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Abstract: The Danggqiong ophiolite, the largest in the western segment of the Yarlung-Zangbo Suture Zone (YZSZ)
ophiolite belt in southern Tibet, consists of discontinuous mantle peridotite and intrusive mafic rocks. The former is
composed dominantly of harzburgite, with minor dunite, locally lherzolite and some dunite containing lenses and veins of
chromitite. The latter, mafic dykes (gabbro and diabase dykes), occur mainly in the southern part. This study carried out
geochemical analysis on both rocks. The results show that the mantle peridotite has Fo values in olivine from 89.92 to 91.63
and is characterized by low aluminum contents (1.5-4.66 wt%) and high Mg" values (91.06-94.53) of clinopyroxene. Most
spinels in the Danggiong peridotites have typical Mg" values ranging from 61.07 to 72.52, with corresponding Cr” values
ranging from 17.67 to 31.66, and have TiO, contents from 0 to 0.09%, indicating only a low degree of partial melting (10—
15%). The olivine-spinel equilibrium and spinel chemistry of the Dangqiong peridotites suggest that they originated deeper
mantle (>20 kbar). The gabbro dykes show N-MORB-type patterns of REE and trace elements. The presence of amphibole
in the Dangqiong gabbro suggests the late-stage alteration of subduction-derived fluids. All the lherzolites and harzburgites
in Dangqiong have similar distribution patterns of REE and trace elements, the mineral chemistry in the harzburgites and
lherzolites indicates compositions similar to those of abyssal and forearc peridotites, suggesting that the ophiolite in
Dangqiong formed in a MOR environment and then was modified by late-stage melts and fluids in a suprasubduction zone
(SSZ) setting. This formation process is consistent with that of the Luobusa ophiolite in the eastern Yarlung-Zangbo Suture

Zone and Purang ophiolite in the western Yarlung-Zangbo Suture Zone.
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1 Introduction

Ophiolites represent the remnants of ancient oceanic
lithospheric fragments in a continental orogenic belt, and
contain important information about the magmatic
evolution, metamorphism and tectonic processes of the
oceanic lithosphere and are thus important units for
understanding the evolution and closure of ancient oceanic
basins. The ophiolite is usually divided into four units:
metamorphic peridotite, a deep plutonic complex, a
sheeted dyke group and extrusive rock (Coleman, 1977,
Zhang et al., 2000). Dyke intrusions, including those of
pyroxenite, gabbro and diabase, are common in
metamorphic peridotite and considered to be the magmatic
rocks produced by partial melting of the mantle. The
Yarlung-Zangbo Suture Zone (YZSZ), which is located in
the southern region of Tibet, represents the boundary
between the Eurasian plate and the Indian plate. Late
Jurassic to Early Cretaceous ophiolite blocks are widely
distributed along the YZSZ and are the remains of the
Tethys Ocean (Miller et al., 2003; Dubois-Coté et al.,
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2005). Obtaining a better understanding of the
geodynamic evolution of the ophiolite in the Yarlung-
Zangbo Suture Zone has long been highly prioritized by
scholars due to its great significance in the reconstruction
of the Tethys oceanic basin.

The Yarlung-Zangbo ophiolite belt is roughly
distributed along the Yarlung-Zangbo River and is divided
into three parts based on its spatial distribution: the eastern
segment (Qushui-Motuo), the middle section (Angren-
Renbu) and the western section (from the west of Saga to
the Sino-India border) (Pan et al., 1997; Jiang et al.,
2016). The western section can also be divided into a
northern segment (Dajiweng-Saga) and a southern
segment (Daba-Xiugugabu), where its structure and
sequence are not fully exposed due to tectonic
dismemberment. The Daba-Xiugugabu ophiolite belt is
distributed in the NWW direction along the Daba-Purang-
Xiugugabu, and it mainly includes ultramafic rocks, such
as the Purang, Dongbo, Dangqiong and Xiugugabu rocks,
and it is approximately 400 km long and 10 km to 35 km
wide. These rocks are in fault contact with Late Triassic to
Cretaceous marine carbonates, clastic rocks and mafic
lava, or they are covered by Neogene-Quaternary deposits
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(Fig. 1, Xu et al., 2006).

As revealed by previous studies, the geologic
characteristics of the Yarlung-Zangbo Suture Zone (Luo,
2019) are very sophisticated, and studies of the western
section have revealed the multigenetic and multistage
features of the different ophiolitic rock bodies (Qiu et al.,
2005; Xu et al., 2006, 2008; Liu et al., 2010; Xu et al.,
2011a; Feng et al., 2015; Li et al., 2015; She et al., 2017).
There are also wide variations in the formation of the
Daba-Xiugugabu ophiolite belt (Gansser, 1983; Searle et
al., 1987; Guo et al., 1991; Pan et al., 1997; Miller et al.,
2003; Huang et al., 2006; Bezard et al., 2011). A wide
range of exotic minerals, alloys and native elements have
been recovered from the Dangqiong peridotite, including
diamonds (Xiong et al., 2016a). Thus, a multistage
formation has been suggested for this body. Here, we
performed detailed fieldwork on the Dangqiong rock mass
of the Daba-Xiugugabu ophiolite belt, systematically
collected samples of mantle peridotite and gabbro, and
performed detailed mineral geochemical analyses to
determine the tectonic environment of the ophiolite based
on an in-depth analysis of the data obtained here.

2 Geological Setting

The Dangqiong ophiolite is located in the southern
segment of the Yarlung-Zangbo Suture Zone, which is
part of the Daba-Xiugugabu belt; the Purang rock mass is
in contact with the North Himalaya fault zone to the south
and in fault contact with the North Laangcuo block to the
north. The Dangqiong mass is the largest in this region,
and it occupies an area of approximately 700 km” in the
western segment of the belt (Xiong et al., 2016a) and is
distributed discontinuously, mostly as fresh outcrops that

exhibit high degrees of serpentinization along the
boundary faults with the surrounding rocks (Figs. 1-2).

The Dangqiong ophiolite is mainly composed of mantle
peridotite, gabbro/diabase dykes, and siliceous rock. The
mantle peridotite consists dominantly of harzburgite, with
minor amount of dunite and locally lherzolite. The gabbro/
diabase dykes are often intrusive and cut the mantle rocks,
and they show distinctive late-stage formation features.
Lenticular bodies and veins of chromitite are found in the
dunite bands. The southern part of the rock mass is
characterized by the development of gabbro and diabase
dykes (Figs. 1-2). The dykes are usually tens of
centimeters to several meters wide and a few meters to
dozens of meters long, and they occur as veins and lenses
in the mantle peridotite.

Thirty-five primary chromitite outcrop spots are found
in the Dangqgiong rock bodies, which are mostly
distributed in dunite and harzburgite in the southern part
of the rock mass. These ore bodies are mostly vein-
shaped, although some are lenticular or irregular, and they
mainly strike to the NE and NW.

3 Sampling and Analytical Methods

From a large collection of carefully selected mantle
peridotite and gabbro samples, we obtained 47 polished
thin sections. After a detailed petrographic examination
was performed, eight thin sections were selected for
electron microprobe analysis. These analyses were
performed at the Key Laboratory of Nuclear Resources
and the Environment (East China Institute of Technology),
Ministry of Education, using a JEOL JXA-8100 electron
microprobe with an Inca energy-dispersive spectrometer.
The microprobe was operated at a voltage of 15 kV, a
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Fig. 1. Devonian of the Danggiong ophiolite in the Yarlung-Zangbo Suture Zone (modified from Xiong et al., 2016a).
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beam current of 20 amps and a spot diameter of 2 pm. A
total of 40 olivine grains from four mantle peridotite
samples (harzburgite and lherzolite) were analyzed, and
their representative chemical compositions are shown in
Table 1. For orthopyroxene, EPMA data were obtained
from 23 points of four gabbro samples, 21 points of two
lherzolite samples and nine points of two harzburgite

Harzburgite

Fig. 2. Field photographs showing the mantle peridotite and

samples. The representative results are shown in Table 2.
For clinopyroxene, EPMA data were acquired from 31
points of four gabbro samples, 19 points from two
lherzolite samples and 10 points from two harzburgite
samples. The representative results are shown in Table 3.
For chrome spinel, EPMA data were acquired from 19
points from 2 lherzolite samples and 30 points from 2

gabbro in the Danggqiong ophiolite.

(a—c) Harzburgite in the Dangqiong ophiolite; (d) A gabbro vein in harzburgite.

Table 1 Representative microprobe analyses of olivine in the mantle peridotites of the Danggiong ophiolite (wt%b6)

Lithology Sample Na,0O NiO  K,O MgO FeO CaO ALO; MnO P,Os SiO, Cr,0; TiO, Total Fo
09y-588-12 0.00 041 000 4865 872 0.01 0.03 0.15 0.00  40.86 0.11 0.00 98.94  90.87
09y-588-16 0.00 044 001 4838 941 0.01 0.00 0.09 0.00 41.12 0.10 0.00 99.55 90.16
09y-588-18 002 038 0.00 4798 943 0.00 0.00 0.13 0.00  40.92 0.16 0.01 99.03 90.07
09y-588-24 0.00 042 000 4790 942 0.01 0.00 0.13 0.00 41.27 0.04 0.00 99.19 90.06

Lherzolite 09y-588-32 0.00 040 0.00 4798 9.20 0.00 0.00 0.14 0.01  41.02 0.03 0.05 98.82 90.29
09y-593-25 0.00 038 0.01 4881 868 0.01 0.01 0.13 0.01  40.84 0.12 0.00 99.00  90.93
09y-593-27 0.01 040 0.00 49.83 853 0.00 0.01 0.12 0.00 4145 0.08 0.01 100.44  91.24
09y-593-29 0.00 039 000 4831 920 0.01 0.00 0.11 0.03 4042 0.05 0.02 98.55 90.35
09y-593-40 0.00 035 0.01 4894 892 0.1 0.00 0.12 0.00 41.11 0.00 0.01 99.46  90.72
09y-593-42 0.00 041 0.00 4824 9.22 0.00 0.00 0.14 0.02  40.50 0.22 0.03 98.77 90.32
09y-616-4 0.00 036 0.01 4881 940 0.01 0.00 0.13 0.00  40.99 0.00 0.00 99.70  90.25
09y-616-6 0.00 041 0.01 49.07 946 0.00 0.00 0.15 0.00  40.78 0.04 0.00 99.93 90.24
09y-616-16 0.00 034 002 49.13 927 0.00 0.00 0.08 0.00 41.39 0.05 0.00 100.28  90.43
09y-616-18 0.04 040 0.00 4742 947 0.01 0.00 0.12 0.04  40.38 0.06 0.01 97.96 89.92
09y-616-20 0.00 041 001 4848 9.15 0.00 0.00 0.13 0.02 41.24 0.05 0.01 99.49 90.42

Harzburgite 09y-616-24 0.00 037 001 4872 944 0.01 0.00 0.13 0.02  41.08 0.17 0.03 99.98 90.20
09y-616-33 0.00 037 0.00 4853 948 0.02 0.00 0.11 0.01  41.04 0.06 0.01 99.62 90.13
09y-617-5 002 040 0.02 47.85 7.80 0.05 0.32 0.11 0.00  40.98 0.05 0.02 97.61 91.63
09y-617-10 0.01 038 0.00 4885 9.04 0.03 0.01 0.17 0.00  41.05 0.05 0.03 99.60  90.59
09y-617-21 0.02 042 001 4836 939 0.05 0.01 0.13 0.02  40.85 0.03 0.00 99.29 90.18
09y-617-34 0.03 043 0.00 4880 9.13 0.02 0.00 0.18 0.02 41.14 0.15 0.00 99.93 90.45
09y-617-36 0.00 046 0.00 4939 820 0.03 0.18 0.09 0.00  41.50 0.14 0.00 99.99 91.48

Note: Fo = 100Mg/(Mg+Fe*"); and Fe*” is total iron.
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Table 2 Representative microprobe analyses of orthopyroxene in the gabbro and mantle peridotites of the Danggiong
ophiolite (wt%b)

Lithology Sample Na,0 NiO K,O MgO FeO CaO ALO; MnO P,Os SiO, Cr,0; TiO, Total En Fs Wo Mg*

09y-688-1 0.00 0.00 0.00 21.15 2393 1.06 069 0.64 0.00 5290 0.03 0.14 100.53 59.86 37.99 2.15 61.17

09y-688-4 0.04 0.00 0.00 2020 23.76 1.13 0.66 0.67 0.00 52.66 0.01 0.17 9929 5882 3882 236 60.24

09y-686-2-5  0.03 0.00 0.00 19.50 2535 1.17 0.72 0.77 0.03 5278 0.00 0.19 100.53 56.42 41.16 2.42 57.82

Gabbro 09y-686-2-9  0.03 0.00 0.00 20.70 2342 1.05 0.75 0.69 0.00 53.78 001 0.18 100.60 59.84 37.98 2.18 61.17

09y-689-6 0.01 0.01 0.00 21.32 2278 0.79 0.55 0.68 0.03 5190 0.03 0.16 9826 61.51 36.85 1.64 62.53

09y-689-10  0.02 0.03 0.02 21.54 21.70 1.15 0.68 0.59 0.00 5220 0.01 0.13 98.06 6237 3525 239 63.89

09y-689-14  0.02 0.00 0.00 21.36 22.87 0.98 0.71 0.66 0.00 5235 0.00 0.17 99.11 61.21 36.77 2.01 62.47

09y-687-6 0.01 0.02 0.00 21.17 24.12 1.13 0.76 0.62 0.01 5266 0.04 0.18 100.70 59.60 38.11 229 61.00

09y-588-6 0.00 0.10 0.00 34.18 630 0.63 329 0.18 0.02 5553 0.79 0.04 101.06 89.56 9.25 1.19 90.64

09y-588-9 0.01 0.12 0.01 3474 6.18 054 332 0.11 0.00 5568 0.78 0.01 101.48 90.03 898 1.00 90.93

09y-588-10  0.04 0.05 0.01 3431 630 0.65 338 0.11 000 5529 0.75 0.01 10090 89.56 9.22 123 90.67

Lherzolite 09y-588-22  0.00 0.10 0.00 35.62 623 034 153 0.15 0.02 5722 024 0.04 101.47 9050 887 0.62 91.07

09y-588-28  0.02 0.10 0.00 33.10 6.52 040 1.72 020 0.01 5651 021 0.03 98.80 8936 9.87 0.77 90.06

09y-593-2 0.00 0.11 0.00 31.66 6.75 0.55 482 022 0.00 5421 100 0.02 9934 8834 10.56 1.10 89.32

09y-593-10  0.00 0.06 0.01 31.22 6.50 0.88 499 0.16 0.00 54.12 1.05 0.02 99.00 87.96 1027 1.78 89.55

09y-593-23  0.01 0.09 0.01 33.07 6.17 0.67 281 0.09 0.01 5621 044 0.03 99.60 8935 935 1.30 90.52

09y-616-3 0.03 0.05 0.01 3220 6.00 1.40 322 0.09 0.00 5585 058 0.01 99.45 88.05 920 2.75 90.54

09y-616-35  0.00 0.05 0.01 3536 622 0.69 283 0.2 001 5672 049 005 102.54 89.88 887 1.25 91.02

Harzburgite 09y-617-2 0.00 0.06 0.00 3399 649 025 161 0.15 0.00 5565 026 005 9849 8991 9.62 047 90.33

09y-617-8 0.02 0.04 0.01 3440 625 0.66 3.05 0.15 0.03 5584 0.57 0.01 101.01 89.62 9.14 124 90.74

09y-617-18  0.00 0.08 0.00 32.55 6.70 042 3.01 0.11 002 5517 035 0.03 9842 8891 1026 0.83 89.65

09y-617-23  0.01 0.09 0.01 33.01 631 048 3.61 0.14 000 5568 0.59 0.05 9998 8947 9.59 0.93 90.32

Note: Mg" = 100Mg/(Mg+Fe?); and Fe?' is total iron.

Table 3 Representative microprobe analyses of clinopyroxene in the gabbro and mantle peridotites of the Danggiong ophiolite

(Wt%)

Lithology Sample Na,O NiO K,O MgO FeO CaO ALO; MnO P,0s SiO, Cr,0; TiO, Total En Fs Wo Mg#
09y-688-3 0.32 0.00 0.00 1496 12.60 17.96 133 0.33 0.00 52.54 0.05 025 100.33 42.83 20.23 36.94 67.93

09y-688-5 0.34 0.00 0.00 14.18 9.61 20.99 1.50 0.31 0.00 52.59 0.05 029 99.86 40.90 15.56 43.54 72.44

09y-688-11 0.27 0.04 0.01 1499 12.10 18.05 1.38 0.30 0.01 52.88 0.03 030 100.37 43.14 19.53 37.33 68.84

Gabbro 09y-686-2-22  0.27 0.02 0.00 14.63 10.30 20.77 0.87 0.33 0.04 5341 0.01 0.19 100.85 41.41 1636 42.24 71.69
09y-686-2-24  0.25 0.00 0.00 14.70 893 21.84 1.31 029 0.01 5329 0.00 0.25 100.86 41.51 14.15 44.34 74.58

09y-687-5 0.25 0.00 0.04 14.73 14.11 1622 1.82 0.36 0.01 51.86 0.00 027 99.67 4295 23.07 33.98 65.06

09y-687-9 0.27 0.01 0.00 1451 9.96 20.59 1.40 0.32 0.01 5242 0.03 034 99.85 41.58 16.01 4242 72.20

09y-687-11 0.26 0.00 0.02 13.82 9.77 21.17 132 0.30 0.04 5299 0.00 0.31 100.00 40.04 15.87 44.08 71.61

09y-588-2 0.14 0.05 0.00 1695 2.50 22.58 3.59 0.08 0.04 52.18 1.05 0.11 99.26 49.02 4.06 46.92 92.35

09y-588-13 0.04 0.08 0.00 18.19 2.16 2335 1.71 0.07 0.01 5451 0.30 0.01 10042 50.26 3.35 4638 93.74

09y-588-17 0.07 0.04 0.00 1829 2.17 2328 1.50 0.04 0.00 53.85 0.27 0.10 99.60 50.47 3.36 46.17 93.76

09y-593-13 0.14 0.04 0.00 1824 2.81 20.78 439 0.09 0.00 5241 126 0.09 10024 52.50 4.53 42.97 92.06

Lherzolite 09y-593-14 0.19 0.06 0.01 16.72 235 2274 4.63 0.10 0.00 51.88 1.40 0.08 100.15 48.63 3.83 47.55 92.70
09y-593-15 0.17 0.05 0.00 16.56 221 22.86 4.64 0.10 0.02 5198 1.32 0.10 100.01 4838 3.62 48.00 93.04

09y-593-17 0.15 0.04 0.01 1646 2.13 22.88 446 0.11 0.00 52.13 1.34 0.08 99.79 4828 3.50 4822 93.25

09y-593-20 0.13 0.05 0.00 16.72 225 2291 4.66 0.14 0.06 51.86 130 0.07 100.15 48.54 3.67 47.79 92.98

09y-593-38 0.14 0.01 0.00 17.19 2.02 23.06 3.19 0.11 0.00 52.78 0.79 0.10 99.39 49.27 3.24 4749 93.82

09y-616-1 0.26 0.07 0.00 17.33 2.30 23.06 3.89 0.09 0.00 52.79 1.05 0.10 100.92 49.25 3.66 47.09 93.09

09y-616-27 0.21 0.04 0.00 1820 2.32 22.63 220 0.09 0.00 53.84 0.49 0.04 100.05 50.88 3.64 4547 93.32

09y-617-6 0.11 0.04 0.00 17.95 2.02 23.08 2.11 0.06 0.03 5334 0.47 0.12 99.33 5031 3.18 46.51 94.06

09y-617-15 0.19 0.05 0.00 1740 2.35 22,62 3.72 0.07 0.02 52.83 0.75 0.16 100.16 49.74 3.77 4648 92.95

Harzburgite 09y-617-19 0.20 0.03 0.01 1693 228 21.89 3.59 0.09 0.01 5137 3.09 0.14 99.63 49.87 3.77 4636 92.98
09y-617-22 0.16 0.02 0.00 17.76 1.83 2348 233 0.06 0.01 53.70 0.56 0.13 100.04 49.80 2.88 47.32 94.53

09y-617-26 0.18 0.01 0.00 17.64 230 2328 3.03 0.06 0.02 5330 0.41 0.11 10033 49.46 3.62 4693 93.18

09y-617-29 0.19 0.09 0.00 1822 2.39 2294 2.08 0.06 0.00 54.08 0.43 0.07 100.54 50.54 3.72 4574 93.15

09y-617-38 0.16 0.04 0.00 17.42 1.99 23.67 2.62 0.10 0.00 55.07 0.46 0.11 101.64 49.00 3.14 47.86 93.98

Note: Mg" = 100Mg/(Mg+Fe**); and Fe*" is total iron.

harzburgite samples. The representative results are shown
in Table 4. EPMA data were also obtained from 14
feldspar points and 12 amphibole points from four gabbro
samples, and these results are listed in Tables 5 and 6,
respectively.

Nine mantle peridotite samples and eight gabbro
samples were selected for whole-rock geochemical
analysis. They were carefully cleaned, crushed and ground
in an agate mortar to pass through a 200-mesh screen. The
major element contents were determined on fused glass
beads using X-ray fluorescence (XRF) spectrometry. The

relative analytical accuracy was estimated to be 1% for
SiO, and 2% for all other oxides. The contents of trace
elements, including those of REEs, were determined using
inductively coupled mass spectrometry (ICP-MS). Two
national standard samples (GSR3 and GSRS5) and three
internal standards were measured simultaneously to ensure
the consistency of the analytical results. The analytical
uncertainties were estimated to be 10% for trace elements
with abundances of <10 ppm and approximately 5% for
those with abundances of >10 ppm.
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Table 4 Representative microprobe analyses of chromite in the mantle peridotites of the Danggiong ophiolite (wt%o)

Lithology Sample Na,0O NiO K,0 MgO FeO CaO ALO; MnO P,0s SiO, Cr,0; TiO, Total Mg" Cr'  Fe*' Fe'”
09y-588-11  0.00 024 0.02 1675 1581 0.01 4229 020 0.00 0.00 22.96 001 9828 6543 26.69 34.57 0.05
09y-588-23  0.00 0.18 0.00 1569 17.21 0.00 39.75 027 0.00 0.01 2516 0.07 98.34 62.08 29.80 37.92 0.16
09y-588-25  0.02 0.11 0.00 1546 17.75 0.00 40.12 0.17 0.01 0.02 2418 0.06 97.90 61.07 2879 3893 022
09y-588-27  0.02 021 0.01 16.16 1682 0.00 40.74 0.16 0.00 0.00 24.10 003 9825 63.26 2841 36.74 0.11
T herzolite 09y-588-29  0.01 0.17 0.00 1596 17.18 0.00 38.63 020 0.00 0.00 26.68 0.04 98.87 6244 31.66 37.56 0.08
09y-588-31  0.01 0.19 0.00 1585 17.06 0.00 40.66 0.17 0.00 0.02 2442 0.05 9842 62.55 2872 3745 0.18
09y-593-32  0.00 021 0.00 1836 13.33 0.01 49.08 0.15 0.0 0.02 17.88 0.04 99.09 7127 19.64 28.73 0.16
09y-593-34  0.00 022 0.00 1731 1451 0.00 4560 0.15 0.00 0.01 20.87 0.03 98.72 68.12 23.49 31.88 0.08
09y-593-39  0.02 022 0.00 17.47 1434 001 46.17 0.18 0.02 0.2 20.09 0.00 98.52 68.65 2259 31.35 0.14
09y-593-41  0.01 0.22 0.00 17.48 1439 0.02 4848 023 0.00 0.03 17.74 0.03 98.62 68.73 19.71 31.27 025
09y-616-2  0.01 0.18 0.00 17.11 1474 0.00 42.08 020 0.03 0.00 2529 0.06 99.70 67.54 28.73 32.46 0.09
09y-616-5  0.01 0.17 0.00 1655 1527 0.03 39.97 022 0.01 0.02 27.14 0.07 9945 66.15 3130 33.85 0.20
09y-616-7  0.06 0.17 0.01 17.66 1401 0.00 44.51 0.17 0.0 0.00 2244 0.06 99.08 69.50 2527 30.50 0.24
09y-616-9  0.00 0.16 0.00 16.11 1594 0.00 40.82 023 0.01 0.00 2642 0.07 99.77 6439 3028 35.61 0.07
09y-616-11  0.03 0.17 0.00 16.03 1631 0.00 40.73 022 0.00 0.00 2576 003 99.27 63.82 29.79 36.18 0.13
Harzburgite 09y-616-13  0.02 0.18 0.00 16.46 14.64 0.00 4238 024 001 001 2392 005 9791 6692 27.47 33.08 0.16
09y-616-23  0.00 0.18 0.00 1735 1478 0.00 46.07 0.17 0.01 026 20.52 0.02 99.36 69.58 23.01 3042 148
09y-616-32  0.00 0.19 0.00 16.48 1583 000 4348 020 0.00 0.02 2235 0.03 98.57 65.15 25.64 34.85 0.14
09y-617-16  0.00 031 0.00 1898 12.89 0.03 49.78 0.13 0.00 0.01 17.34 0.04 99.50 72.52 18.94 27.48 0.08
09y-617-20  0.00 029 0.00 17.94 13.90 0.00 47.17 0.16 0.01 0.00 19.76 0.09 99.33 69.83 21.94 30.17 0.10
09y-617-33  0.06 032 0.01 1843 13.96 002 50.66 0.13 0.00 0.01 1621 002 99.83 7047 17.67 29.53 023
09y-617-35  0.01 0.23 0.0l 18.09 13.56 0.00 49.06 0.19 0.02 0.00 18.02 0.03 99.22 70.50 19.77 29.50 0.08
Note: Fe*™ = 100Fe*"/(Mg+Fe*"), Mg" = 100Mg/(Mg+Fe”"), Cr” = 100Cr/(Cr+Al), Fe*™" = 100Fe”/(Cr+Al+Fe’™).
Table 5 Representative microprobe analyses of feldspar in the gabbros of the Danggiong ophiolite (wt%)

Sample Na,0 NiO K,O MgO FeO CaO AlLbO; MnO P,05 SiO, Cr,0; TiO, Total Ab An Or
09y-686-2-12 529 001 003 000 024 11.12 2945 000 003 5479 000 003 10098 462 537 02
09y-686-2-21 510 000 001 001 0.12 1144 2919 000 003 5444 000 000 10035 446 553 0.1
09y-686-2-23 518 000 0.02 003 022 1138 2913 000 000 5469 000 000 100.64 451 548 0.1
09y-689-8 517 002 002 003 0.16 1084 2823 002 000 5360 001 003 9814 463 536 0.1
09y-689-11 499 000 001 002 012 1102 2914 000 002 5339 002 004 9878 450 550 0.0
09y-689-13 515 000 001 001 0.18 1072 2841 003 002 5429 002 001 9885 465 535 00
09y-687-3 523 000 003 003 012 1111 2893 000 000 5512 005 000 10063 459 539 02
09y-687-18 487 003 001 000 015 1140 2938 0.00 000 5429 0.00 0.03 10016 43.6 564 0.0
09y-687-19 501 003 002 000 011 1157 2937 000 000 5446 000 002 10059 439 560 0.1
09y-687-21 488 000 003 002 015 1177 2954 0.00 000 5399 004 003 10046 42.8 57.0 02
09y-687-25 491 000 002 003 019 1153 2936 000 000 538  0.00 000 99.86 435 564 0.1
09y-687-27 524 000 004 000 0.16 1059 29.16 000 001 5622 001 002 10144 47.1 527 02
09y-687-28 482 001 000 003 013 11.69 2945 002 000 5385 0.0l 003 10003 427 573 0.0
09y-687-29 492 001 003 001 009 1139 2923 000 003 5441 002 0.0l 100.14 438 560 02

Table 6 Representative microprobe analyses of amphiboles in the gabbros of the Danggiong ophiolite (wt%o)

Sample Na, O NiO K,O MgO FeO CaO ALO; MnO P05 SiO, Cr,0; TiO, Total Mg/Mg+Fe
09y-688-2 229 000 006 13.13 1423 1059 986 0.9 0.04 4517 002 250 98.07 0.62
09y-688-9 1.86 000 005 1409 1352 11.92 720 020 003 4757 003 187 9834 0.65
09y-686-2-2 224 000 007 1358 1449 1070 9.66 023 0.02 4538 000 215 9852 0.63
09y-686-2-4 236 0.00 008 13.16 1437 1099 1002 0.8 005 4536 001 255 99.11 0.62
09y-686-2-14 170 0.00 0.08 1502 13.14 11.16 822 0.7 001 4819 003 134 99.06 0.67
09y-689-7 225 000 007 1339 1315 1033 953 0.7 001 4451 001 223 9565 0.65
09y-689-12 230 004 0.1 1324 1348 1054 958 0.8 001 4445 000 244 9636 0.64
09y-687-4 202 000 007 1329 1315 1098 972  0.17 003 4517 007 272 9738 0.64
09y-687-8 158 0.03 009 1532 1310 11.04 765 0.5 001 4800 000 110 98.07 0.68
09y-687-13 234 001 008 1359 1340 1116 9.60 0.5 000 4527 002 241 9801 0.64
09y-687-20 216 003 008 1386 13.64 11.19 893 0.8 004 4626 003 202 9842 0.64
09y-687-23 222 003 007 1241 1752 9.86 1057 021 000 4306 004 1.89 97.87 0.56

4 Discussion occurs on the surface or along fractures or fault surfaces.

4.1 Petrologic features

Harzburgite is fresh and mostly olive green or ink
green, and the weathering surface is mostly brown or
yellow and features visible orthopyroxene granules (Fig.
2). The harzburgite exhibits granular and massive
structures, and it consists mainly of olivine and
orthopyroxene, as well as a small amount of
clinopyroxene, and the most common accessory mineral is
chromite. Serpentinization is widely developed and mainly

Harzburgite consists of olivine (75%—-80%), orthopyroxene
(mainly enstatite, 15% —20% ), clinopyroxene (mainly
diopside, 5%), and approximately 1%-2% accessory
minerals, such as chromite (chrome spinel) and magnetite.
The alteration minerals include serpentine, brucite,
magnesite, and chlorite. Olivine is granular and shows
distinctive  stress  deformation features, such as
recrystallization, kink banding and wavy extinction (Fig.
3a). Fine-grained olivine can be seen in the shear zone and
exhibits irregular, subhedral-euhedral granular textures
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Fig. 3. Microphotographs of mantle peridotite and gabbro in the Dangqiong ophiolite.

-

(a) Wavy extinction of olivine (harzburgite, crossed polarizer); (b) recrystallized thin olivine, orientated chrome spinel (harzburgite, polarizer); (c)
crystal deflection of orthopyroxene under stress (harzburgite, crossed polarizer); (d) A large number of parallel clinopyroxene exsolution are found in
orthopyroxene, aligned (harzburgite, crossed polarizer); (e) large clinopyxene grains with obvious twisting deformation (lherzolite, crossed polarizer);
(f) euhedral-semieuhedral granular pyroxene filling in a plagioclase framework and a typical gabbro texture (gabbro, crossed polarizer).

and recrystallization textures (Fig. 3b). The stress
deformation features of orthopyroxene include crystal
deflection, wavy extinction and glide twinning (Fig. 3c).
There are abundant instances of parallel-extinct
clinopyroxene exsolution in the orientated arrangement
(Fig. 3d), while individual clinopyroxene grains are
xenomorphic-subhedral in shape. The accessory mineral

chromite is mainly subhedral, rare and heterogeneous, and
it occurs scattered within olivine (Fig. 3b).

Clinopyroxene in the lherzolite is granular,
approximately 1 mm in size and unoriented, and it is
distributed within olivine with a content of 5%—10% (Fig.
3e). The orthopyroxene grains are columnar, xenomorphic
and granular, with a content of 10%; they exhibit abundant
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parallel, thin clinopyroxene exsolutions, as well as
apparent deformation features and wavy extinction under
the orthogonal polarizer (Fig. 3e). The olivine grains are
granular and cracked, and they exhibit slight
serpentinization. The small olivine crystals are banded,
with a content of 70%—-80%.

Gabbro is very fresh and greenish, with gabbroic texture
and massive structure (Fig. 2d); gabbro mainly comprises
50% —55% plagioclase, 30% —40% pyroxene, 0-5%
amphibole, and minor magnetite and other dark minerals.
Plagioclase comprises euhedral-subhedral platy grains
ranging in size from 0.2-0.5 mm, which are disorderly in
their distribution and exhibiting polycrystalline twinning
and high degrees of sericitization and zoisitization.
Pyroxene is euhedral-subhedral and approximately 0.1
mm in size, and it fills in the plagioclase framework with a
typical gabbro texture (Fig. 3f).

4.2 Mineral chemistry
4.2.1 Olivine

The EPMA results indicate that the olivine is forsterite,
with Fo contents ranging from 89.92-91.63. No dunite
was detected in this study. The olivine compositions in
lherzolite and harzburgite are similar, with Fo contents
ranging from 90.06-91.24 and 89.92-91.63, respectively.

Olivine contains a certain amount of NiO. Table 1 and
Fig. 4 show that the NiO contents in olivine are similar in
both the lherzolite and harzburgite, with an average value
of 0.4%. The Cr,O; contents in the olivine crystals are
very low and range from 0.00%—-0.22% and 0.00%—0.17%
in the lherzolite and harzburgite, respectively.

4.2.2 Orthopyroxene

The orthopyroxene composition in the Danggqiong
mantle peridotite is very homogeneous. The
orthopyroxene in lherzolite is mainly enstatite, with Mg”
values of 89.32-91.07, and the En component is 87.96%—
90.50%, with an average value of 89.22% (Fig. 5a). The
orthopyroxene in harzburgite has Mg" values of 89.65—
91.02, and the En component is 88.05%—-89.91%, with an
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Fig. 4. NiO vs Fo contents of olivine in the different litholo-
gies of the Dangqiong ophiolite.

Fields outline the olivine compositions in forearc peridotites (Ishii et al.,
1992) and various mantle peridotites, ultramafic and mafic plutonic rocks
from the oceanic domain (Constantin et al., 1995). The arrow is compati-
ble with the fractional crystallization trend (Constantin, 1999).

average value of 89.29%. The orthopyroxene in gabbro is
hypersthene, with Mg” values of 57.82-63.89, and the En
component is 56.42%—-62.37%, with an average value of
59.59%. The orthopyroxene in the mantle peridotite has
more Mg than that in the gabbro (Fig. 5b).

The orthopyroxenes in different types of rocks generally
record low NiO contents (wt%) of 0.00%-0.12% and
Cr,05 contents of 0.00%—1.05%. The Al,O;content varies
dramatically and is closely related to the lithofacies; in the
gabbro, the AL,O; content is as low as 0.55%—0.76%, with
an average value of 0.69%; in the harzburgite, it ranges
from 1.61%-3.61%, with an average value of 2.78%; and
in the lherzolite, it ranges from 1.53%-4.99%, with an
average value of 3.68%.

The ALO; content in orthopyroxene can be used as an
index of the degree of partial melting (Dick, 1977). It is
generally believed that lower ALO; contents in the
orthopyroxene in the mantle peridotite of the ophiolite
correspond to a greater degree of melting, and based on
this criterion, the low Al,O; contents and high Mg# values
of the samples imply that the mantle peridotite in this area
has experienced a high degree of partial melting (Dick and
Bullen, 1984). As shown in Fig. 5b, the Al,O3 contents of
the orthopyroxene in the harzburgite are lower than those
in the lherzolite, which also demonstrates that as the
degree of partial melting increases, the Al,O; content
decreases (Dick and Natland, 1996).

4.2.3 Clinopyroxene

Clinopyroxene occurs in various lithologies, with its
content varying greatly (Fig. Sc—d). The clinopyroxene in
the gabbro (Engg43, W034.44, FS1423) is dominant augite.
This clinopyroxene has Mg” values ranging from 65.06—
74.58, with an average value of 71.41; Cr,O; contents
ranging from 0 to 0.05 wt% (Fig. 5d); and Al,O; and TiO,
contents ranging from 0.87 wt% to 1.82 wt% and 0.19
wt% to 0.34 wt%, respectively.

Clinopyroxenes from the mantle peridotite (and even
the exsolution lamellae in orthopyroxene) are
compositionally defined as diopside (lherzolite: Enugss,
Wou3.48, Fs3.5; harzburgite: Enggs;, Wo4s.45, Fs3.4) (Fig. Sc).
The clinopyroxenes in the lherzolites have Mg" values
ranging from 92.06-93.82, with an average value of
92.97; CryO5 contents ranging from 0.27 wt%—1.4 wt%
(Fig. 5d); and Al,O; and TiO, contents ranging from 1.5
wt%—4.66 wt% and 0.01 wt%—0.11 wt%, respectively.
The clinopyroxenes in the harzburgites have Mg" values
ranging from 92.95-94.53, with an average value of
93.43; Cr,0; contents ranging from 0.41 wt%—3.09 wt%
(Fig. 5d); and AL,O5 and TiO, contents ranging from 2.08
wt%—3.89 wt% and 0.04 wt%—0.16 wt%, respectively.

The analysis results of all the clinopyroxenes indicate
that they also follow the main oceanic tholeiitic fractional
crystallization trend of Constantin (1999).

4.2.4 Chrome spinel

Chrome spinel has been found in all the samples, with a
very low content (generally, less than 5 wt%). The type of
chrome spinel is greatly dependent on the proportions of
the two main trivalent oxides, Cr,O; and Al,O;. Based on
the EPMA data, the chrome spinels in lherzolite have
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Fig. 5. Pyroxene compositions in the different lithologies of the Dangqiong district.

(a) Wo-En-Fs (after Morimoto (1988); (b) Mg” vs. AL, O; (Wt%); (c) Wo-En-Fs (after Morimoto (1988); (d) Mg” vs. Cr,03 (wt%).

Fields outline orthopyroxene compositions in abyssal peridotites (Johnson et al., 1990), forearc peridotites (Ishii et al., 1992), boninites (Van der
Laan et al., 1992), back-arc-basin basalt (BABB) field from Hawkins and Allan (1994), and ultramafic and mafic plutonic rocks from Pito, Terevaka

and Garrett (Constantin, 1999).

Cr,05 contents of 17.74 wt%—26.68 wt%, with an average
value of 22.26 wt%; Al,O; contents of 38.63 wt%—49.08
wt%, with an average value of 43.58 wt%; Cr” values of
19.64-31.66; and Mg" values of 61.07-71.27. The chrome
spinels in harzburgite have Cr,O; contents of 16.21 wt%—
27.14 wt%, with an average value of 21.22 wt%; Al,O;
contents of 39.97 wt%—50.66 wt%, with an avera%e value
of 45.44 wt%; Cr” values of 17.67-31.3; and Mg" values
of 63.82-72.52. Both types of chrome spinel contain very
low TiO, contents (0-0.09 wt%). Calculations were
performed using that of Hirose and Kawamoto (1995; Fig.
6), and the results indicate that the Dangqiong chrome
spinels reflect only a low degree of partial melting (10-15
wt%).

The formation of a spinel is controlled by the degree of
melting and the formation pressure of the mantle peridotite
(Dick and Bullen, 1984). The Cr" of spinel and Mg" of
olivine can be used to determine the degree of partial

melting, formation pressure and tectonic environment of
their host rocks (Pearce et al., 2000). As an accessory
mineral, the chemical composition of chrome spinel is an
indicator of the chemical composition of its host rock, i.e.,
mantle peridotite. The chemical compositions and Cr*-Mg"
diagram (Fig. 6) reveal that the Cr* and Mg" values have a
negative correlation, similar to those observed in most
Alps-type ultramafic rocks around the world; that is, the
Cr" value decreases as the Mg” value increases (Leblance,
1980), and the formation environments of the harzburgite
and lherzolite are similar to that of abyssal peridotite.

4.2.5 Feldspar

The feldspar in gabbro samples is plagioclase (Ang; 47,
Abs;_s7) (Table 5). The feldspar composition reflects low-
temperature re-equilibration. The gabbro samples contain
plagioclase that most likely retained its magmatic
composition.
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peridotites.

Fields for the spinels in abyssal peridotites are taken from Dick
and Bullen (1984). Data for spinel in forearc peridotites are from
Ishii et al. (1992) and Parkinson and Pearce (1998). The curve
with ticks represents the experimental percentage of wet melting
of the host peridotites (Hirose and Kawamoto, 1995).

4.2.6 Amphibole

Only metamorphic amphiboles were analyzed in the
gabbro samples collected from the Dangqiong massif.
According to the classification of Leake et al. (1997,
2004), these metamorphic amphiboles are mainly
magnesio-amphibole (Fig. 7, Table 6), with Mg” values
ranging from 0.56 to 0.68, and they have high TiO, and
Al,O3 contents (1.1 wt%—2.72 wt% and 7.2 wt%—10.57
wt%, respectively).

Based on previous research of metasomatic amphiboles
from mantle xenoliths in different tectonic environments,
the amphiboles in the upper mantle wedge xenoliths from
subduction zones have higher SiO, contents and lower
Na,O and TiO, contents than those from intraplate
environments (Coltorti et al., 2007). Figure 7b indicates
that the amphibole from the Dangqiong area formed in a

subduction zone environment.

4.3 Whole-rock chemistry
4.3.1 Mantle peridotite

Whole-rock geochemical analyses were performed on
nine samples, including two lherzolites and seven
harzburgites (Table 7). All of the peridotites in Dangqiong
are very fresh, with LOI contents that typically <1 wt%.
The Al,O5 and CaO contents in the harzburgites are 0.96—
1.72 (wt%) and 0.71-2.5 (wt%) respectively, which are
similar to those in the lherzolites. All samples are all Mg-
rich (average MgO=42.45 wt%), Al-poor (average
Al,05;=1.37 wt%), and alkali-poor (most Na,0O < 0.01
wt%; K,0 <0.01 wt%).

The MgO content in mantle peridotite represents an
index of mantle depletion or partial melting. Higher
contents of MgO together with lower contents of CaO,
AlL,O; and SiO, indicate higher degrees of melting
(Coleman, 1977; Nicolas and Prinzhofer, 1983; Hartmann
and Wedepohl, 1993). Petrologically, during the melting
process of basaltic magma from the upper mantle, fusible
components such as CaO, Al,O;, and SiO, tend to enter
the melt. As more basaltic magma melts out, the residual
mantle peridotite becomes richer in MgO and the mantle
becomes more depleted. The MgO content of the mantle
peridotite in the Dangqiong belt (Table 7, Fig. 8) is much
higher than that of the primitive mantle, despite the slight
difference in their degree of melting, indicating that the
ophiolite belt cropping out in the Danggiong area has
undergone a higher degree of mantle depletion or partial
melting and is very similar to the ophiolite in Bangonghu,
Shiquanhe and the western Yarlung-Zangbo Suture Zone
(Qiu et al., 2005). Most of the elements in peridotite have
a good negative correlation with the MgO content. The
contents of incompatible elements, such as Al,O3;, CaO
and SiO,, are negatively correlated with the MgO content
(Fig. 8). Compared to the abyssal mantle peridotite (or
MOR-type mantle peridotite) and subduction mantle
peridotite (or SSZ-type mantle peridotite), the
compositions of the lherzolite and some harzburgite
samples are similar to that of abyssal mantle peridotite,
and two harzburgite samples fall in the subduction mantle
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Fig. 7. Diagram of amphibole (Amp) in the Dangqiong gabbro.

(a) Variations of Al*" vs. Ti (apfu), the field for the ophiolitic mélange is from Dupuis et al. (2005) , Huot et al. (2002) and Coltorti (2004); (b) Plot of SiO; vs.
Na,O. I-Amph, amphibole in intra plate environment including the intra continental, oceanic island and ocean ridge. S-Amph, amphibole in subduction envi-

ronment, mainly the upper mantle wedge (Coltorti et al., 2007).
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Table 7 Major and trace element compositions of the whole-rock samples of peridotite and gabbro of the Danggiong ophiolite

Lithology Lherzolite Harzburgite Gabbro
Sample 09y- 09y- 09y-  09y-  09y- 09y- 09y- 09y-  09y- 09y- 09y- 09y- 09y- 09y- 09y- 09y- 09y-
588 593 584 585 586 592 594 595 596 680 681 682 683 684 685 686 687
Major element (wWt%)
Si0, 44.25 46.00 4582 4326 444 4506 4423 4358 4592 4736 4189 46.51 4848 46.8 44.07 4457 46.38
AlLO; 1.25 1.66 .72 1.03 1.59 1.41 0.99 096 1.68 153 162 151 1587 14.83 1484 15.04 15.15
Fe,03 2 1.44 334 091 1.7 1.5 1.74 215 239 331 253 407 366 397 339 365 334
FeO 6.45 6.76 512 798  6.66 6.92 6.83 6.05 573 746 462 672 733 677 699 1715 7.4
CaO 1.59 1.86 1.99 1.3 2.5 1.58 0.71 0.84 2.08 1224 155 1337 11.77 1257 1527 1457 12.82
MgO 41.88 41.08 40.73 44.18 406 4278 4498 4437 4143 762 1195 751 774 734 772 781 7.9
K,O <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.03 0.04 002 003 004 002 0.02 0.02
Na,O 0.06 <0.01 0.01 <0.01 0.01 <0.01 0.12 0.02 <0.01 227 071 179 253 256 121 146 196
TiO, 0.01 0.02 0.01 <0.01 0.01 0.01 0.01 001 001 136 128 134 139 134 134 138 136
MnO 0.14 0.14 0.14 014 0.14 0.14 0.13 0.12 0.14 02 013 021 0.2 02 019 02 0.2
P,Os <0.01 <0.01 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.1 0.1 0.1 0.1 0.1 0.09 0.1 0.1
H,O+ 1.5 0.12 0.6 0.6 1.28 0.3 0.3 092 022 188 45 27 068 274 402 34 258
CO, 0.12 0.12 012 012 021 0.21 0.12 021 0.12 039 0.21 0.3 03 012 021 021 0.12
LOI 0.94 -035 013 0.01 0.7 -029  -029 034 -023 129 448 216 028 23 344 287 191
Total 97.63 98.96 98.89 988 97.61 994  99.74 98.1 9938 9725 9495 96.74 99.1 9652 95.13 9595 96.63
Mg#
Trace element (ppm)
La 0.02 0.17 0.19 0.03 0.04 0.12 010 0.15 014 159 289 164 168 164 149 1.62 1.51
Ce 0.04 0.24 037  0.06 0.08 0.04 006 006 024 623 988 6.11 628 6.00 567 602 584
Pr 0.00 0.03 0.04 0.01 0.01 0.02 002 003 003 125 175 122 128 122 113 123 123
Nd 0.02 0.11 0.16  0.02  0.04 0.10 0.05 0.14 0.09 728 920 701 735 7.08 691 711 690
Sm 0.00 0.02 0.04 0.01 0.00 0.02 0.01 004 0.02 279 3.09 271 283 287 270 281 270
Eu 0.00 0.01 0.01  0.00 0.00 0.00 000 001 001 115 123 109 1.09 114 111 113 1.07
Gd 0.04 0.06 0.08 0.03 0.04 0.03 0.02 0.04 0.03 422 463 420 413 411 4.00 409 418
Tb 0.01 0.01 0.01  0.01 0.01 0.01 000 001 001 077 08 075 077 075 072 075 0.75
Dy 0.06 0.09 0.13  0.06 0.12 0.07 0.05 0.07 0.09 532 566 510 529 510 512 518 499
Ho 0.02 0.02 0.03  0.02 0.03 0.02 0.01 001 003 115 126 1.08 1.13 111 1.09 113 1.11
Er 0.06 0.09 0.10 0.06 0.10 0.06 004 005 009 335 363 308 326 321 313 327 3.16
Tm 0.01 0.02 0.02 0.01 0.01 0.01 0.01 001 0.02 046 051 044 047 046 046 046 045
Yb 0.10 0.12 0.13  0.08 0.13 0.10 0.06 0.06 0.11 305 344 2838 293 290 283 294 297
Lu 0.02 0.02 0.02 0.01  0.02 0.02 0.01 001 0.02 044 048 042 044 043 040 041 041
YREE 0.39 0.99 131 041 0.63 0.61 044 068 092 39.04 4850 37.73 3893 38.00 36.73 38.15 3727
LR/HR 0.30 1.41 1.54 046 036 1.01 1.18 1.62 131 108 137 1.10 111 110 1.07 1.09 1.07
(La/Yb)n 0.14 1.03 1.02 027 0.19 0.84 1.13 1.76  0.88 035 057 039 039 038 036 037 034
SEu 2.20 0.55 047 022 088 0.50 0.05 075 083 103 1.00 098 098 101 1.03 1.02 097
(La/Sm)y 11.90 5.19 335 200 773 3.47 4.63 256 470 036 059 038 037 036 035 036 035
Y 0.44 0.60 073 045 077 0.51 034 042 068 27.1 302 256 265 263 255 269 260
Ni 2250 2123 2001 2442 2554 2265 2450 2484 2283 737 172 608 73.1 623 724 733 783
Cr 2977 3033 3110 1956 2798 2876 2232 2479 3157 106 170 909 116 91.7 100 959 103
\% 54.75 63.60 64.60 4556 69.72 58.06 3421 34.09 7024 334 335 328 333 329 322 336 323
Zr 0.12 0.22 075 012 0.14 0.07 0.12 013 024 391 578 366 385 369 347 356 355
Rb 0.05 0.20 025 0.07 0.06 0.02 0.08 008 023 080 046 060 056 0.60 030 051 050
Sr 0.49 0.51 1.89 058 059 0.46 0.49 074 0.64 134 240 125 122 134 112 102 124
Ba 0.97 2.15 234 091 1.34 0.84 0.94 132 192 547 538 919 414 573 881 IL.1 820
Th 0.01 0.05 0.07  0.01 0.01 0.01 0.01 0.01 0.05 <005 0.06 010 <005 0.07 <0.05 <0.05 <0.05
U 0.02 0.06 0.02 0.01 0.02 0.14 0.15 0.68 0.13 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05
Pb <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 0.07 042 030 014 013 0.04 0.14 <0.05
Nb 0.01 0.03 0.09 0.01 0.01 0.01 0.01 002 003 106 1.06 1.10 101 101 098 1.04 1.02
Ta 0.01 0.01 0.01  0.01 0.01 0.01 0.01 0.01 0.01 008 0.08 009 008 0.09 0.08 008 0.09
Hf 0.00 0.01 0.02 0.0l  0.01 0.00 000 001 001 141 192 127 148 134 123 133 132

peridotite region (Fig. 8). Fig. 8b shows that the residual
degree of partial melting of the Dangqiong mantle
peridotite is 15%—-25%. In addition, the TiO, content of
the Dangqiong mantle peridotite is very low (<0.1%)
(Table 7), which is a typical feature of the Alps ophiolite
(Lugovi et al., 1991; Parlak and Delaloye, 1999; Melcher
et al., 2002).

The nine mantle peridotite samples have very low REE
contents, and their XREE contents range from 0.39 ppm-—
1.31 ppm, their LREE/HREE values range from 0.30—
1.62, their (La/Yb)y values range from 0.14-1.76, and
their (La/Sm)y values range from 2—11.9. Although these
REE contents vary slightly, their distribution patterns are
very consistent. The mantle peridotite exhibits a “V”-type

primitive mantle-normalized REE distribution pattern
(McDonough and Sun, 1995) (Fig. 9a). All but two of the
samples are enriched in LREE. Only one lherzolite sample
has an enriched 0Eu value of 2.2; the other samples record
depleted 0Eu values of 0.05-0.88.

The REE pattern of the Dangqgiong mantle peridotite is
distinctively different from the LREE-depleted pattern of
the Alpine peridotite (Dymek et al., 1988), which is a “V”-
type pattern, with low total REE contents that are highly
depleted. Combined with its high MgO contents, it implies
that the Dangqgiong mantle peridotite has successively
experienced high degrees of partial melting and fluid
metasomatism during subduction (Qiu et al., 2005).

The contents of compatible elements in these samples,
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Fig. 8. Harker diagrams showing the whole-rock compositional ranges of the lherzolites and harzburgites of the Dangqiong

ophiolite (primitive mantle values are from McDonough and Sun, 1995).

(a) Plot of ALLO;/SiO; vs. MgO/SiO,, in which the mantle trend line is based on the model (Hart and Zindler, 1986; Jagoutz et al., 1979) and the mantle
source region changes in pressure melting and crystallization evolution line (Marchesi et al., 2006; Niu et al., 1997); (b) Plot of MgO vs. ALOs,
Danggqiong peridotite are in the melt evolution trend line that based on the model of Niu et al.(1997), represented 15 to 25 percent partial melting; Abys-
sal and forearc peridotite fields are after Niu et al. (1997) and Parkinson and Pearce (1998), respectively. Also shown are residual compositions after
from melting (at 10kb and 20kb) of the primitive mantle (Palme and O'Neil, 2004) calculated using the pMELTS program for a maximum 40% melting
degree (Ghiorso et al., 2002). Clinopyroxene disappear after MgO=44 for 10 kb and MgO=42 for 20 kb (indicated by ticks on the melting curves);
similar legend in the behind figure; (c) Plot of MgO vs. CaO; (d) Plot of MgO vs. SiO,.

such as Cr and Ni, are generally as high as 1956 ppm-—
3157 ppm and 2001 ppm -2554 ppm (Table 7),
respectively, indicating that these elements had not been
affected by serpentinization. The low contents of LILE,
such as Rb (0.02 ppm-0.25 ppm) (Table 7), are similar to
the general features of typical ophiolites, indicating the
characteristics of residual mantle rocks. According to Fig.
10, Y, V and Yb are negatively correlated with MgO, and
Ni is positively correlated with MgO, implying that they
exhibit a certain relation to the contents of spinel and
olivine (Dick and Bullen, 1984). The Danggiong mantle
peridotite has higher Ni contents and lower Y, V and Yb
contents than the primitive mantle (Fig. 10), which may be
the result of the relative enrichment of compatible
elements (such as Ni) and the depletion of incompatible
elements (such as Al, Ca, Y, V and Yb) in the residual
solid phase during the process of partial melting.

Similar to major elements, most of the trace elements in

the Dangqgiong mantle peridotite plot in the abyssal mantle
peridotite region, with several samples plotted in the
overlapping area between the abyssal and subduction
types (Fig. 10).

The primitive mantle-normalized diagram of the mantle
peridotite shows right dipping patterns (Fig. 9b). The
enrichment of large ionic lithophile elements (LILE)
resulted from crustal fluid of the subduction zone. In
addition, high field strength elements exhibit both
depletion of Nb, HREE and Th and enrichment of Ta, Ce
and U, indicating the depleted mantle source and different
degrees of fluid metasomatism in the subduction zone.

All of the lherzolites and harzburgites have similar
primitive mantle-normalized trace element patterns that
are strongly depleted in lithophile elements, with
concentrations well below those of abyssal peridotites
(Niu, 2004; Bodinier and Godard, 2007). The peridotites
are characterized by very strong negative Sm anomalies
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Fig. 9. REE pattern and spider diagram of the mantle peridotites and gabbro of the Dangqiong ophiolite.

(a) Primitive mantle-normalized REE patterns of the harzburgites and lherzolites (normalizing values are from McDonough and Sun, 1995); (b) primitive
mantle-normalized trace element spider diagrams for the harzburgites and lherzolites (normalizing values are from McDonough and Sun, 1995); (c)
chondrite-normalized REE patterns of gabbro (normalizing values are from Sun and McDonough, 1989); (d) chondrite-normalized trace element spider
diagrams for gabbro (normalizing values are from Sun and McDonough, 1989).
The average composition of abyssal peridotites (red line) is from Niu (2004) and Bodinier and Godard (2007). The compositions of harzburgite sampled

in the Semail (Oman) ophiolite are from Godard et al. (2000).

and positive U anomalies (Fig. 9b). Generally, the spider
diagrams show that the Dangqiong peridotites are
compositionally similar to the abyssal peridotites and
harzburgites of the Oman ophiolite (Godard et al., 2000).

4.3.2 Gabbro

Whole-rock geochemical analyses were performed on 8
gabbro samples from the Dangqiong ophiolite. The
average LOI value was 2.3%, indicating the weak
alteration of these samples, similar to that observed under
the microscope. These samples had variable Al,O; and
CaO contents ranging from 14.83-16.2 (wt%) and 11.77—
15.5 (wt%), respectively. When normalized to the Cl
chondritic values, the REE and trace element contents of
these rocks showed an N-MORB-type pattern (Fig. 9c—d).
These rocks were slightly depleted in highly incompatible
(LREE) elements with respect to less incompatible
elements (HREE), with La/Yby values ranging from 0.34
to 0.57 and weak negative Ta-Nb anomalies, suggesting
the presence of a subduction component.

4.4 Discussion
4.4.1 Tectonic setting of the mafic dykes
Determining the tectonic setting of ophiolite formation

is important for restoring the tectonic framework of a
region in the geological history. Some elements, such as
Hf, Ti, Zr, Y, Nb and Sr, are the most effective
discriminant factors for distinguishing basalts from
different tectonic environments (Pearce and Cann, 1971,
1973). On the Ta/Yb vs. Th/Yb diagram (Fig. 11a), the
gabbro plots in the MORB area, and on the Hf/3-Th-Ta
diagram (Fig. 11b), the gabbro plots in the N-MORB area.
On the Nb/Yb vs. TiO,/Yb graph of Pearce (2008), the
Danggiong gabbro plots close to the N-MORB field but
have lower Nb/Yb ratios (Fig. 1lc), indicating that the
source of this gabbro was more depleted than the N-
MORB source. On the discrimination diagram of Pearce
and Norry (1979), the gabbro plots in the N-MORB and
volcanic arc basalt fields (Fig. 11d).

Together, the above mentioned diagrams of inactive
elements indicate that the Dangqiong gabbro is
characterized as N-MORB, which formed in a mid-ocean
ridge setting and was overlaid by the characteristics of
oceanic island basalts. The discovery of amphibole in the
Dangqiong gabbro suggests that alteration occurred later
and was driven by fluids from a subducted plate (Ionov et
al., 1997; Coltorti et al., 2004).

The Luobusa and Purang ophiolites in the eastern and
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(primitive mantle values are from McDonough and Sun, 1995).

(a) Plot of MgO vs. Y, Abyssal and forearc peridotite fields are after Niu et al. (1997) and Parkinson and Pearce (1998), respectively; (b) Plot of MgO

vs. V; (c) Plot of MgO vs. Yb; (d), Plot of MgO vs. Ni

western segments of the Yarlung-Zangbo Suture Zone
both experienced a SSZ evolution after having formed in a
mid-ocean ridge setting (Liu et al., 2010; Xu et al., 2011a,
2011b; Li et al., 2015). The ophiolite in the Dangqgiong
area discussed here may also belong to this type.

4.4.2 Petrogenesis of the Dangqgiong peridotites

Harzburgite and lherzolite in Dangqgiong have high
MgO contents and low Al,O;, CaO and TiO, contents;
they thus represent the medium to strongly depleted
residual mantle, which represents the residual depleted
mantle remaining after remelting. The petrological and
geochemical analysis shows that the Dangqiong mantle
peridotite exhibit the features of both abyssal and
subduction mantle peridotites.

The chemical compositions of the main minerals from
the ultramafic and mafic rocks reflect the different
affinities and petrogenesis of the Dangqiong ophiolitic
massif. The olivine from the Dangqiong peridotite is from
forearc and upper mantle abyssal peridotites (Fig. 4).
According to the Mg" and Cr* values of spinel (Fig. 6), the
Danggqiong peridotites plot within the field of abyssal
peridotite. In addition, when the Cr" values of spinel are
plotted against the Mg” values of olivine (Fig. 12), the

Danggqiong peridotites exhibit a deeper mantle provenance
(>20 kbar). The compositions of the Dangqiong peridotites
resemble the compositions of abyssal peridotites.
Compared to the orthopyroxenes from modern settings,
the orthopyroxenes in the peridotites are compositionally
similar to those of abyssal peridotites (Fig. 5b). The
compositions of the clinopyroxenes in the peridotites from
Dangqiong are similar to the compositions of the
clinopyroxenes from modern abyssal peridotites (Fig. 5d).
The compositional range of the clinopyroxene from the
gabbro has low Cr,O; contents that fall within those of
back-arc-basin basalts (BABB) (Fig. 5d). Thus, the mantle
rocks from the Dangqiong ophiolitic massif appear to be
comparable to abyssal peridotites. The mineral chemistry
data show that the Dangqgiong mafic was formed in a back-
arc environment.

4.4.3 Tectonic setting of the Dangqgiong ophiolite
Ophiolites represent the remnants of ancient oceanic
lithosphere in continental orogenic belts; they record the
magmatic  evolution, metamorphism and tectonic
processes of the oceanic lithosphere and provide important
information about the formation, development and
extinction of ancient ocean basins and thus have always
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Fig. 11. Tectonic environment discrimination diagram for gabbros from the Dangqiong ophiolite.

(a) diagram of Ta/Yb vs. Th/Yb (Pearce, 1984); (b) diagram of Th vs. Ta vs Hf/3 (Wood, 1980); (c) diagram Nb/Yb vs. TiO»/YDb, the grey field outlines
the MORB-OIB array (Pearce, 2008). OIB, N-MORB and E-MORB are from Sun and McDonough (1989). Th = tholeiitic OIB, Alk = alkalic OIB.
Arrows show the plume-ridge interaction trend; (d) diagram of Zr vs. Zr/Y (Pearce et al., 1979), MORB= mid-ocean ridge basalt, WPB= intraplate

basalts, CAB= calc-alkali basalt, SH= mugearite, TH= tholeiite, TR= transition basalt, IAT= island-arc tholeiites.

been a focus of geoscientific research. Ophiolites are
divided into two types based on the tectonic environment
of their formation: MOR (mid-ocean ridge) and SSZ
(supra subduction zone) ophiolites (Pearce et al., 1984).
Recently, the other two types, including those related and
not related to subduction based on their different
geochemical and tectonic characteristics, have also been
identified (Dilek et al., 2011).

The ophiolite in the Yarlung-Zangbo Suture Zone, Tibet,
has long been studied due to its relatively new formation
and good preservation. Various dynamic models have been
proposed to explain the formation mechanism of the
Yarlung-Zangbo Suture Zone: (1) the remnants of oceanic
crust fragments from the mid-ocean ridge of the new
Tethys Ocean (Nicolas et al., 1981; Girardeau et al.,

1985a, b); (2) oceanic crust that formed in an island arc
and continental margin (Wang, 1987; Pan et al., 1997); (3)
the formation and evolution of the Yarlung-Zangbo Suture
Zone in a supra subduction zone (SSZ) tectonic
environment (Pearce et al., 1984; Wang et al., 2000;
Hébert et al., 2012); (4) formation in a MOR environment
followed by varying degrees of alteration in a SSZ
environment (Yang et al., 2011; Xiong et al., 2011, 2016b;
Xu et al., 2011a, 2011b; Li et al., 2015; Feng et al., 2017;
Lai et al., 2018). These models have indicated the different
factors the affect the formation processes of ophiolite.

In recent years, due to the improved traffic conditions in
this area and the implementation of a chromitite resource
investigation project in China, various studies have been
performed on the petrology, mineralogy, geochemistry and
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from Jaques and Green (1980).

chronology of these ophiolites (Huang et al., 2006; Xu et
al., 2006; Wei et al., 2006; Liu et al., 2010). The
geochemical characteristics of these mafic rocks indicate
that the Daba-Xiugugabu ophiolite has preserved the
features of both MORB and SSZ (Xu, 2006; Bezard et al.,
2011). The analysis of the Purang ophiolite in the western
segment of the belt also shows that the two tectonic
environments of MORB and SSZ formed in the collision
zone after the ancient ocean disappeared, i.e., reflecting
the formation of an early MORB and later SSZ
environment (Xu et al., 2008; Liu et al., 2010; Xu et al,,
2011a; Li et al., 2015).

Since beginning of the Late Triassic, the northern
margin of the generally northward-moving Himalaya plate
started to disintegrate due to the plume activity of the
upper mantle, i.e., the strata split from the northern margin
of the Himalaya plate, and a small ocean basin formed in

the middle. The marginal ocean basin corresponds to the
location where the Dangqiong ophiolite formed (Xia et al.,
1998). There are several similarities and differences
between the Dangqiong ophiolites and other YZSZ
ophiolites (see Hébert et al., 2003; Dubois-Coté et al.,
2005). The development of the Dangqiong ophiolite in the
western segment may have occurred earlier than that of
the Xigaze ophiolite in the middle segment and the
Luobusa and Zedang ophiolites in the eastern segment.
The Sm-Nd internal isochron age of the four mafic
Xiugugabu dykes is 126.249.1 Ma, and the zircon
SHRIMP U-Pb age of the Xiugugabu diabase is 122.3+2.4
Ma, which is considered the formation age of the Daba-
Xiugugabu Tethys ocean basin and is similar to the
formation age in the middle section (126£1.5 Ma) (Wei et
al., 2006; Xu et al., 2007).

MgO content of the Dangqgiong mantle peridotite is
dramatically higher than that of the primitive mantle. The
REE distribution diagram shows a "V"-type pattern. The
trace element contents of the Dangqiong peridotites
suggest that these rocks were generated in a zone where
magmatic fluids or melts interacted with mantle rocks.
The mineral chemical compositions of the ultramafic
rocks in the Yarlung-Zangbo ophiolites reflect
intermediate compositions between abyssal and forearc
peridotites (Bédard et al., 2009; Hébert et al., 2003). The
amphibole compositions of the mafic intrusions fallt in the
field of amphibole from an ophiolitic mélange (Fig. 7)
(Dupuis et al.,, 2005). The whole-rock geochemical
compositions indicate N-MORB-type patterns for REEs
and trace elements (Fig. 9c—d). These patterns are slightly
depleted in highly incompatible elements (LREE) with
respect to less incompatible elements (HREE), with weak
negative Ta-Nb anomalies, suggesting the presence of a
subduction component. These features imply a depleted
mantle source, which later recorded fluid alteration in a
subduction zone. In conclusion, the Dangqiong ophiolite
formed in a MOR setting and was modified by fluids in a
SSZ setting, similar to the Luobusa ophiolite in the eastern
Yarlung-Zangbo Suture Zone and the Purang ophiolite in
the western Yarlung-Zangbo Suture Zone.

5 Conclusion

(1) The Danggiong ophiolitic massif consists mainly of
harzburgite, with minor dunite and lherzolite, suggesting
the involvement of mantle material. Based on field
investigation, the results in this study indicate that these
peridotites may source from deeper mantle (>20 kbar).
The composition of the Dangqiong peridotites is similar to
that of abyssal peridotites.

(2) The Dangqgiong gabbros show N-MORB-type
patterns of REEs and trace elements. These patterns are
slightly depleted in highly incompatible elements (LREE)
with respect to less incompatible elements (HREE), with
[La/Yb]cn values ranging from 0.34 to 0.57 and weak
negative Ta-Nb anomalies, suggesting the presence of a
subduction component. Combined with the diagram of the
above inactive elements, it indicates that the Danggiong
gabbro is characterized as N-MORB and late recorded the
characteristics of oceanic island basalts. The presence of
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amphibole in the Dangqiong gabbro suggests the late-
stage alteration of subduction-derived fluids.

(3) All of the lherzolites and harzburgites in Dangqiong
have similar distribution patterns of REEs and trace
elements, with relatively concentrated LREE contents,
distinct Eu anomalies, depleted high field strength element
contents (such as Nb, HREE and Th) and relatively
enriched Ta, Ce and U contents, implying a depleted
mantle source and fluid alteration in the subduction zone.
These features suggest that the Dangqiong ophiolite
formed in two different structural settings (MORB and
SSZ), which is inconsistent with the formation setting of
the Luobusa ophiolite in the eastern Yarlung-Zangbo
Suture Zone and the Purang ophiolite in the western
Yarlung-Zangbo Suture Zone. These data imply that the
ophiolites in this suture zone are characteristic of the two-
stage evolution.
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