
HAL Id: hal-04304221
https://hal.science/hal-04304221

Submitted on 24 Nov 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Melting processes, cooling rates, and tectonic settings of
the Neo-Tethyan mantle: the in-situ mineral chemical

record
Kai Yang, Jingen G Dai, Jie Shen, Baptiste Debret

To cite this version:
Kai Yang, Jingen G Dai, Jie Shen, Baptiste Debret. Melting processes, cooling rates, and tectonic
settings of the Neo-Tethyan mantle: the in-situ mineral chemical record. Chemical Geology, 2024,
643, pp.121834. �10.1016/j.chemgeo.2023.121834�. �hal-04304221�

https://hal.science/hal-04304221
https://hal.archives-ouvertes.fr


Journal Pre-proof

Melting processes, cooling rates, and tectonic settings of the Neo-
Tethyan mantle: The in-situ mineral chemical record

Kai Yang, Jingen Dai, Jie Shen, Baptiste Debret

PII: S0009-2541(23)00535-1

DOI: https://doi.org/10.1016/j.chemgeo.2023.121834

Reference: CHEMGE 121834

To appear in: Chemical Geology

Received date: 18 July 2023

Revised date: 7 November 2023

Accepted date: 15 November 2023

Please cite this article as: K. Yang, J. Dai, J. Shen, et al., Melting processes, cooling rates,
and tectonic settings of the Neo-Tethyan mantle: The in-situ mineral chemical record,
Chemical Geology (2023), https://doi.org/10.1016/j.chemgeo.2023.121834

This is a PDF file of an article that has undergone enhancements after acceptance, such
as the addition of a cover page and metadata, and formatting for readability, but it is
not yet the definitive version of record. This version will undergo additional copyediting,
typesetting and review before it is published in its final form, but we are providing this
version to give early visibility of the article. Please note that, during the production
process, errors may be discovered which could affect the content, and all legal disclaimers
that apply to the journal pertain.

© 2023 Published by Elsevier B.V.

https://doi.org/10.1016/j.chemgeo.2023.121834
https://doi.org/10.1016/j.chemgeo.2023.121834


 

Melting processes, cooling rates, and tectonic settings of the Neo-

Tethyan mantle: the in-situ mineral chemical record 

 

Kai Yang
1, 2

, Jingen Dai
1†

, Jie Shen
1
, Baptiste Debret

2
 

 
1
School of Earth Science and Resources, State Key Laboratory of Geological Processes and 

Mineral Resources, Research Center for Tibetan Plateau Geology, China University of 

Geosciences, Beijing, China 
2
Université Paris Cité, Institut de physique du globe de Paris, CNRS, Paris, France 

†Corresponding author: J.G. Dai (djgtibet@163.com) 

  

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

 

Abstract 

Peridotites in the Yarlung Zangbo ophiolite (YZO) have the potential to elaborate the mantle 

dynamics that operated below the Neo-Tethyan oceanic crust. Here, we measured major and trace 

element concentrations of minerals (e.g., clinopyroxene, orthopyroxene, olivine, and spinel) in 

YZO harzburgites and lherzolites to trace the origin and evolution of the YZO. The rare earth 

element (REE) patterns of clinopyroxenes in lherzolites and harzburgites plot within the field of 

abyssal and forearc peridotites, respectively, indicating that the latter experienced a higher degree 

of partial melting. Based on the relative extents of light (LREE) and heavy (HREE) REE 

depletions in clinopyroxene, we classified the lherzolites into two groups (I and II). The group I 

clinopyroxenes are depleted in HREEs and enriched in LREEs and MREEs compared to those of 

group II. Meanwhile, the REE patterns of harzburgite clinopyroxenes are identical to that of group 

II, although they display lower REE concentrations. Models based on REE abundances in 

clinopyroxene suggest that group I lherzolites experienced ~8–11% partial melting in the spinel 

domain, whereas group II lherzolites formed after 5% melting in the garnet domain followed by 

6–9% and 9-16% partial melting in the spinel domain, respectively. These high degrees of melting 

may suggest that the harzburgites formed in a supra-subduction zone (SSZ) setting. Surprisingly, 

the REE-in-two-pyroxenes thermometer (TREE) shows that the YZO peridotites record high-

temperature cooling at 991–1218 °C which is lower than the conditions below mid-oceanic ridges 

(MORs), but compatible with recent reports of high closure temperatures in forearc environments. 

Furthermore, our TREE results constrain the cooling rate of the YZO peridotites to ~0.01–0.5 °C/yr, 

overlapping with rates reported for SSZ, MOR, and abyssal peridotites. By integrating the 

petrological, geochemical, and thermal features, we tentatively interpret the group I lherzolites 

accreted in an Early Cretaceous forearc during subduction initiation, whereas the group II 

lherzolites and the harzburgites formed by further melting of the earlier lherzolites in a SSZ 

setting. 

 

Key words: Yarlung Zangbo suture zone; Ophiolite; Peridotite; Melting process; Cooling rates 
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1. Introduction 

Ophiolites are remnants of the oceanic lithosphere (Dewey and Bird, 1971; Coleman, 1977; 

Nicolas, 1989; Dilek and Furnes, 2011), which is generated either at mid-ocean ridges (MORs) or 

in supra-subduction zones (SSZs). Consequently, investigations of ophiolites worldwide often 

demonstrate a combination of MOR and SSZ features in either an extensional or compressional 

setting; this phenomenon is termed the “ophiolite conundrum” (Moores et al., 2000; Metcalf et al., 

2008). One possible explanation lies in the diverse interpretations of the geochemical 

compositions of ophiolite crustal rocks. However, because ophiolites typically comprise both 

mantle and crustal rocks, peridotites in the mantle sections offer valuable insights into the 

chemical and physical processes influencing the upper mantle under various tectonic conditions 

(Hanghøj et al., 2010; Dilek and Furnes, 2011). 

Tethyan ophiolites have been critical in shaping our understanding of ophiolite evolution over 

the past centuries, offering numerous compelling instances of the ophiolite conundrum (Moores et 

al., 2000; Dilek and Furnes, 2019). These examples show a remarkable diversity of crustal-mantle 

structures and compositions, and extend from the western Mediterranean to the Tibetan Himalayas 

(Lagabrielle and Cannat, 1990; Smith, 1993; Dilek and Moores, 1990, 2019; Moores et al., 2000). 

The Yarlung Zangbo ophiolite (YZO) is the youngest Tethyan ophiolite on the Tibetan Plateau, 

capturing a continuous record from the opening of the Neo-Tethys to its subduction and the 

subsequent collision of India and Eurasia. The YZO thus contains well-preserved Neo-Tethyan 

oceanic mantle and crustal rocks. The mantle peridotite is dominated by variably serpentinized 

harzburgite with minor dunite and lherzolite (Girardeau et al., 1985; Hébert et al., 2003; Nicolas et 

al., 1981) that can provide crucial insights into the evolutionary history of melts, including melting 

and melt extraction processes and melt-rock interactions (Prinzhofer and Allègre, 1985; Kelemen 

et al., 1992; Zhou et al., 2005; Arai et al., 2007; Dilek et al., 2007; Ishikawa et al., 2007; Eyuboglu 

et al., 2010; Dai et al., 2011; Xiong et al., 2017). 

Similar to other ophiolites globally, the tectonic setting of the YZO remains debated. On one 

hand, based on structural similarities to the ultraslow Southwest Indian Ridge and the Ligurian 

ophiolite, the YZO may have originated in a slowly or ultraslowly spreading MOR (Nicolas et al., 

1981; Girardeau and Mercier, 1988; Pearce et al., 1988; Wu et al., 2014; C.Z. Liu et al., 2014; T. 
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Liu et al., 2016; Zhang et al., 2016). On the other hand, the YZO may have been generated in a 

SSZ setting, a scenario for which three models have been proposed: (1) the YZO formed along a 

forearc that was spreading via rapid accretion associated with subduction initiation from ~130 Ma 

to 120 Ma (Malpas et al., 2003; Dai et al., 2013; An et al., 2014; Huang et al., 2015; Maffione et 

al., 2015); (2) it was initially generated in a MOR setting and subsequently modified in a SSZ 

through subduction initiation (Zhou et al., 1996, 2005; Aitchison et al., 2000; Malpas et al., 2003; 

Dubois-Côté et al., 2005; Liu et al., 2010; Xu et al., 2011; Hébert et al., 2012; Su et al., 2015); and 

(3) it experienced a two-stage forearc accretion in which asthenospheric lherzolites were accreted 

onto a depleted harzburgite forearc during subduction initiation (Xiong et al., 2016, 2017). 

Therefore, further evidence is needed to better constrain the origin and evolution of the YZO. In 

particular, the degree of partial melting and the cooling rate of peridotites differ between MOR 

and SSZ mantle domains, and thus may be useful in unraveling the ophiolite conundrum in the 

case of the YZO. However, this requires a systematic framework of partial melting and cooling 

rates along the Yarlung Zangbo Suture Zone (YZSZ, Fig. 1), which has yet to be established. 

In this study, we report comprehensive petrographic observations and chemical compositions 

of clinopyroxene, orthopyroxene, olivine, and spinel from Zedang, Xigaze, and Zhongba 

ophiolitic peridotites in the eastern, central, and western regions of the YZSZ, respectively. From 

these, we determined degrees of depletion, closure temperatures, and cooling rates for mantle 

peridotites in the YZO. These results provide a new perspective to the ophiolite conundrum and 

should prove useful in determining the thermal and dynamic processes that took place within the 

Neo-Tethyan oceanic mantle. 

2. Geological setting and sample descriptions 

The Tibetan Plateau is composed of four major terranes: the Himalaya, Lhasa, Qiangtang, 

and Songpan-Ganzi from south to north. These terranes are separated by four major suture zones: 

the YZSZ, Bangong-Nujiang Suture Zone (BNSZ), Jinshajiang Suture Zone (JSSZ), and 

A’nemaqin-Kunlun Suture Zone (AKSZ) from south to north (Fig. 1; Yin and Harrison, 2000). 

The YZSZ, the youngest suture of the Tibetan Plateau, is an east–west trending belt >2,000 

kilometers long between the Indian and Lhasa terranes (Fig. 1; Yin and Harrison, 2000). The 

Gangdese arc to the north of the YZSZ records four main magmatic episodes during 205–152 Ma, 

109–80 Ma, 65–41Ma, and 33–13 Ma (Ji et al., 2009; Zhu et al., 2011, 2013), caused by the 
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subduction of the Neo-Tethys beneath the Lhasa terrane (Ji et al., 2009; Zhu et al., 2011, 2013; 

Xiong et al., 2016). To the south of the YZSZ, the Tethyan Himalayan sequence represents the 

northernmost part of the Indian continental margin; it comprises extensive magmatic rocks that 

originated from the Kerguelen plume beneath eastern Gondwana and were emplaced during the 

Early Cretaceous (Zhu et al., 2009; Wang et al., 2018; Yang et al., 2022). 

The YZO represents remnants of the Neo-Tethyan oceanic lithosphere emplaced within the 

YZSZ (Fig. 1). Previous studies demonstrated that the YZO was accreted along the Gangdese arc 

from the Late Jurassic to Early Cretaceous (Allégre et al., 1984; Aitchison et al., 2000; Hébert et 

al., 2012; Dai et al., 2013, 2021; Wu et al., 2014; Liu et al., 2016; Zhang et al., 2016). The YZO is 

divided into three segments from east to west (Hébert et al., 2012). The eastern segment contains 

the ophiolitic massifs of Nang, Luobusha, and Zedang, which are characterized by large mantle 

sequences, including harzburgite and dunite. The andesite, gabbro, and diabase from Luobusha-

Zedang have marked large-ion lithophile element (LILE) compositional anomalies relative to the 

other segments of the YZO, suggesting a continental component (subducted sediments) in the 

source of this ophiolite segment (Hébert et al., 2012). In its central segment, the YZO is also 

called the Xigaze ophiolite, which includes ophiolitic complexes in Renbu, Dazhuqu, Luqu, 

Jiding, Ngamring, and Sangsang. These are characterized by large mantle units comprising 

harzburgite and lherzolites, and are associated with minor gabbros and volcanic and/or 

sedimentary units of variable thickness. The western segment of the YZO comprises Saga, 

Zhongba, Dangqiong, Xiugugabu, Purang, and Dongpo. These ophiolite sequences mainly consist 

of mantle peridotites within mélange zones. Overall, the YZO is characterized by thin crustal 

sections (Shi et al., 2007, 2012; Gong et al., 2016) containing sporadic mafic dikes and volcanic 

rocks with MORB affinities. 

The above characteristics have led several studies to propose that the YZO was in a slow- to 

ultraslow-spreading setting before being accreted onto the continent (Girardeau and Mercier, 

1988; Wu et al., 2014; C.Z. Liu et al., 2014; Zhang et al., 2016; T. Liu et al., 2021). Recently, 

however, abundant geochemical data suggest that the ophiolite was generated in a SSZ setting 

based on three lines of evidence. (1) YZO peridotites have refractory compositional features 

including U-shaped whole-rock REE patterns and high spinel Cr# values (Hébert et al., 2003; Dai 

et al., 2013; Xiong et al., 2017), suggesting that they underwent hydrous melting before their 
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exposure. In addition, Xiong et al, (2016) identified that YZO lherzolites have higher equilibration 

temperatures than YZO harzburgites, which they attributed to the two-stage subduction-related 

accretion of the Zedang lherzolite and harzburgite during 200–130 Ma and 130–120 Ma, 

respectively. (2) Mafic and felsic rocks of the YZO have wide ranges of incompatible element 

concentrations that are similar to those of SSZ-related volcanics (Zhou et al., 2005; Hébert et al., 

2012; Dai et al., 2011, 2013, 2021; Huang et al., 2015; Su et al., 2015). (3) Field observations 

reveal that the sediments of the Xigaze fore-arc basin were directly overlain by the YZO 

immediately after extension ceased (An et al., 2014; Dai et al., 2015, 2021; Wang et al., 2012), 

that the YZO formed near the Asian continental margin (Huang et al., 2015), and that the 

associated magmatic arc, the Cretaceous Gangdese batholith, lies well to the north of the YZO 

(Dai et al., 2021). Otherwise, ultrahigh pressure minerals (including diamond, moissanite, wüstite, 

Fe-silicides, and Fe-Ni-Cr-PGE alloys requiring minimum pressures of ~2.8–4 GPa) in the spinel 

phase of the YZO (Robinson et al., 2004; Yang et al., 2007, 2014) have been interpreted as older 

material (~230 Ma) incorporated during seafloor spreading (Ruskov et al., 2010). 

The samples studied herein encompass the western (Zhongba), middle (Xigaze), and eastern 

(Zedang) sections of the YZO. Those from Zhongba and Xigaze predominantly consist of 

harzburgite, whereas the Zedang samples are mainly lherzolite (Fig. 1). The Zhongba ophiolitic 

harzburgites are thrust over diabase dikes and pillow basalts that are surrounded by a mélange 

zone comprising limestone, chert, and massive basalt. The Xigaze peridotite is well preserved and 

has not been subjected to significant dismembering during emplacement. It comprises chromite-

bearing harzburgite, serpentinite, and minor dunite, and has been intruded by numerous mafic 

dikes. The Zedang peridotite massif consists of lherzolite and harzburgite from west to east and 

adjacent to crustal mélanges (Fig. 1b). 

The YZO harzburgites display a weak foliation underlined by oriented orthopyroxene 

porphyroclasts (Fig. 2a; Pirard et al., 2013) and porphyroclastic microstructures (Fig. 3a, c). 

Compared to the lherzolites, they have higher modal olivine (~65–80 vol.%) and orthopyroxene 

contents (~18–35 vol.%), lower modal clinopyroxene contents (~0.5–3.5 vol.%), and similar 

model spinel contents (~2–3 vol.%). Thin sections show that these rocks are relatively fresh, with 

<5% serpentinization (Fig. 3a–c). They show millimeter-sized porphyroclasts of orthopyroxene 

(Opx1), olivine (Ol1), and clinopyroxene (Opx1) that are surrounded by fine-grained matrix 
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assemblages (e.g., Opx2, Ol2, Cpx2, Spl, magnetite, serpentine, sulfide; Fig. 3b, d). Olvine 

porphyroclasts (Ol1) are weakly deformed, showing undulatory extinction, and are fragmented 

(Fig. 3a). Orthopyroxene porphyroclasts (Opx1) display undulatory extinction, curved cleavages, 

have Cpx exsolution lamellae, and occur in close spatial association with spinel (Fig. 3a, b, l). 

Clinopyroxene porphyroclasts (Cpx1) exhibit curvilinear margins and lack plastic deformation 

features (Fig. 3c). Spinel grains are brown and usually display holly-leaf-shaped and vermicular 

textures (Fig. 3c). 

The lherzolites display porphyroclastic textures (Fig. 3d, e), comprise olivine (~58–67 

vol.%), orthopyroxene (~20–30 vol.%), clinopyroxene (~5–8 vol.%), and minor spinel (~2–4 

vol.%), and are remarkably fresh with <1% serpentinization (Fig. 3d–f). Olivine porphyroclasts 

can reach ~8 mm in diameter and exhibit undulatory extinction with irregular margins (Fig. 3f). 

Olivine granoblasts are 20–300 µm wide in interstitial spaces. Orthopyroxene porphyroclasts 

locally reach ~12 mm in diameter and have embayed margins compatible with features resulting 

from partial melting. Finer minerals (Ol2, Opx2) surrounding the porphyroclasts (Ol, Opx, and 

Cpx) were subjected to intensive melt/rock reactions, as shown by Figure 3d. Porphyroclastic 

clinopyroxenes can be as large as ~7 mm in diameter, and exhibit irregular shapes with undulatory 

extinction (Fig. 3f). As in the harzburgites, exsolution is well developed in both Cpx1 and Opx1, 

but rarely observed in Cpx2 and/or Opx2 (Fig. 3e, f), indicating that the porphyroclastic pyroxenes 

in both the harzburgites and lherzolites are residual crystals formed by partial melting of the 

asthenosphere (Xiong et al., 2016). 

3. Analytical Methods 

3.1 In-situ electron microprobe analyses 

Electron microprobe analyses of peridotite minerals (pyroxenes, olivine, and spinels) were 

performed using a JEOL JXA-8230 electron probe microanalyzer (EPMA) at the Key Laboratory 

of Mineralogy and Metallogeny, Guangzhou Institute of Geochemistry, Chinese Academy of 

Sciences and at the Sample Solution Analytical Technology Co., Ltd., Wuhan, China. Analyses 

were conducted at 15 kV accelerating voltage and 20–25 nA beam current with a focused beam (1 

μm diameter). On-peak and background counting times were 20 s and 10 s, respectively, for Ti, 
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Na, Mn, K, and Cr, and 10 s and 5 s, respectively for Si, Ca, Mg, Al, Fe, P, V, and Ni. The ZAF 

correction method in the JEOL software was used to calibrate the peaks. Detection limits for 

major elements were 75–350 ppm. Analytical precision was better than 1%, 5%, and 10% when 

major element contents exceeded 10 wt.%, 1 wt.%, and 0.1 wt.%, respectively. Mineral major 

element contents are reported in Table S1. 

3.2 In-situ trace element analyses by LA-ICP-MS 

In-situ trace element analyses of olivine, orthopyroxene, and clinopyroxene were performed 

by laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) at the Sample 

Solution Analytical Technology Co., Ltd., Wuhan, China. Minerals were ablated using a 

GeolasPro laser system with a wavelength of 193 nm and a maximum energy of 200 mJ. An 

Agilent 7700e ICP-MS was used to acquire ion signal intensities at a frequency of 5 Hz. 

Analytical spots were 44 µm in diameter, resulting in a laser energy density on the mineral surface 

of 5.5 J/cm
2
. Acquisition times per spot included 20–30 s of background acquisition followed by 

50 s of ablation and data acquisition. The BHVO-2G and BIR-1G glass reference materials were 

used as external calibration standards and sample 
28

Si was selected as an internal standard to 

calibrate mineral trace element compositions. Within errors, the calibration Si values of BHVO-

2G and BIR-1G agreed with those of Liu et al. (2008), and those of our samples with the Si 

contents obtained by EPMA (Table S1). We used the Excel-based software ICPMSDataCal to 

perform off-line selection and integration of background and analyzed signals, time-drift 

correction, and quantitative calibration for trace element analyses (Liu et al., 2008). 

Additional LA-ICP-MS analyses were performed using a NewWave 193UC excimer laser 

ablation system and Agilent 7900 ICP-MS at the Mineral Laser Microprobe Analysis Laboratory 

(Milma Lab), China University of Geosciences, Beijing, China. Detailed instrumental and 

analytical settings are reported in Zhang et al. (2019) and summarized here. Analyses were 

performed using a spot size of 75 μm, a repetition rate of 8 Hz, and ablation time of 40 s, and laser 

energy density on the mineral surface of 4 J/cm
2
. Quantitative data calibration was performed 

using the Iolite software on Igor (Paton et al., 2011). The NIST 610 glass reference material was 

used as an external calibration standard and 
28

Si was selected as an internal standard. The Si 

content of NIST 610 is from Jochum et al. (2011) and sample Si contents were compared with 

those determined by EPMA. The USGS reference glass BCR-2G was analyzed as a secondary 
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standard to validate the accuracies of both laboratories’ measurements. Slight deviations in 

elemental concentrations were observed in the 2RSD values (Relative Standard Deviation, 

2RSD =
2∗√

∑ (𝑥𝑖−�̅�)
2𝑛

𝑖=1
𝑛−1

�̅�
× 100%) of replicate analyses from both laboratories. Upon analysis, we observed 

that the 2RSD values for Li, Na, Al, K, Sc, Ti, V, Co, Rb, Sr, Y, Zr, Nb, Cs, Ba, La, Ce, Pr, Nd, 

Sm, Eu, Gd, Er, Hf, and Pb were nearly identical at <6%, whereas those for Ca, Cr, Ni, Dy, Ho, 

Tm, Yb, Lu and Ta were in the range 6–10% (Table S1). However, because the standard values 

obtained from both laboratories suggest were consistent with the recommended values within 

errors, we consider these 2RSD values to be within the acceptable margin of error (Jochum et al., 

2005; Liu et al., 2008). 

4. Results 

4.1. Mineral major and trace element compositions 

4.1.1. Olivine and Spinel 

Olivine porphyroclasts in lherzolites have Mg# (= 100 × Mg/(Mg + FeTot)) = 90.0–91.1 

(mean 90.3) and contained 8.6–9.6 wt.% FeO, whereas those in harzburgites were only slightly 

more magnesian (Mg# = 90.4–91.5, mean 90.8) and contained only slightly less FeO (8.3–9.4 

wt.%) (Table S1). Spinel grains in lherzolites contained 39.10–47.54 wt.% Al2O3 and 13.65–15.99 

wt.% FeO, with Mg# = 63.79–69.61 and Cr# (= 100 × Cr/(Cr + Al)) = 20.26–32.50, whereas those 

in harzburgites contained less Al2O3 (32.20–40.60 wt.%), more FeO (14.71–17.01 wt.%), and 

were less magnesian (Mg# = 60.04–65.23) and more chromian (Cr# = 31.78–41.66) ( Table S1; 

Fig. 4). 

Olivine Mg# and Cr# values in harzburgites and lherzolites are not distinctly different, 

whereas spinel Mg# and Cr# values differ between the two lithologies (see Table S1; Fig. 4a). 

Plotting olivine Mg# versus spinel Cr# shows that the harzburgites span the boundary between the 

SSZ and abyssal peridotite fields, whereas lherzolites plot exclusively within the abyssal field 

(Fig. 4b). Although trace element data for olivine have been reported (Aulbach et al., 2017), most 

of the olivine trace element concentrations obtained herein were below the detection limit in both 

harzburgites and lherzolites. Therefore, we do not discuss olivine REE or trace element contents in 

any further detail (Table S1). 
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4.1.2. Clinopyroxene 

Porphyroclastic clinopyroxenes in harzburgites contain less TiO2 (0.01–0.11 wt.%) and more 

CaO (18.72–24.91 wt.%) than those in lherzolites (0.01–0.17 wt.% TiO2 and 13.33–24.42 wt.% 

CaO, respectively). They also had MgO (15.68–23.35 wt.%), Al2O3 (1.94–4.48 wt.%), and FeO 

contents (1.82 wt.%-3.44 wt.%) similar to those in lherzolites (15.21–22.51 wt.% MgO, 1.61–4.67 

wt.% Al2O3, and 1.63–4.23 wt.% FeO, respectively; Table S1). We observed a positive correlation 

between clinopyroxene Cr2O3 and Al2O3 contents, and a negative correlation between 

clinopyroxene MgO and Al2O3 content (Fig. 5a, b). 

The REE and trace element distributions of clinopyroxenes in lherzolites and harzburgites are 

shown in Figure 6. In addition, we compiled Cpx data in YZO peridotites from previous studies 

and combined it with the results presented in this study to more accurately determine the 

conditions of partial melting (Fig. 7-9). Clinopyroxenes in lherzolites were strongly depleted in 

LREEs relative to HREEs (average ΣHREE/ΣLREE = 12.67; Fig. 6a). In contrast, clinopyroxenes 

in harzburgites were relatively enriched in LREEs and LILEs (Fig. 6c). These distinct patterns 

were previously reported in abyssal and forearc settings, respectively (Fig. 6a, c). In addition, 

clinopyroxenes in lherzolites can be divided into two groups according to their major element and 

REE compositions. Group I lherzolitic clinopyroxenes exhibit higher Na2O contents (average 0.35 

wt.%) than those of group II (average 0.09 wt.%; Fig. 5d). Additionally, group I clinopyroxenes 

are depleted in HREEs and enriched in LREEs and MREEs (average Yb/La, Yb/Nd, and Yb/Gd 

ratios of 150.9, 3.7, and 1.7, respectively) compared to those of group II (196.2, 38.9, and 2.2, 

respectively; Fig. 6a). These distinguishing characteristics highlight the contrasting geochemical 

features of group I and II clinopyroxenes. 

4.1.3. Orthopyroxene 

Orthopyroxenes in harzburgites contained less Al2O3 (1.90–3.63 wt.%) than those in 

lherzolites (1.78–5.04 wt.%), but had similar concentrations of MgO (27.72–36.02 wt.%), FeO 

(4.62–6.88 wt.%), and CaO (0.34–3.82 wt.%) to those in lherzolites (30.90–34.29 wt.% MgO, 

4.99–6.90 wt.% FeO, and 0.21–3.89 wt.% CaO, respectively). Orthopyroxene REE concentrations 

were below chondritic values in both lherzolites and harzburgites, defining a clear left-skewed 

pattern characteristic of LREE enrichment comparing harzburgites to lherzolites (Fig. 6a, c). 
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Orthopyroxenes in harzburgites were enriched in high-field-strength elements (HFSEs) and had 

positive U, Ta, Pb, Ti, and Li anomalies (Fig. 6c, d). Orthopyroxene LILE contents in harzburgites 

were similar to or higher than those in coexisting clinopyroxene (Fig. 6d; see next subsection). 

Orthopyroxenes in lherzolites had similar middle to heavy REE (MREE-HREE) contents as those 

in harzburgites, but lacked positive La and Ce anomalies and had lower HFSE contents (Fig. 6a, 

c). 

4.2. Equilibration temperature and cooling rate of YZO peridotites 

Various geothermometers are currently available to evaluate the thermal histories of mafic or 

ultramafic rocks. These geothermometers can be divided into two types according to whether they 

are based on mineral major element (Wells, 1977; Brey and Köhler, 1990; Witt-Eickschen and 

Seck, 1991; Taylor, 1998; MacGregor, 2015) or trace element concentrations (Liang et al., 2013). 

Accordingly, the major and trace element compositions of coexisting Cpx-Opx pairs can be used 

to calculate the equilibrium temperature. Broadly applied major element geothermometers 

calculate temperature based on the distribution of Ca (Lindsley and Andersen, 1983; Brey and 

Köhler, 1990; referred to as TBKN) and Fe-Mg exchange (Wells, 1977; Putirka, 2008) between 

Cpx-Opx pairs. Recently, the REE-in-two-pyroxenes thermometer was developed by Liang et al. 

(2013), which uses parameterized lattice-strain models for REE and Y (REE+Y) partitioning 

between two pyroxenes and a basaltic melt to calculate temperature (TREE). Because the 

equilibrium Fe-Mg diffusivities are higher than Ca, which is higher than REE between two 

pyroxenes (Liang et al., 2013), TREE may record near-peak or magmatic temperatures, whereas 

TBKN records relatively lower temperatures, i.e., during cooling (Liang et al., 2013; Dygert and 

Liang, 2015). By relying on the diffusivities of mineral components, these thermometers provide 

valuable insights into both the cooling of mantle peridotites and the mechanisms involved in their 

emplacement. Here, we employed the REE+Y thermometer to try to evaluate the near-peak or 

magmatic equilibrium temperatures of YZO peridotites. We chose equilibrated Cpx-Opx pairs that 

exhibited well-defined contact margins and compositional homogeneity from core to rim (Fig. 3; 

Liang et al., 2013; Secchiari et al., 2022). To ensure higher accuracy and reduce standard 

deviations, we employed a larger laser beam spot (75 μm diameter) when acquiring the trace 

element concentrations of these mineral pairs. 

The distributions of TREE and TBKN in mantle samples from different geotectonic settings are 
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shown in Figure 9. The equilibration temperatures of many peridotites show an apparent 

difference between TBKN and TREE (Fig. 9) that can be attributed to the distinct diffusion rates of 

divalent (e.g., Mg
2+

, Ca
2+

, and Fe
2+

) and trivalent cations (e.g., Al
3+

, Cr
3+

, and REE
3+

) during sub-

solidus cooling (Liang et al., 2013). Here, we used TBKN and TREE to better evaluate the thermal 

histories of peridotites in the YZO. Temperature estimates are reported in Table S2. 

TBKN is broadly lower than TREE in YZO peridotites.  Group I lherzolites yielded a tighter 

range of TBKN (884–977 °C) than group II lherzolites and harzburgites (836–977 °C). In contrast, 

TREE ranges for group I lherzolites and group II and harzburgites were relatively similar, at 994–

1162 °C, 991-1103 °C and 991–1218 °C, respectively. On median, the YZO group II lherzolites 

and harzburgites display similar TBKN (917 ± 40 °C, 1 sd) and TREE (1137 ± 61 °C, 1 sd) to the 

group II lherzolites (TBKN = 935 ± 30 °C and TREE = 1110 ± 58 °C, respectively; Fig. 9g, h). Group 

I lherzolites have slightly higher TBKN (935 ± 30 °C, 1sd) and TREE (1110 ± 58 °C, 1sd) than group 

II lherzolites (903 ± 28 °C and 1077 ± 47 °C 1sd, respectively; Table S2). These TREE values are 

negatively correlated with clinopyroxene TiO2 contents (Fig. 10b) but positively correlated with 

CaO (Fig. 10c). 

5. Discussion 

5.1 Melting process of the YZO peridotites 

Ophiolitic peridotites preserve a record of melt extraction and melt-rock interaction processes 

affecting the upper mantle prior to their exhumation. Therefore, the YZO has the potential to 

provide new insights into the evolution of the Neo-Tethys Ocean. Peridotite bulk rock data are 

often affected by late processes such as retrograde metamorphism, serpentinization, and/or 

alteration, complicating the interpretation of REE and trace element patterns. In contrast, in-situ 

analyses of unaltered minerals can help constrain mantle processes affecting peridotites prior to 

their alteration near the surface (Johnson et al., 1990). The degree of peridotite partial melting can 

be traced using the relative abundances of incompatible elements (Zr, Ti, Nd, and REEs) in silicate 

minerals. In particular, compared to olivine, pyroxenes are quite resistant to serpentinization 

(Martin and Fyfe, 1979) and their incompatible element concentrations are often used to decipher 

melt/rock interaction processes affecting peridotites at high temperatures (Aldanmaz et al., 2009; 

Birner et al., 2017; Bizimis et al., 2000; Johnson et al., 1990). In the YZO peridotites, two 
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generations of pyroxenes are distinguished petrographically: porphyroclastic and finer pyroxenes. 

Of those, the porphyroclasts (Cpx1 and Opx1) display large grains, weak deformation, irregular 

margins, and exsolution lamellae, indicating them to be residual pyroxenes formed by partial 

melting. 

Clinopyroxenes and orthopyroxenes in YZO harzburgites show lower Al2O3, CaO, TiO2 

concentrations and higher MgO and NiO concentrations than those in lherzolites, consistent with 

forearc peridotites worldwide. In comparison, the compositions of the group I and group II 

lherzolites are consistent with those of abyssal peridotites formed by anhydrous melting, as 

evidenced by their similar spinel Cr# and Mg# values (Fig. 4a), olivine Mg# values (Fig. 4b), and 

clinopyroxene Ti contents (Fig. 5c). Spinel Cr# values are generally used to evaluate the extent of 

partial melting of mantle peridotites as F = 10 × (ln Cr#) + 24, where F is the degree of fractional 

melting; note that this formula only applies for Cr# values between 0.1 and 0.6 (Hellebrand et al., 

2001). Accordingly, the extents of partial melting of the studied harzburgites and lherzolites are 

14–22% and 12–16%, respectively (Fig. 4c). However, because spinel compositions are 

susceptible to refertilization during subsequent melting events, these degrees of melting may be 

underestimates (Secchiari et al., 2016; 2020). The degree of mantle peridotite depletion can also 

be traced via clinopyroxene REE concentrations (Johnson et al., 1990). In contrast to LREE and 

MREEs, HREEs in clinopyroxenes are not affected by alteration and serpentinization (Vernières et 

al., 1997; Niu, 2004). Therefore, clinopyroxene HREE concentrations can be used to further 

constrain the degree of partial melting. 

Several studies have already used clinopyroxene REE concentrations to constrain the extent 

of partial melting of the YZO peridotite (Xiong et al., 2017; Zhang et al., 2017, 2020; Liu et al., 

2019). Their evaluation focused on the peridotites located to the east of Xigaze, revealing variable 

partial melting extents in peridotites ranging from 7 to 20%. In detail, clinopyroxenes in the Luqu 

harzburgite display relatively flat HREE distributions that Zhang et al. (2017) attributed to 15–

20% fractional melting of a depleted MORB mantle (DMM) in the spinel stability field. 

Clinopyroxenes in the Dazhuqu lherzolite and harzburgite have similar MREE and HREE patterns 

relative to that described in Liu et al. (2019). Clinopyroxenes in the Zedang lherzolite and 

harzburgite show different REE patterns, with lherzolitic clinopyroxenes exhibiting higher MREE 

and HREE concentrations and lower LREE concentrations than harzburgitic clinopyroxenes. 

Xiong et al. (2017) proposed that the Zedang lherzolites experienced 7–12% fractional melting 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

whereas the harzburgites were formed through 13–19% fractional melting of a DMM source 

within the spinel stability field. Zhang et al. (2020) reported similar REE patterns in Luobusha and 

modelled a degree of partial melting under spinel facies conditions to be <15%. Indeed, although 

their studies greatly contributed to our comprehension of the degree of partial melting of the YZO 

peridotites, those calculations were based solely on REE contents and were conducted solely for 

the spinel field, and did not match well with sample observations. Therefore, a more accurate 

constraint on the degree of partial melting of the mantle peridotite is essential. Here, we integrated 

previously reported data with our new samples from the western, central, and eastern parts of the 

YZO. We employed a variety of methods to estimate the extent of partial melting, thereby 

providing a more comprehensive and systematic understanding of the depletion of the YZO 

peridotites. We compared results from two non-modal fractional melting models, namely single-

stage anhydrous melting, and two-stage anhydrous melting. We used clinopyroxene REE 

concentrations to evaluate the extent of partial melting. Starting compositions and melting modes 

are from Johnson (1998), and the melting equations and mineral-melt partition coefficients are 

from Hellebrand et al. (2002). 

We first modeled changes to clinopyroxene REE patterns during partial melting in either the 

spinel facies or the garnet facies (Fig. 7). In the spinel stability field, REE distributions in group I 

and II clinopyroxenes in lherzolites require a lower degree of fractional melting (5–15%) than 

clinopyroxenes in harzburgites (10–20%; Fig. 7a, b). Group I lherzolitic clinopyroxenes are well 

fit by 8–11% fractional melting (Figure. 7a). However, harzburgitic and group II lherzolitic 

clinopyroxenes do not match the REE distributions expected during melting under spinel or garnet 

stability (Fig. 7). This result indicates that the harzburgites and group II lherzolites of the YZO 

could not have formed by a single stage of fractional melting under anhydrous conditions. 

Compared to clinopyroxenes in group I lherzolites, the lower HREE concentrations and 

flatter HREE patterns of those in group II lherzolites and harzburgites indicate that they may 

experience higher degrees of melting and were influenced by garnet phases (Fig. 6a, c). In 

addition, garnet and ultrahigh pressure minerals (e.g. diamond, moissanite, wüstite, alloys) are 

discovered in the peridotites of YZO, indicating these peridotites might have originated from a 

deep source (Robinson et al., 2004; Yang et al., 2007, 2014; Gong et al., 2020). Therefore, we 

used a combination of melting in the garnet stability field and additional melting under the spinel 

stability field to better model partial melting of the group II lherzolites and harzburgites (Fig. 8). 
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This two-stage model shows that the group II lherzolites and harzburgites are well fit by an initial 

5% partial melting in the garnet field followed by 6–9% and 9–16% partial melting in the spinel 

field, respectively (Fig. 8). The group II lherzolites and harzburgites clearly experienced higher 

degrees of partial melting than the group I lherzolites. Both petrographic and chemical evidence 

indicate the YZO harzburgites to refractory lithotypes, whereas the group I and group II lherzolites 

are relatively fertile. There is also evidence for an increase degree of partial melting rates passing 

from group I lherzolites to group II lherzolites and harzburgites. These differences indicate that 

that each lithology formed under different temperature and pressure conditions, and potentially in 

different geodynamic environments. 

5.2 The processes of LREE enrichment 

The occurrence of secondary vermicular or fine-grained minerals in peridotite indicates its 

formation via melt-rock interaction (Kaczmarek and Müntener, 2008; Xiong et al., 2017), a 

process that can impact clinopyroxene LREE concentrations (Müntener et al., 2004; Le Roux et 

al., 2007; Piccardo et al., 2007). Secondary minerals (Cpx2, Opx2, Ol2) are observed in both 

harzburgites and lherzolites in the YZO (Fig. 3a–f), whereas Cpx1 in harzburgites are enriched in 

LREEs and LILEs relative to Cpx1 in lherzolites (Fig. 6). In addition, secondary vermicular or 

fine-grained clinopyroxenes and orthopyroxenes (Fig. 3a–c) were more often observed between 

porphyroclastic minerals in harzburgites than in lherzolites (Fig. 3e, f), suggesting that the 

harzburgites and lherzolites were affected by different degrees of melt-rock interaction. 

Orthopyroxene incompatible element (e.g. non-fluid-mobile LREE) contents should 

gradually decrease as coexisting spinel Cr# increases (Bodinier and Godard, 2014; Warren, 2016). 

Here, orthopyroxenes in harzburgites exhibit pronounced LREE and LILE enrichments relative to 

those in lherzolites (Fig. 6). These affinities indicate that clinopyroxene LREE and LILE 

concentrations in harzburgites were substantially affected by melt-rock interaction. The whole-

rock LREE contents of lherzolites show minor enrichments of La to Pr (Xiong et al., 2017), 

whereas no such enrichment is observed in clinopyroxenes (Fig. 6a). These inconsistent whole-

rock and mineral-specific trace element features in lherzolites may contribute to post-melt flux 

being too low (Niu, 2004). Therefore, we conclude that the YZO harzburgites were subjected to a 

greater degree of melt-rock metasomatism than the lherzolites. 
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5.3 Thermal history of the YZO peridotites 

Our calculated equilibration temperatures of the YZO lherzolites and harzburgites show 

notable differences (Fig. 9g, h). Combined, the group I lherzolites yielded TBKN = 884–977 °C 

(median 935 °C) and TREE = 994–1162 °C (median 1110 °C), whereas the group II lherzolite and 

harzburgites yielded TBKN = 836–977 °C (median 917 °C) and TREE = 991–1218 °C (median 

1137 °C). The Ca-in-Opx geothermometer yielded equilibration temperatures (TCa-in-Opx) for 

harzburgites, group I lherzolites, and group II lherzolites of 918–997 °C, 901–958 °C, and 882–

1154 °C, respectively. The TCa-in-Opx values obtained from harzburgites span a broad range of 

temperatures, whereas the TBKN values calculated using Cpx-Opx mineral pairs are more uniform 

(though still spanning a range of more than 200 °C). Therefore, we will use TBKN, the temperature 

obtained from the major element concentrations, for further discussion.  

Previous studies have consistently shown that forearc peridotites exhibit notably lower 

equilibration temperatures than other oceanic mantle peridotites (Parkinson and Pearce, 1998; 

Zanetti et al., 2006). Dygert and Liang (2015) reported that SSZ ophiolites have lower closure 

temperatures than either abyssal peridotites or MOR-affinity ophiolites. They interpreted these 

low SSZ closure temperatures as reflecting long cooling histories, and higher closure temperatures 

as dominated by hydrothermal circulation and/or rapid cooling events (Dygert and Liang, 2015). 

However, more recent studies concluded that high closure temperatures also occur in forearc 

peridotites. For example, Secchiari et al. (2022) obtained higher temperatures (TCa-in-Opx = 903–

1185 °C) in New Caledonia forearc harzburgites than Pirard et al. (2013; TCa-in-Opx = 953–970 °C), 

and Wu et al. (2022) found that both lherzolites (TREE = 1104–1429 °C) and harzburgites (TREE = 

1019–1210 °C) derived from the Mirdita ophiolite also exhibit high closure temperatures. Here, 

the YZO lherzolites have slightly lower TREE values than the harzburgites (Fig. 9h), suggesting 

that the harzburgites record relatively higher cooling temperatures than the lherzolites. The large 

difference between TREE and TBKN suggests rapid cooling, because the closure to diffusion also 

relates to the cooling rate (Liang et al., 2013, 2021). We did not observe clear relationship between 

major element contents (e.g., TiO2 and Al2O3) and TREE in clinopyroxenes (Fig. 10a, b), indicating 

that there is no discernible link between temperature and the degree of partial melting. 

In a comparison of different tectonic environments around the world, mantle xenoliths and 

subcontinental peridotites exhibit nearly identical TBKN and TREE distributions (Fig. 9), indicating 
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that they underwent protracted slow cooling. The thermal features of (cold) subcontinental 

peridotites are distinct from other tectonic settings because they exhibit significantly lower TREE 

and TBKN values. The ophiolitic peridotites and abyssal peridotites exhibit low TBKN values but 

high TREE values, suggesting that they cooled faster than mantle xenoliths and subcontinental 

peridotites.  The TBKN and TREE values estimated herein for the YZO peridotites overlap with the 

SSZ rather than MOR ophiolites (Fig. 9), indicating that the YZO peridotites record well-

established SSZ thermal or cooling histories. 

As an application of the TBKN and TREE estimates, Dygert and Liang (2015) used Dodson’s 

(1973) thermodynamic equation to build closure temperature curves and calculate cooling rates for 

peridotites and mafic cumulates from different tectonic settings (including MOR, SSZ, and sub-

continental) around the world. Here, we used the same method to calculate the cooling rate of 

lherzolites and harzburgites in the YZO. The cooling rates of group I lherzolites are similar to 

those of group II lherzolites at 0.05–0.5 °C/yr, similar to those of harzburgites extend to cooling 

rates of 0.01–0.5 °C/yr (Fig. 10d), indicating that the lherzolites and harzburgites did experience 

the exact same thermal processes. The YZO lherzolites and harzburgites plot within the area of 

overlap between the SSZ, MOR, and abyssal peridotite fields (Fig. 10), which is consistent with 

our statistical results (Fig. 9) and cooling rates of ophiolitic peridotites from the Samail and Yukon 

areas (Fig. 10d; Dygert et al., 2017; Canil et al., 2019). The absence of thick crust overlying 

abyssal peridotites, and thus a lack of thermal insulation, might be expected to result in differences 

compared to ophiolitic peridotites from SSZ environments. However, there are no significant 

differences between the TREE and TBKN distributions of abyssal peridotites and MOR or SSZ 

ophiolitic peridotites (Fig. 10d), indicating that the thickness of the overlying crust has no 

pronounced effect on the cooling rate of the oceanic mantle (Dygert et al., 2017). In addition, the 

cooling rates of peridotite samples from SSZ settings have been proposed to be similar to those of 

oceanic mantle peridotites (Dygert and Liang, 2015), further supporting our observation. 

Therefore, in general, the cooling rates of mantle peridotites exhibit no significant relationship 

with tectonic environment, whether SSZ, MOR, or abyssal. In contrast, the local geodynamic and 

thermal events may play a vital role. Importantly, our results indicate that the REE-in-pyroxene 

geospeedometry of Dygert et al. (2017) cannot completely distinguish cooling rates in these 

different tectonic settings. 
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5.4 The origin and evolution of the YZO 

Recent studies have proposed that the YZO originated within a forearc environment (An et 

al., 2014; Huang et al., 2015; Maffione et al., 2015; Xiong, 2016; Xiong et al., 2017; Dai et al., 

2021). For example, Xiong (2016) and Xiong et al. (2017) reported pyroxene compositions and 

Nd-Hf isotopic data for the Zedang harzburgites and lherzolites of the easternYZO and suggested 

that they formed in the forearc via multi-stage accretion. Based on a comprehensive field, 

petrological, geochronological, and geochemical investigation of mafic to felsic rocks in the 

Xigaze ophiolite (central YZO), Dai et al. (2021) concluded that the various rocks were generated 

in a single transient subduction initiation event in a forearc setting. In addition, the YZO samples 

record subsolidus temperatures, consistent with forearc thermal structure (van Keken et al., 2019). 

Peridotite melting in such conditions necessarily involves aqueous fluids to lower solidus 

temperatures. Therefore, the high degree of harzburgite partial melting compared to lherzolite 

could indicate that they were intensively metasomatized in a forearc environment. Furthermore, 

numerous models have been proposed to explain the origin of lherzolites and harzburgites, as 

outlined in the following paragraphs. 

In subduction settings, lherzolites might form by: (1) the trapping and preservation of abyssal 

peridotites in the forearc region (Batanova and Sobolev, 2000; Choi et al., 2008; Arai et al., 2018); 

(2) the refertilization of mantle wedge peridotites by melt impregnation (Bryant et al., 2007; 

Scambelluri et al., 2006; Mitchell and Grove, 2016); (3) the rapid upwelling and cooling of the 

asthenospheric mantle (Xiong, 2016; Xiong et al., 2017); and/or (4) a low degree of partial 

melting of the depleted MORB mantle in the forearc area during subduction initiation (Ewart and 

Hawkesworth, 1987; Ulrich et al., 2010; Whattam and Stern, 2011; Stern et al., 2012; Marchesi et 

al., 2016). No distinct lithological demarcation between lherzolites and harzburgites in the YZO 

was discovered in the field, indicating that the YZO lherzolites were not trapped from old 

lithosphere, nor were they later accreted from the upwelling asthenospheric mantle. In addition, 

the petrological and geochemical features of the YZO lherzolites show a low degree of melt-rock 

interaction, suggesting that they were not formed by the percolation of fertile melt. We therefore 

conclude that the lherzolites observed herein were produced within a forearc spreading 

environment resulting from the initiation of subduction during the Early Cretaceous. 

Turning to the YZO harzburgites, four models have been proposed for their formation. In the 
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first, the harzburgites formed at slow- or ultraslow-spreading MORs, as evidenced by their 

structural similarities to the ultraslow Southwest Indian Ridge, MORB-type crustal rocks, and the 

Ligurian ophiolite (Nicolas et al., 1981; Girardeau and Mercier, 1988; Pearce et al., 1988; Wu et 

al., 2014; C.Z. Liu et al., 2014; T. Liu et al., 2016; Zhang et al., 2016). In the second, the 

harzburgites formed in a forearc spreading setting through rapid accretion during subduction 

initiation from ~130 to 120 Ma (Malpas et al., 2003; Dai et al., 2013; An et al., 2014; Huang et al., 

2015; Maffione et al., 2015). In the third, the harzburgites were initially generated in a MOR 

setting and subsequently modified in the SSZ (Zhou et al., 1996, 2005; Aitchison et al., 2000; 

Malpas et al., 2003; Dubois-Côté et al., 2005; Liu et al., 2010; Dai et al., 2011; Xu et al., 2011; 

Hébert et al., 2012; Su et al., 2015). The fourth model demonstrated that the harzburgites formed 

through asthenospheric upwelling during protracted accretion (Xiong, 2016; Xiong et al., 2017). 

As discussed above, the observed mineral major and trace element compositions in the YZO 

harzburgites might generated in a SSZ setting. Furthermore, our study highlights a gradual 

increase in the extent of depletion from lherzolites to harzburgites in the YZO peridotites. 

Geodynamic models indicate that the YZO experienced a phase of forearc extension and 

margin-basin closure during Middle to Late Jurassic (~174–130 Ma), followed by intra-oceanic 

subduction initiation during the Early Cretaceous (~130 Ma; Dai et al., 2021). The same authors 

proposed that rollback of the sinking slab induced extension in the forearc of the overriding plate, 

leading to the Cretaceous subduction initiation; the rapidly retreating Neo-Tethyan oceanic slab 

was forced to subduct, leading to extension of the overriding plate and mantle upwelling (Dai et 

al., 2021). Continued subduction eventually led to the proto arc-continent (Zedang arc and Asian 

continent) collision, which finally resulted in the overthrusting of the ophiolitic units onto the 

Asian continental margin ~120 Ma, forming the YZO (Xiong, 2016; Dai et al., 2013, 2021). 

In this framework, our geothermometry results may be explained as reflecting the short 

residence times (shorter than ~10 Ma) of the depleted mantle in the forearc region, followed by 

fast emplacement due to obduction (Fig. 11). Therefore, we speculate that the evolution of the 

YZO peridotites can be divided into two stages. During the early stage, a subduction initiation 

event in the front of the Gangdese arc was induced by the rollback of the Neo-Tethyan slab during 

the Early Cretaceous (Dai et al., 2021), and the associated upwelling of asthenospheric materials 

was responsible for emplacing the principal portion of the lherzolites at the forearc spreading 

center (Fig. 11a). The MORB-like basalts were formed at this time by decompression melting of 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

the fertile mantle. During the late stage, as subduction continued, the previously emplaced 

lherzolites were depleted by the large influx of slab fluids. As depletion intensified, most 

lherzolites were exhausted and developed into harzburgites that then experienced melt-rock 

interaction and were eventually obducted to the front of the Gangdese arc. Nonetheless, some of 

the previous lherzolites were necessarily preserved within the harzburgites (Fig. 11b). 

6. Conclusions 

We studied the melt extraction, closure temperatures, and cooling rates for mantle peridotites 

in the YZO. The YZO peridotites underwent varying degrees of partial melting, all of which 

display similar thermal or cooling histories. Based on our high quality major and trace element 

data in minerals from lherzolites and harzburgites in the YZO, as well as previous literature data 

and field observations, we drew the following main conclusions: 

(1) Two groups of lherzolites are distinguished by their geochemical features. Group I 

lherzolites underwent 8–9% partial melting in the spinel field, whereas group II lherzolites and 

harzburgites experienced 5% dry melting in the garnet phase, followed by 6–9% dry and 9–16% 

partial melting in the spinel field, respectively. We speculate that such multi stage and larger 

degrees of partial melting might have occurred in a forearc environment. 

(2)  The lherzolites record a similar cooling temperature to the harzburgites, suggesting that 

the lherzolites and harzburgites have similar thermal or cooling histories. Generally, the 

equilibration temperatures of the YZO peridotites are similar to those of worldwide SSZ and lower 

than MOR ophiolites and abyssal peridotites. Therefore, we tentatively interpret that the YZO 

peridotites have thermal or cooling history pointing to SSZ affinity. 

(3) We proposed a two-stage model for the formation of the YZO ophiolite. The lherzolites 

were formed in the forearc spreading center, induced by rollback of the subducting slab during the 

Early Cretaceous subduction initiation. As subduction continued, the majority of lherzolites were 

depleted by the influx of abundant slab fluids, eventually developing into the YZO harzburgites. 
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Figure Captions: 

Figure 1. Geological sketch map of the Yarlung Zangbo ophiolite and adjacent tectonic units 

(south Tibet; modified after Dai et al., 2011). Major faults: GCT, Great Counter thrust; ZGT, 

Zhongba–Gyangze thrust; GT, Gangdese thrust. 

 

Figure 2. Field photos of the Yarlung Zangbo ophiolitic peridotite. (a) Pyroxenite dike cutting 

harzburgite; (b) lherzolite outcrop; (c) harzburgite encrusted by weathered shells; (d) superficially 

exposed orthopyroxenes on harzburgite. 

 

Figure 3. (a–f) Cross-polarized photomicrographs and (g–l) backscatter electron micrographs of 

the YZO peridotite. Red squares and arrows in (e) and (f) indicate the fields of view in (h) and (i), 

respectively. (a–c) Harzburgites contain porphyroclasts (e.g., Ol1, Opx1, Cpx1), and matrix 

assemblages (e.g., Ol2, Opx2, Cpx2, Serp); the harzburgite in (c) displays porphyroclastic and 

protogranular textures. (d–f) Cpx-Opx mineral pairs with clear boundaries; distinct Opx lamellae 

are present in the Cpx1 minerals. (g–l) Cpx-Opx mineral pairs shown as backscatter electron 

images. Abbreviations: Cpx, clinopyroxene; Opx, orthopyroxene; Ol, olivine; Spl, spinel; Serp, 

serpentine. 

 

Figure 4. Variations of (a) Mg# vs. Cr# in spinel, (b) olivine Mg# vs. spinel Cr#, and (c) chondrite-
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normalized Sm/Yb vs. Yb contents for clinopyroxene in the YZO peridotites. The olivine-spinel 

mantle array in (b) is after Arai (1994). The normalized values for chondrite and primitive mantle 

are from Sun and McDonough (1989). DMM represents spinel in the depleted MORB mantle 

(Salters and Stracke, 2004); FMM represents the fertile MORB mantle. The dunite and peridotite 

data in YZO are from Zhang et al. (2017), Liu et al. (2019). 

 

Figure 5. Variations of (a) Al2O3 vs. Cr2O3 contents, (b) Mg# vs. Al2O3 content, (c) Mg# vs. TiO2 

content, (d) Mg# vs. Na2O content, (e) Mg# vs. Cr2O3 content, and (f) Mg# vs. Ca/Al for 

clinopyroxenes in the YZO peridotites. Blue, purple, and green symbols indicate harzburgites, 

group I lherzolites, and group II lherzolites, respectively. DMM represents clinopyroxene from the 

depleted MORB mantle (Salters and Stracke, 2004). 

 

Figure 6. (a, c) Chondrite-normalized REE patterns and (b, d) primitive-mantle-normalized trace 

element patterns for the clinopyroxenes and orthopyroxenes in YZO (a, b) lherzolites (c, d) 

harzburgites. The normalization values for chondrites and the primitive mantle are from Sun and 

McDonough (1989). The field of abyssal peridotites is after Johnson et al. (1990), Brunelli and 

Seyler (2010), Hellebrand et al. (2005), Seyler et al. (2011), and Warren et al. (2009); that of SSZ 

peridotites is after Aldanmaz et al. (2020), Batanova and Sobolev (2000), Bizimis et al. (2000), 

Birner et al. (2017), and Dygert and Liang (2015); and that of Mariana forearc peridotites is after 

Fryer et al. (1992), Parkinson and Pearce (1998), and Chen and Zeng (2007). 

 

Figure 7. Chondrite-normalized REE patterns for clinopyroxenes in the YZO (a, c) lherzolites and 

(b, d) harzburgites compared to those modeled after single-stage partial melting. The 

normalization values for chondrites are from Sun and McDonough (1989). DMM represents 

clinopyroxene from the depleted MORB mantle (Salters and Stracke, 2004). (a, b) Purple and (c, 

d) pink dashed curves represent the modeled REE compositions of residual clinopyroxenes after 

1–25% of perfect non-modal fractional melting within spinel- and garnet-facies mantle, 

respectively, calculated using the modeling equations and starting mineral modes of Johnson et al. 

(1990), melt modes from Walter (1998), olivine-, orthopyroxene-, spinel-, and garnet-melt 

partition coefficients from McKenzie and O’Nions (1991), and clinopyroxene-melt partition 

coefficients from Vernières et al. (1997). The literature data of the clinopyroxene from the YZO 

are from Liu et al. (2014), Xiong et al. (2017), Zhang et al. (2017), Liu et al. (2019), Zhao et al. 

(2021).  

 

Figure 8. Chondrite-normalized REE patterns for clinopyroxenes in the YZO (a) lherzolites and 

(b) harzburgites compared to those calculated after two-stage partial melting. The normalization 

values for chondrites are from Sun and McDonough (1989). DMM represents clinopyroxene from 

the depleted MORB mantle (Salters and Stracke, 2004). The purple dashed curves represent the 

modeled REE compositions of residual clinopyroxenes after an initial 5% partial melting in 

garnet-facies mantle and subsequent 1–18% perfect non-modal fractional melting in spinel-facies 

mantle, calculated using the modeling equations and starting mineral modes of Johnson et al. 

(1990), melt modes from Walter (1998), olivine-, orthopyroxene-, spinel-, and garnet-melt 

partition coefficients from McKenzie and O’Nions (1991), and clinopyroxene-melt partition 

coefficients from Vernières et al. (1997). Data sources for the literature are as in Figure 7. 
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Figure 9. Histograms for samples (a, b) of different lithologies from this study and (c–h) from 

different tectonic affinities, showing ranges of temperatures calculated using the REE-in-two-

pyroxene thermometer (green) and the two-pyroxene major element thermometer of Brey and 

Köhler (1990) (black diagonal lines). Data in (c–g) are from Dygert and Liang (2015) and 

references therein. 

 

Figure 10. Variations of (a) Al2O3 in clinopyroxenes, (b) TiO2 in clinopyroxenes, (c) CaO in 

orthopyroxene, and (d) TBKN vs. TREE for the peridotites from the Yarlung Zangbo ophiolitic 

massif. The TREE error bars are 1σ standard deviations. We apply an uniform error of 30 °C to 

TBKN. In (d), cooling curves (orange lines) are calculated for initial peak temperatures on the 

solidus (T0) followed by cooling at various rates (in °C/yr, vertical black lines) to the final closure 

temperatures of TREE and TBKN for an orthopyroxene grain of radius 0.5 mm. These calculations 

follow the method and diffusion parameters for REE and Fe-Mg diffusion in pyroxenes outlined in 

Dygert et al. (2017). Also shown are values of TREE and TBKN calculated for the Yarlung Zangbo 

ophiolitic massif (symbols), and other SSZ and MOR ophiolites, and abyssal peridotites (pink, 

green, and orange fields, respectively) (after Dygert and Liang, 2015). 

 

Figure 11. Tectonic model for the origin and tectonic evolution of the Yarlung Zangbo ophiolitic 

peridotites. 

 

Tables Caption: 

Table S1. Major and trace element compositions of clinopyroxene, orthopyroxene, olivine, and 

spinel. 

  

Table S2. Major and trace element compositions of the equilibrium pyroxene pairs used for 

geothermometer. 
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Highlights 

 The YZO lherzolite displays two different geochemical features and melting 

types. 

 Two different partial melting processes between lherzolite and harzburgite. 

 The ophiolitic peridotites display similar thermal features across different 

settings. 

 The YZO lherzolite and harzburgite were formed in a forearc setting. 
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