of initial temperatures (T0, 
1000–1400 ℃) as indicated right of the solid black 1:1 line. Small 
black dots connected by thin black lines correspond to cooling rates 
(℃/yr) as indicated by the numbers above the magenta line. Cooling 

rates calculated for a 0.5 mm radius orthopyroxene grain (℃/yr) are 
indicated above the highest cooling curve. b and c Variations of Ca 
and REE closure temperatures as a function of orthopyroxene grain 
size for the Dazhuqu pyroxenites. Curves of constant cooling rates are 
presented as color-coded solid lines for comparison. See text for dis-
cussion
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Chemical profiles along strike of pyroxenite vein

Trace element concentric variations along strike of the 
orthopyroxenite 17DQ03 and clinopyroxenite from the 
composite vein 17DQ05 were analyzed in this study 
(Appendix 6). The spatial compositional variations are only 
observed in the clinopyroxenite vein (Fig. S6.5 in Appen-
dix 6). As the width of the vein decreases (Fig. 5a, b), trace 
element concentrations, Y/Ce and Zr/Ce ratios of clino-
pyroxene broadly increases, irrespective grain-scale core-
to-rim variations in the pyroxene (Fig. 13 and Fig. S6.5 in 
Appendix 6).

Discussion

Characteristics of the Dazhuqu pyroxenites

Previous studies of the Dazhuqu peridotites and gabbros 
documented a complex history of melt-rock reaction (Hébert 
et al. 2012; Liu et al. 2018; Malpas et al. 2003; Tian et al. 

2022). Gabbroic rocks and interstitial plagioclase in the pla-
gioclase peridotite are often interpreted to represent mag-
matic products formed by infiltration and reactive crystal-
lization of a melt of MORB affinity (Figs. 8, 9). Abundant 
pyroxenite veins showing a progressive gradation from 
orthopyroxenite toward clinopyroxenite are found beneath 
the MTZ. Based on results from this study, the following 
evidence suggest that pyroxenite veins were formed by melt-
rock reaction. First, fragments of surrounding peridotite are 
frequently observed in the pyroxenites (Fig. 3b), which is 
indicative of their replacive origin (e.g., Bodinier et al. 2008; 
Garrido and Bodinier 1999). Second, the modal abundance 
of spinel and orthopyroxene within the harzburgite host 
monotonously increase from the harzburgite toward the 
vein contact, suggesting an olivine consumption and spi-
nel/orthopyroxene formation reaction (Fig. 6c). Third, bulk 
rock chemistry of the pyroxenites is clearly not equivalent to 
mantle-derived melts, but rather product of melt–peridotite 
reaction (Fig. 7).

Olivine and possibly spinel within the pyroxenites were 
likely inherited or derived from their host peridotites, as 

(a) (f)

(g)

(h)

(i)

(j)

(b)

(c)

(d)

(e)

10

20

30

40

0

0.2

0.4

0.6
0.8

0
0.05

0.10

0.15

0.20

0

0.005

0.010

0.015

0 5 10 15 20 25 30 35
Distance (mm)

20

40

60

Sc (ug g-1)

Ti (ug g-1)

Y (ug g-1)

Zr (ug g-1)

Ce (ug g-1)

Y/Ce

Cpx factor=0.4

Cpx factor=0.2

Cpx factor=0.2

Cpx factor=0.1

Cpxnite Lower Opx-niteOpx-nite Harz.

1.0

1.5

2.0
core

Opx
Cpx

Rim

0.2
0.4

0.6

0.8

1.0

0

0.1

0.2

0.3

90

92

94

Cpxnite Lower Opx-niteOpx-nite Harz.

Na2O (wt.%)

Mg#

Cr2O3 (wt.%)

Al2O3 (wt.%)

Porphyroclastic Opx

Distance (mm)
0 5 10 15 20 25 30 35

100

150

200

250

Fig. 12   Spatial variations of selected major and trace elements in 
orthopyroxenes and clinopyroxenes across the composite orthopyrox-
enite–clinopyroxenite–harzburigte vein (17DQ05). Red triangles and 
blue circles represent compositions of clinopyroxene and orthopyrox-
ene, respectively. The error bars are the standard deviation (1σ) about 

the mean of all analyses of orthopyroxene and clinopyroxene for a 
particular lithology. Multiplication factors for clinopyroxene were 
applied in panels (f–j) to compare the chemical trends of clinopyrox-
ene and orthopyroxene within each figure



	 Contributions to Mineralogy and Petrology          (2023) 178:92 

1 3

   92   Page 16 of 30

they exhibit similar microstructural and compositional fea-
tures as the peridotites (Fig. 8a and Table S2). Composi-
tions of spinel in the pyroxenites overlap with those in the 
host peridotites (Figs. 8b, c). Considering their larger size 
and higher modal abundance in the pyroxenite, we suggest 
that the pyroxenite spinel was formed by a process involv-
ing dissolution of spinel and pyroxene in the peridotite and 
reprecipitation of spinel in the pyroxenite (e.g., Godard et al. 
1995; Liang 2003). The vermicular shaped spinel in the host 
peridotite is likely a product of incomplete dissolution.

Orthopyroxene and clinopyroxene in the pyroxenites are 
coarse grained and have distinct textural feature compared 
with those in the host peridotites (Figs. 4, 5, and Appendix 
1). In addition, the Dazhuqu pyroxenites have consistently 
high Mg# in the pyroxenitic orthopyroxene (88–92) and 

clinopyroxene (93–94), suggesting that the parental melt 
of the Dazhuqu pyroxenite has experienced limit extents 
of interaction and/or subsolidus re-equilibration with the 
surrounding peridotite (Fig. 9a, b, and d). In all of the 
orthopyroxenite and most of the websterite veins, coarse 
orthopyroxene grains are surrounded by fine-grained 
orthopyroxene + clinopyroxene neoblasts (Figs. 4a, 5c, and 
5d), indicating that the composition of infiltrating liquid 
is orthopyroxene-saturated, and that the orthopyroxene 
crystalized earlier than the fine-grained pyroxenes. The 
exceptions are the two websterite samples (17DQ12 and 
17DQ14) that display a different crystallization sequence 
(Table  1 and Appendix 1). In these samples, coarse-
grained clinopyroxene are surrounded by orthopyroxene 
and clinopyroxene neoblasts, suggesting that infiltrating 
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melts were initially clinopyroxene-saturated. Amphibole 
is a late crystallizing phase and often in a peritectic rela-
tionship with clinopyroxene (Figs. 5e–i). The trace ele-
ment patterns of amphibole are similar to those in the 
associated clinopyroxenes, but of a factor of 2–3 higher 
(Appendix 5). This is typical of coexisting amphibole and 
clinopyroxene in mantle samples (e.g., Xiong et al. 2017b; 
Tamura et al. 2014).

The crystallization sequences of the Dazhuqu pyrox-
enites are not the same as the high-pressure fractionation 
sequences of MORB melt that has olivine on the liquidus, 
followed by clinopyroxene (Elthon and Scarfe 1984; Vil-
liger et al. 2007). Earlier crystallization of orthopyrox-
ene or clinopyroxene than olivine was observed in high-
pressure experiments involving batch crystallization of 
hydrous primary arc magmas (e.g., Müntener et al. 2001; 
Weaver et al. 2011) and hydrous basaltic melts that reacted 
with peridotites under upper mantle conditions (Wang 
et al. 2016). In the hydrous melt and peridotite reaction 
experiments of Wang et al. (2021), amphibole crystal-
lized from the residual hydrous melt when the system was 
cooled from 1200°C and 1 GPa to 880 °C and 0.8 GPa. 
Therefore, we infer that the parental melt of the Dazhuqu 
pyroxenite is hydrous and that the amphibole is crystal-
lized from the interstitial melt at the waning stage of the 
pyroxenite formation.

Compared with abyssal pyroxenites, low contents of 
Al2O3 and other incompatible elements (e.g., Na2O, TiO2) 
in orthopyroxene and clinopyroxene of the pyroxenites 
favor the hypothesis that the Dazhuqu pyroxenites might 
crystallize from a pyroxene-saturated, Al2O3-, TiO2-, and 
Na2O-depleted melt (Fig. 9). Trace element concentrations 
in clinopyroxene and orthopyroxene from the Dazhuqu 
pyroxenites are compared with those in abyssal and ophi-
olitic pyroxenites in Fig. 10. Concentrations of REE and 
HFSE in pyroxenes from the Dazhuqu pyroxenites are lower 
than or at the lower end of REE and HFSE in the abys-
sal pyroxenites, suggesting that the mantle source of the 
Dazhuqu pyroxenites is more depleted in these incompat-
ible trace elements than the typical depleted MORB mantle 
(DMM). The Dazhuqu pyroxenitic pyroxenes have similar 
incompatible trace element patterns as those of the Dazhuqu 
peridotite (Figs. 10a, b), suggesting parental melts of the 
pyroxenite could be formed by partial melting of a mantle 
source with similar trace element characteristics of the peri-
dotite at a greater depth.

In summary, early crystallization of orthopyroxene, 
the presence of magmatic amphibole, and low contents of 
Al2O3, Na2O, TiO2, and other incompatible trace elements of 
clinopyroxene and orthopyroxene in the Dazhuqu pyroxenite 
veins suggest that the Dazhuqu pyroxenites were likely crys-
tallized from a hydrous melt that is depleted in incompatible 
elements.

Subsolidus re‑equilibration

The rocks found within ophiolites undergo multiple subsoli-
dus re-equilibration processes at various temperatures after 
the ophiolitic sequences are initially produced (Fig. 11). In 
some cases, subsolidus re-equilibration among minerals 
can completely mask compositional variations originally 
generated by magmatic processes (e.g., Morgan et al. 2008; 
Batanova et al. 2011). Alternatively, a combination of litho-
logical variability and subsolidus re-equilibration can create 
concentration gradients that mimic those of magmatic origin 
but are actually the result of diffusive exchange.

Using the concept of mean square diffusive penetration 
distance (Lasaga 1998), Morgan et al. (2008) determined 
that fast-diffusing cations such as Fe–Mg, Ca, and Li can 
significantly migrate at geologically relevant cooling rates 
(1 × 10–6–1 × 10–4 ℃/yr) and temperatures, whereas slower 
diffusing cations like REE and HFSE remain essentially 
immobile. In a similar manner, we estimate the distance 
over which an element of interest can diffuse for a given 
cooling rate (1 × 10–5–1 × 10–1 ℃/yr) and an assumed initial 
temperature of 1300 ℃. Figure 14 illustrates the root mean 
square diffusion penetration distance for Fe–Mg, Ca, Cr, 
REE, and Ti in orthopyroxene, and Mg–Fe, La, Yb, and Ti 
in clinopyroxene. Generally, the closure distances are greater 
for Mg–Fe2+ cations in the two pyroxenes, shorter for Ca2+ 
and Cr3+ in orthopyroxene, and much shorter for REE in 
both pyroxenes. For a cooling rate of 3.18 × 10–4 ℃/yr (Mean 
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cooling rate of the Dazhuqu pyroxenites, Table 1), the clo-
sure distances are 0.1 m for Mg–Fe in clinopyroxene, 0.03 
m for Mg–Fe in orthopyroxene, 3 mm and 2 mm for Ca and 
Cr in orthopyroxene, and 0.1–1 mm for REE and Ti in both 
orthopyroxene and pyroxene (Fig. 14).

These intuitive results are adequate for estimating sub-
solidus re-equilibration process within a pyroxenitic system. 
This subsolidus re-equilibration process can reset Mg–Fe 
profiles at a thin-section scale. Fast-diffusing Na in clinopy-
roxene is at least one order of magnitude faster than Mg–Fe 
diffusion in pyroxene (Lundstrom 2000). Consequently, 
compositional trends of Mg–Fe and Na in the pyroxenes 
were significantly perturbed by subsolidus processes. Con-
sidering cation size and charge considerations, the diffusion 
coefficient of Al in pyroxene should be comparable to that of 
Cr in orthopyroxene. Subsolidus processes primarily affect 
the Al–Cr abundances in pyroxene and the Ca abundances 
in orthopyroxene at a mineral grain scale. Hence, concen-
tration profiles of slow-diffusing elements such as Sc, REE, 
Zr, and Ti shown in Fig. 11 and Appendix 6 are most likely 
produced by high-temperature magmatic processes. In the 
following section, we will examine the magmatic processes 
that could account for the observed compositional variations 
in the Dazhuqu PH sequences.

Fractionation of major and trace elements 
across the composite pyroxenite veins

With the exception of a few fast-diffusing elements, such as 
Na in orthopyroxene and Mg–Fe (Mg#) in both orthopyrox-
ene and clinopyroxene, the concentration gradients across 
the PH sequences were produced by magmatic processes 
associated with melt migration and melt–peridotite reaction.

Within the composite vein 17DQ05, sharp bounda-
ries between pyroxenite veins and their host harzburgite 
(Figs. 6c, d) might suggest that a pressure-driven propaga-
tion of melt pulse through the harzburgite, where melt flows 
along the direction of the lithological contact (Fig. 1). The 
clinopyroxene and orthopyroxene of the host harzburgite 
adjacent to the orthopyroxenite vein have nearly constant 
contents of Al2O3 and Cr2O3 contents (black dashed box in 
Figs. 12a, b). Given their similarities in texture and composi-
tion with the residual harzburgites in the studied region (e.g., 
Liu et al. 2019), we conclude that the host harzburgites have 
a residual origin.

Further into the vein system, the orthopyroxene compo-
sitions in the orthopyroxenite display a significant drop in 
Al2O3 and Cr2O3 concentrations at the boundary between 
orthopyroxenite and host harzburgite (at ~ 30mm in Fig. 12a, 
b). This abrupt change cannot be attributed to subsolidus 
element exchange between the harzburgitic and pyroxenitic 
orthopyroxenes, as such diffusive exchange would have led 
to a gradual blending of chemical compositions between the 

two types of orthopyroxenes. Instead, this sudden change 
suggests that the initial melts flowing into the system are 
out of chemical equilibrium with their surrounding harzbur-
gite. In addition, the orthopyroxene displays various patterns 
of increasing Al2O3, Cr2O3, and decreasing Mg#, Sc, and 
other incompatible trace elements (i.e., Y, Zr, and Ce). Such 
a trend could be attributed to either in situ crystallization 
from the host harzburgite toward the vein center or a mixing 
process involving an Al2O3, Cr2O3, and other incompatible 
trace element-depleted melt, and a second melt that is less 
depleted in Al2O3 produced by re-melting of the relatively 
fertile residual peridotite from below (e.g., Bodinier et al. 
1990; Takahashi 1992; Zhang et al. 2022). Further into the 
clinopyroxenite vein center (~ 3–17 mm in Figs. 12a, b), 
major and trace element contents of clinopyroxenes shows 
a symmetric increase from either side to the center of the 
clinopyroxenite, which can also be explained by either in situ 
crystallization or melt–peridotite reaction. These observa-
tions are common to all investigated Dazhuqu pyroxenite 
veins and their surrounding peridotites (Appendix 6).

Previous studies on the metasomatized mantle peridotite 
adjacent to pyroxenite conduit revealed two main chemi-
cal fluxes from the vein (e.g., Bodinier et al. 1990). One is 
an advective flux through interconnected pores of the har-
zburgite host, whereby elements are carried along by the 
percolating melt (Fig. 15a). The other is a lateral flow and 
diffusive exchange between infiltrating melt and host peri-
dotite (Fig. 15a). The former mechanism could occur if the 
host harzburgite was partially molten and could account for 
long-range melt percolation into the host peridotite (e.g., 
Dygert et al. 2016; Morgan et al. 2008; Quick 1981). When 
the host peridotite is subsolidus, the infiltrating melt would 
only propagate along the vein. Crystallization in this case 
would be directional, starting from the edge to the center 
of the vein.

To test whether the spatial chemical variations in the 
composite vein system were caused by fractional crystal-
lization or melt-rock reaction processes, we plotted Y/Ce 
and Zr/Ce rations of clinopyroxene across the composite 
vein (Figs. 12j, 15b) as well as along the strike of the clino-
pyroxenite vein (Fig. 13). Clinopyroxene in the pyroxenites 
shows a robust correlation between Y/Ce and Zr/Ce ratios 
(Figs. 15c, 13d), which cannot be explained by fractional 
crystallization alone, as a 0–100% clinopyroxene crystal-
lization would produce barely noticeable changes in Zr/Ce 
ratio in clinopyroxene (Fig. 15c). The presence of a linear 
correlation between Y/Ce and Zr/Ce in clinopyroxene, both 
along and across the strike of the pyroxenite vein, suggests 
that a binary mixing process involving two types of melts 
was likely pervasive throughout the vein system. One type 
of melt with high Y/Ce and Zr/Ce ratios may have originated 
from extensive partial melting of the host peridotite from 
below, which could have increased Y/Ce and Zr/Ce of the 
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clinopyroxene (matrix melt in Fig. 15d). This hypothesis 
is further supported by the observation that Y/Ce and Zr/
Ce of clinopyroxene within the clinopyroxenite are lower 
than those found in the orthopyroxenite and host harzburgite 
(Figs. 12j and 15b). The other melt could be an infiltrating 
channel melt that escaped from the tip of the dunite at a 
greater depth, as it has consistently low Y/Ce and Zr/Ce 
ratios (Channel melt in Fig. 15d). The detailed modeling 
procedures for matrix and channel melt compositions, aris-
ing from the interplay of partial melting and subsequent melt 
mixing, will be subjected to further scrutiny in the upcoming 
section.

In summary, the concentration profiles of the com-
posite vein contain valuable information regarding the 
lithological and chemical evolution of the Dazhuqu PH 

sequences transitioning from orthopyroxenite to webster-
ite, and ultimately to clinopyroxenite. To account for the 
field occurrence, texture, and chemical variation of the 
Dazhuqu pyroxenites, we need to consider at least two 
generations of hydrous melt: an earlier orthopyroxene-
saturated melt and a later clinopyroxene-saturated melt. 
The orthopyroxene-saturated melt is characterized by 
consistently low Y/Ce and Zr/Ce ratios, while the clino-
pyroxene-saturated melt with variable high Y/Ce and Zr/
Ce ratios may have resulted from hybrid melts composed 
of the orthopyroxene-saturated melts and melts derived 
from the re-melting of previously depleted peridotite. The 
linear occurrences of clinopyroxene within the Dazhuqu 
websterites strongly support this inference (See Appendix 
1 for detail). In the next section, we will calculate the 
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interface in areas far behind the tips. b, c Variations in elemental 

ratios of clinopyroxenes across the orthopyroxenite–clinopyroxenite–
harzburgite vein (17DQ05). Fractional crystallization trend is shown 
as blue solid line, where “F” represents the fractions of remaining 
magma. d Partial melting trends for matrix melt and channel melt are 
illustrate based on the trace element modeling results in Fig. 15. The 
data processing procedures used in this figure are identical to those 
displayed in Fig. 13. Additional details can be found in the main text
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equilibrium melt composition of pyroxenitic pyroxene to 
further test this hypothesis.

Trace element constraints on the nature 
of infiltrating melts

The formation of the Dazhuqu pyroxenites can be attributed 
to a combination of melt percolation and melt–rock reaction, 
with orthopyroxene and clinopyroxene being the dominant 
crystallization phases. Within the composite vein 17DQ05, 
a transition from the orthopyroxenite to clinopyroxenite is 
documented, and their chemical variations along and across 
the strike of the vein suggest significant changes in infiltrat-
ing melt compositions. Before delving into the nature of 
infiltrating melts, we applied parameterized lattice models 
for REE, Zr, Hf, and Ti (Sun 2014; Sun and Liang 2012, 
2013; Yao et al. 2012) along with major element composi-
tions of pyroxenite to access the impact of subsolidus re-
distribution. Detailed procedures of REE, Zr, Hf, and Ti dis-
tribution between orthopyroxene and clinopyroxene during 
subsolidus re-equilibration are provided in the Appendix 8. 
Modeling results demonstrates that the effect of subsolidus 
re-distribution is negligible. Specifically, a temperature 
reduction of 300 ℃ from an assumed magmatic tempera-
ture of 1300 ℃ to an average REE closure temperature of 
1000 ℃ would result in less than a factor of three decrease 
in LREE concentrations in orthopyroxene, while the REE 
concentrations in clinopyroxenes remains nearly unchanged. 
This finding is consistent with previous studies on subsoli-
dus re-equilibration within peridotites, which have shown 
that REE tends to preferentially partition into clinopyroxenes 
(Sun and Liang 2014; Liang et al. 2021).

Hereafter, we consider Nb, Sr, REE, Zr, Hf, and Ti in 
the calculated melts in equilibrium with the pyroxenites. To 
evaluate the impact of water on calculated melt composi-
tions, we used the clinopyroxene– and orthopyroxene–melt 
partition coefficients under hydrous (McDade et al. 2003) 
and anhydrous conditions (Sun 2014; Sun and Liang 2012, 
2013; Yao et al. 2012) to calculate the equilibrium melt com-
positions. The modeling results and mineral–melt partition 
coefficients used in this study are provided in Appendix 9 
and Table S5, respectively. Two conclusions can be drawn 
from the modeling results.

First, trace element concentrations in the bulk pyroxenites 
are much lower than those in the calculated melts in equilib-
rium with the pyroxenites (Figs. 16a, b). In a close system, 
which assumes no material exchange with surroundings, 
the composition of the calculated melt from a crystallizing 
phase should align with that of the bulk rock. Consequently, 
the discrepancy in trace element concentrations between 
bulk rock and equilibrated melt strongly suggests an open 

system process whereby part of the melt must have been 
extracted elsewhere.

Second, clinopyroxene and orthopyroxene likely crystal-
lized from different batches of melts or experienced differ-
ent processes. When using hydrous pyroxene–melt partition 
coefficients, the Nb and LREE contents in the calculated 
melts in equilibrium with orthopyroxene and clinopyroxene 
are similar, whereas the MREE and Ti contents in the calcu-
lated melts are different (Fig. 16a). In contrast, when using 
the anhydrous partition coefficients, the middle to heavy 
REE contents of the melts in equilibrium with orthopyrox-
enes overlap with those in equilibrium with clinopyroxene 
(Fig. 16b, c). These discrepancies may be in part due to the 
difference in pyroxene and melt compositions: the Al2O3 
contents in orthopyroxene (6.8 wt.%) and clinopyroxene 
(7.5 wt.%) in the partitioning experiments of McDade et al. 
(2003) are considerably higher than the pyroxenes in the 
present study (< 3.3 wt.%, Fig. 9). Moreover, increasing the 
water contents of the melt will slightly decrease the partition 
coefficient of REE, but not alter the trace element patterns 
of the calculated melt composition (e.g., Sun et al. 2012). 
Therefore, compositions of the equilibrium melts are likely 
bracketed by melts derived from the two sets of the parti-
tion coefficients. The influence of core-to-rim variations of 
major and trace elements on melt compositions in equilib-
rium with orthopyroxene is negligible (Appendix 4). Such 
an inference is also supported by our modeling results that 
the differences between melts in equilibrium with core of 
coarse-grained orthopyroxene and those in equilibrium with 
fine-grain orthopyroxene are less than a factor of two (Figs. 
S9c–f in Appendix 9).

Regardless of the choice of the partition coefficients, the 
calculated equilibrium melts are more depleted than mafic 
rocks intruding into the peridotite and occurring within the 
crustal section (Liu et al. 2020, 2018), as shown in Fig. 16e. 
To further unravel the mantle source of the pyroxenites, we 
compared the trace element patterns of the calculated melts 
with typical boninites. In this comparison (Fig. 16f), high-
Ca boninite, formed by hydrous melting of a less refrac-
tory mantle source (e.g., Woelki et al. 2018; Ishizuka et al. 
2011; Reagan et al. 2010), is contrasted with low-Ca bonin-
ite, produced by hydrous melting of a refractory mantle 
source (Cluzel et al. 2016). Heavy REE in the calculated 
melts are higher and follow a different trend in the spider 
diagram than both high-Ca and low-Ca boninites (Fig. 16f), 
suggesting a distinct origin for the Dazhuqu pyroxenites 
compared to boninites. Two prominent features are evident 
in the Fig. 16c. First, the calculated melts in equilibrium 
with orthopyroxene have significantly higher concentra-
tions of highly incompatible elements (Nb, LREE, and Sr) 
compared to those in equilibrium with clinopyroxene. A 
second intriguing characteristic of the melts in equilibrium 
with clinopyroxene is the strong negative Zr anomalies and 
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Fig. 16   a N-MORB (Sun and McDonough 1989) normalized trace 
element compositions of melt in equilibrium with clinopyroxene and 
orthopyroxene from the Dazhuqu pyroxenites. Partition coefficients 
are compiled from McDade et al. 2003. The color-coded circles cor-
respond to the bulk rock composition of the pyroxenite, which is 
same as those in the Fig. 7. b, d Similar to (a), but partition coeffi-
cients from Sun et al. (2012), Sun et al. (2013), and Yao et al. (2012) 

were used. e, f Mafic rocks from the Xigaze ophiolite (Liu et  al. 
2020), forearc basalts and boninite from the Izu–Bonin–Mariana arc 
(Ishizuka et al. 2011; Reagan et al. 2010), as well as boninites from 
the Troodos ophiolite (Woelki et al. 2018) and New Caledonia ophi-
olite (Cluzel et  al. 2016), are included for comparison. See text for 
discussion
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minor negative Hf anomalies. Negative anomalies of Zr and 
Hf were observed in basalts and peridotitic clinopyroxenes 
in the studied region, although the amplitudes are smaller 
(Liu et al. 2020, 2019; Tian et al. 2022).

Drawing from these observations, we infer that the infil-
trating melts that produce the Dazhuqu pyroxenites could 
result from re-melting of previously depleted peridotites. 
Orthopyroxene in the pyroxenites likely contains more con-
tributions of melts derived from a mantle source enriched in 
LREE. Clinopyroxene in these pyroxenites may have formed 
from a mantle source depleted in LREE within the underly-
ing mantle. This conclusion aligns with the chemical varia-
tions observed in the composite vein 17DQ05 discussed in 
the previous section.

To further explore the characteristics of the mantle 
source, we used a two-porosity melting model described in 

Liang and Parmentier (2010) to calculate trace element pat-
terns in the instantaneous melt (matrix melt) produced by 
partial melting of a clinopyroxene-poor harzburgite (Fig. 1a) 
and aggregated melt extracted to dunite channels (Fig. 1b, 
channel melt). The trace element concentrations of the start-
ing peridotite are obtained by averaging regional depleted 
lherzolite and harzburgite (Liu et al. 2019; Tian et al. 2022). 
The modeling parameters are listed in Table S5. Figure 17 
displays trace element concentrations of the matrix melt and 
the channel melt generated by 0%–6% near fractional melt-
ing of the starting harzburgite mantle. The channel melts 
have trace element patterns broadly similar to the melts in 
equilibrium with pyroxenitic orthopyroxene (Figs. 17b). 
Extremely fractionated light to middle REE and negative Zr 
and Hf anomalies of melts in equilibrium with clinopyrox-
ene could be produced by mixing of melt in equilibrium with 
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Fig. 17   Trace element patterns of matrix melt, and channel melt 
derived from re-melting of the Dazhuqu peridotite (Liu et  al. 2019; 
Tian et  al. 2022), with trace element concentrations normalized to 
N-MORB (Sun and McDonough 1989). a Trace element patterns of 
matrix melts were calculated by re-melting the average residual lher-
zolite and harzburgite. b Thick dashed lines represent channel melt 

concentrations. Panel (c) is similar to (a), but only shows the melt 
compositions that are in equilibrium with clinopyroxene. d Mix-
ing process between infiltrating melt (i.e., melt in equilibrium with 
orthopyroxene) and melt derived from partial melting of host perido-
tite (i.e., matrix melt produced by 4% partial melting), could explain 
the trace element patterns of melts in equilibrium with clinopyroxene
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orthopyroxene (designated as “Melt-a”) and melt formed by 
partial melting of the peridotite in the mantle source (“Melt-
b” in Fig. 17). The negative Zr and Hf anomalies observed 
in the calculated melts in equilibrium with clinopyroxene 
could be attributed to differential depletion of Zr and Hf in 
the host peridotite.

Websterite 17DQ14 is special for its highest contents of 
REE and positive anomalies of Zr and Hf in the pyroxenes 
(Figs. 10e, f) and equilibrated melts (Fig. 16c). From cores 
to rims, concentrations of REE, Zr, and Hf in clinopyrox-
enes gradually increase (Table S4 and Fig. S6.3 in Appen-
dix 6). The transition from negative anomalies of Zr and Hf 
to positive anomalies of these elements in clinopyroxene 
suggests more complex processes involving earlier crystal-
lization of cores of porphyroclastic clinopyroxene, followed 
by impregnation of LREE-, Zr-, and Hf-enriched melts. 
Melt in equilibrium with edenitic amphibole of this sample 
was obtain by using partition coefficients from (Nandedkar 
et al. 2016; Shimizu et al. 2017). Trace elements pattern of 
melt in equilibrium with amphibole is the same as those of 
clinopyroxene (Fig. 16c), suggesting that the amphibole is 
formed by reaction between infiltrating melt and surround-
ing clinopyroxene. These light REE-, Zr-, and Hf-enriched 
melts were previously reported in the “impregnated dunites” 
of the Luqu ophiolite, which is close to the Dazhuqu ophi-
olite (Zhang et al. 2017). The existence of these enriched 
melts suggests the compositional diversity of the infiltrating 
melt that formed the Dazhuqu pyroxenites.

To summarize, based on trace element modeling, we 
have shown that the Dazhuqu pyroxenites were formed 
via melt–rock reaction in an open system. Orthopyroxene 
and clinopyroxene in the Dazhuqu pyroxenites were likely 
formed from melts derived from different mantle sources 
or experienced different processes. The melt from which 
clinopyroxene crystalized could represent a mixture of infil-
trating melt (e.g., melt in equilibrium with orthopyroxene) 
and melt derived from partial melting of previously depleted 
peridotites in the mantle source.

Formation mechanism of pyroxenite veins 
along the Yarlung‑Tsangbo Suture

The Dazhuqu pyroxenite veins exhibit sharp lithological 
contacts with their host peridotites, and their strike always 
cross-cuts the foliation of the host harzburgite (Fig. 3). 
These features of pyroxenite veins are commonly attributed 
to fracture-driven propagation of melt through a subsoli-
dus harzburgite (e.g., Bodinier et al. 2008; Dick et al. 2010; 
Kumamoto et al. 2019). In contrast, the strike of pyroxenite 
veins in association with dunite and harzburgite in the Xiu-
gugabu ophiolite (Fig. 2a) is always parallel to the folia-
tions of the host peridotites, which suggests that they were 
originally formed in the asthenospheric mantle (Zhang et al. 

2022). In comparison to the Xiugugabu pyroxenites from 
the PDH sequences, the Dazhuqu pyroxenites from the PH 
sequences display more depleted features, including low 
contents of Al2O3, TiO2, Na2O, and incompatible trace ele-
ments in both clinopyroxene and orthopyroxene and high 
Cr# in spinel (Figs. 8, 9, and 11). This difference could be 
attributed to the distinct compositions of infiltrating melts 
at the two locations where the mantle source of the Dazhuqu 
pyroxenites is more depleted than that of the Xiugugabu 
pyroxenites.

Despite differences in the formation depths and mantle 
sources, pyroxenites in both the PH sequences and PDH 
sequences exhibit comparable closure temperatures and 
cooling rates. Specifically, the Dazhuqu PH sequences 
exhibit TREE of 1039–1220 ℃, TCa of 849–1015 ℃, and 
cooling rates of 3.18 × 10–5–2.78 × 10–2 ℃/yr (Table 1), 
whereas the Xiugugabu PDH sequences exhibit TREE of 
1027–1214 ℃, TCa of 884–1060 ℃, and cooling rates of 
1.71 × 10–5–6.02 × 10–3 ℃/yr (See Table S1 and Appendix 7 
for more detail). The cooling rates observed in both PH and 
PDH sequences in the YTSZ is consistent with the cool-
ing rates for the upper mantle section (i.e., ~ 10–4–10–2 ℃/
yr), while much lower than those for the Moho transition 
zone and crustal section (~ 10–2 –1 ℃/yr) (Cherniak and 
Liang 2022; Dygert et al. 2017; Dygert and Liang 2015; 
Sun and Lissenberg 2018; VanTongeren et al. 2008; Zhang 
et al. 2021). Additionally, orthopyroxene from the pyroxen-
ites in both the PH sequences and PDH sequences crystal-
lized from channel melts, as evidenced by the enriched trace 
element patterns of the calculated melts in equilibrium of 
orthopyroxene (Fig. 16d). Clinopyroxene, on the other hand, 
is likely to have crystallized from a hybrid melt consisting 
of infiltrating channel melt and matrix melt derived from 
partial melting of the residual peridotite (Figs. 14d, 17d). 
Taken together, we proposed that the pyroxenites in PH and 
PDH sequences were formed through a reaction between 
infiltrating hydrous channel melts and partially molten peri-
dotite. The main difference between the two types of pyrox-
enite is the location of pyroxenite formation. Pyroxenites in 
the PDH sequences were crystallized within high-porosity 
dunite channels in the asthenospheric mantle. In contrast, 
pyroxenites in the PH sequences were formed within the 
lithospheric mantle. Hence, the concordant PDH sequences 
were formed at a greater depth compared to the discordant 
PH sequences (Fig. 18a).

The lithosphere–asthenosphere boundary has been identi-
fied as an ideal place for reaction between infiltrating melt 
and peridotite (e.g., Fischer et al. 2010). In an upwelling 
mantle column, the melt conduit, such as dunite, formed in 
the deeper part of the mantle would be eventually brought 
to the LAB where the interstitial melt started to freeze 
(Fig. 18a). Numerical simulations of melt migration in the 
asthenosphere and dike propagation in the lithosphere have 
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shown that melt collected at the base of the lithosphere could 
form a decompaction boundary layer where local overpres-
sure could result in dike nucleation and propagation into 
the lithospheric mantle (Crépisson et al. 2014; Havlin et al. 
2013; Kelemen and Aharonov 1998; Sparks and Parmen-
tier 1991). Crystallization of the melt, driven by the melt 
flux below, can lead to local pressure buildup, which in turn 
may induce melt accumulation beneath the LAB (Fig. 18a). 
Overpressure in the lens-shaped melt pocket underneath the 
LAB could trigger hydrofracturing of the overlying litho-
sphere. When a hydrous melt migrated upward through the 
fracture, the water in the melt would diffuse laterally into the 

surrounding asthenospheric mantle, initiating hydrous melt-
ing of the latter (Fig. 18b). Following the reaction between 
the hydrous melt and partially molten peridotite, a hybrid 
melt consisting of infiltrating hydrous melt and melt derived 
from re-melting of the surrounding peridotite is formed 
(Fig. 18c). Depending on the composition of the injecting 
melt, this hybrid melt would flow along the local pressure 
gradient, accumulate, and eventually crystallize in the melt 
conduit, forming the orthopyroxenite or websterite along the 
wall of the fracture (Fig. 18b, c). The crystallization of the 
reacted melts during cooling would eventually lead to the 
formation of interstitial amphiboles within pyroxenite veins 
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Fig. 18   A conceptual model explaining the origin of the pyroxen-
ite–harzburgite and dunite–pyroxenite–harzburgite sequences in the 
Yarlung-Tsangbo ophiolite. a During the dying stages of the spread-
ing center, hydrous melts were brought from depth to the litho-
sphere–asthenosphere boundary where the interstitial melt started to 
freeze. Overpressure in the lens-shaped melt pocket underneath the 
LAB would trigger fracturing of the above rigid lithosphere. Note the 
contrasting foliations of the harzburgite beneath and above the LAB. 
b When a hydrous melt migrated upstream through the fracture, the 
water would diffuse laterally into the surrounding peridotite, trigger-
ing hydrous melting of surrounding peridotite. Reaction between the 
hydrous melt and partially molten peridotite would produce orthopy-

roxenite at the wall of the fracture. c Followed by the pressure gradi-
ent of the dunite channel, a hybrid melt consisting of channel melt 
and matrix melt infiltrates along the margins of dunite channel. 
Interaction between hybrid melt and partially molten peridotite leads 
to formation of websterite or clinopyroxenite veins at the boundary 
between orthopyroxenite and host peridotite. The formation locations 
of the Xiugugabu PDH sequences are shown for comparison. d The 
formation of the composite vein could be attributed to a subsequent 
injection of melt into the pre-existing dunite and orthopyroxenite. 
See text for discussion. Abbreviations: D dunite, H harzburgite, O 
orthopyroxenite, W websterite, and C clinopyroxenite
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(Wang et al. 2021). Several laboratory example of (dun-
ite–) pyroxenite–harzburgite sequence formed by hydrous 
melt and peridotite reaction were reported by (Borghini 
et al. 2022; Wang et al. 2016, 2021). An important conse-
quence of this formation model is that the PDH sequence 
could be formed deeper than the PH sequence (Fig. 18c), 
as the porous melt-bearing dunite channel is absent in the 
lithospheric mantle.

The formation of the composite clinopyroxenite–orthopy-
roxenite–harzburgite sequence (17DQ05) could be attrib-
uted to a subsequent injection of melt into the pre-existing 
orthopyroxenite. (Fig. 18d). A similar multi-stage melt–rock 
reaction process has been proposed for the formation of 
composite dunite–orthopyroxenite–websterite veins in the 
Xiugugabu ophiolite (Zhang et al. 2022). The pyroxenite 
formation mechanisms outline here are similar to those for 
the formation of dunite–orthopyroxenite sequence proposed 
by Wang et al. (2016, 2021).

In summary, results from this study demonstrate that the 
PH and PDH sequences in the Yarlung-Tsangbo ophiolite 
formed through reactions between hydrous melt and peri-
dotite at varying depths within the mantle. This conclusion 
is further supported by research conducted on pyroxenites 
in other ophiolites along the YTSZ, including the Zedong 
ophiolite (Xu et al. 2022) and the Purang ophiolite (Guo 
et al. 2015) (Fig. 2a). The PH sequence exhibits lithospheric 
features, while the PDH has preserved asthenospheric fea-
tures. Infiltrating hydrous melts that react with partially 
molten peridotites could generate a wide array of (dunite–) 
pyroxenite–harzburgite sequences in abyssal peridotites 
(e.g., Laukert et al. 2014; Warren et al. 2009), ophiolitic 
sequences (e.g., Basch et al. 2019; Batanova et al. 2011; 
Belousov et al. 2021; Ceuleneer et al. 2008; Le Roux and 
Liang 2019; Python and Ceuleneer 2003; Suhr et al. 2003; 
Varfalvy et al. 1996), and orogenic massifs around the world 
(Bodinier et al. 2008; Kornprobst 1969; Tilhac et al. 2016; 
Xiong et al. 2014).

Conclusions

The pyroxenite veins in the Dazhuqu ophiolite are depleted 
in major and incompatible trace elements and we interpreted 
them as crystallization products of hydrous melts produced 
by re-melting of a refractory mantle source. Detailed chemi-
cal mapping across pyroxenite–harzburgite sequences, as well 
as along the strike of pyroxenite veins enable us to develop a 
model for the formation of pyroxenite vein in residual perido-
tite: (1) Hydrous re-melting of previous depleted mantle forms 
hydrous and incompatible element-depleted melt. (2) Trans-
portation of the hydrous melt within asthenosphere induces 
partial melting of surrounding peridotites, producing mixtures 
of hybrid melt from the two sources. (3) The injection of the 

hybrid melts into lithosphere, followed by cooling, leads to the 
formation of orthopyroxenite or websterite veins. Compared 
to the pyroxenite–dunite–harzburgite sequences identified in 
the Xiugugabu ophiolite by Zhang et al. (2022), this study 
proposes that the formation of the pyroxenite–harzburgite 
sequences in the Dazhuqu ophiolite is primarily associated 
with the infiltrating channel melts that are expelled from the 
tip of the dunite channel. Hence, hydrous melt–peridotite 
reaction is an important mechanism for pyroxenite formation, 
which could potentially account for the formation of (dunite–) 
pyroxenite–harzburgite sequences in other ophiolites world-
wide (e.g., Belousov et al. 2021; Le Roux and Liang 2019; 
Python and Ceuleneer 2003; Suhr et al. 2003).

The present study has demonstrated the advantages of 
measuring major and trace elements across a pyroxen-
ite–harzburgite sequence. The sharp changes in trace ele-
ment concentrations, Ye/Ce and Zr/Ce ratios between the 
pyroxenite veins and harzburgite hosts reveal that a chemical 
flux of the melt is parallel to their contacts. Percolation-
controlled chemical exchange between infiltrating melt and 
partially molten peridotite taking place at the asthenospheric 
mantle could partly explain the spoon-shaped trace element 
pattern of the peridotites from the Yarlung-Tsangbo Suture 
Zone.
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