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Abstract

Newly discovered ophiolitic metabasalts in the Taoxinghu area of central Qiangtang on the Qinhai-Tibet Plateau, here described for
the first time, have important implications for reconstructions of the tectonic history of the Paleo-Tethys Ocean. Most of the metaba-
salts belong to the tholeiitic basalt series and most have undergone greenschist-facies metamorphism. The distribution of rare earth
elements and trace elements shows that the rocks are typical of sub-continental margin arc-basin lavas, similar to the environment
of formation of the present-day Okinawa lava, suggesting that the Taoxinghu metabasalts represent the upper portions of a sup-
ra-subduction zone (SSZ)-type ophiolite that formed in a continental back-arc basin tectonic environment. The Taoxinghu metaba-
salts are mainly sourced from a depleted spinel mantle-source region, with a spinel lherzolite content equivalent to partial melting
of 6%-25%. In addition, lava compositions were likely affected by melting of sediments during subduction, while the influence of
aqueous fluids was minor. Combining with the existing knowledge on the ophiolites of Longmuco-Shuanghu-Lancang suture zone
(LSLSZ), an evolutionary model is proposed. The LSLSZ Paleo-Tethys Ocean basin may have started to form during the Cambrian or
earlier, and subducted in the early Carboniferous. As subduction proceeded, a continental back-arc basin was developed, the site of

generation of most of the Taoxinghu metabasalts. The LSLSZ Paleo-Tethys Ocean finally closed in the Triassic.

1. Introduction

As relicts of ancient oceans, ophiolites indicate the
occurrence of suture-zone and post-collisional-zone proces-
ses, and are therefore useful for investigating the evolution
of orogenic belts and for reconstructing tectonic histories
(Savov et al., 2001; Xu et al., 2003). Volcanic rock associations
preserved in ophiolites generally offer a means of assessing
the processes and conditions of basaltic magmatism through
time (Ghazi et al., 2012). Therefore, the study of volcanic rocks
provides a key for evaluating the evolution of the oceanic li-
thosphere.

The Longmuco-Shuanghu-Lancang suture zone (LSLSZ),
located in central Qiangtang, on the Qinhai-Tibet Plateau, ex-
tends for at least 1000 km from western Longmuco to the east
of Changdu (Fig. 1a). The LSLSZ is characterized by ophiolitic
fragments, high-pressure metamorphic rocks, mélanges, and
volcanic rocks, and is interpreted to represent the relicts of the
main Paleo-Tethys Ocean basin (Li, 2008; Wu, 2013). However,
some scholars have considered that the LSLSZ represents a
rifting environment (Wang et al., 1987; Yin, 1997). In addition,
Kapp et al. (2003) proposed that the metamorphic rocks were
underthrust southward beneath the Qiangtang continental
margin during Triassic low-angle oceanic subduction along
the Jinsha suture, and that they were then exhumed to upper
crustal levels by Late Triassic-Early Jurassic normal faulting.
The controversy about the origins of the LSLSZ remains acti-

ve on account of the paucity of systematic detailed data on
LSLSZ ophiolites.

Previous studies of the LSLSZ have focused mainly on the geo-
chemistry and isotopic dating of high pressure (blueschist and
eclogite facies) metamorphic rocks (Zhai et al., 2009, 2010; Li et
al., 2006, 2009; Dong et al., 2009). Recently, regional geological
surveys in Qiangtang have revealed an increasing number of
ophiolitic sequences in the region (Zhai et al., 2007; Li, 2008; Wu
et al.,, 2009); these sequences provide important evidences for
understanding the tectonic evolution of the LSLSZ.

In this study, we conducted petrological and whole-rock
geochemical investigations of the metabasalts from the
Taoxinghu ophiolite in the western part of the LSLSZ. The
results elucidate the petrogenetic history of the metabasalts
and help to constrain the tectonic setting of the Taoxinghu
ophiolite, and the evolution history of LSLSZ.

2, Geological setting

Longmuco-Shuanghu-Lancang suture zone is mainly com-
posed of blueschist, eclogite and ophiolite rocks. The blue-
schist and eclogite occur in Gangmaco, Gemu, Rongma and
Shuanghu areas (Zhai et al., 2013) (Fig. 1a), and show subduc-
ted E-MORB and OIB affinities, and yield ages of 214-240 Ma
(Zhai et al., 2010, 2011; Li et al., 2006, 2009; Pullen et al., 2008;
Dong et al., 2009; Zhai et al., 2009). The P-T conditions of the
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Figure 1b. (a) Map showing tectonic units and the distribution of ophiolite in the Longmuco-Shuanghu-
Lancang suture zone, and (b) a schematic geological map of the Taoxinghu ophiolite in central Qiang-

tang (modified from Wu et al. 2009).

peak eclogite-facies and blueschist-facies metamorphisms are
(230-244Ma, Zhai et al., 2011; Pullen et al., 2008) 410-460 °C
and 2.0-2.5 GPa (Zhai et al.,, 2011) and 330-415°C and 9-11.5
kbar (Tang and Zhang 2013), respectively. Recent field map-
ping shows that the ophiolites from Taoxinghu, Guoganjian-
an, Gangmaco and Jiaomuri areas in Qiangtang (Li et al. 2008;
Wang et al. 2008; Zhai et al. 2010, 2013). However, no comple-
te sequence of ophiolite has been preserved. Cambrian-Per-
mian zircon U-Pb ages have been obtained from metagabbro,
metabasalt and plagiogranite of these ophiolites (e.g. Wang
et al.,, 2008; Zhai et al. 2013), implying a long evolution period
for Paleo-Tethys Ocean (Wu, 2013). Geochemical analyses of
these ophiolites show a progressive evolution from MORB in
Cambrian to SSZ in Permian (Wu, 2013).

mainly in the southern part of
the study area.

The Taoxinghu ophiolite, ~14
km long and 2-3 km wide, is
oriented E-W between Shelvli-
ang and Tuobeiling, where it is divided into the Shelvliang and
Tuobeiling ophiolites based on outcrop location (Fig. 1b). Tao-
xinghu ophiolite is dismembered, and the ophiolitic members
occur as block and slice and are in fault contact with each other
(Fig. 2). The Shelvliang ophiolite consists mainly of cumulate
gabbro, cumulate pyroxenite, gabbro dikes, plagiogranite, and
metabasalt (Wu et al.,, 2009; Zhai et al., 2010). The Tuobeiling
ophiolite includes metamorphic peridotite, cumulate gabbro,
cumulate pyroxenite, gabbroic dikes, and plagiogranite (Wu
et al., 2009; Zhai et al.,, 2010). These ophiolitic rocks have been
variably altered; the peridotites are mostly serpentinized, with
the modal content of serpentine varying from 60% to 80 %
(Wu et al., 2013). The cumulate gabbro and gabbro dikes have
mostly undergone greenschist- to lower amphibolite-facies
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Figure 2. Profile of Shelvliang ophiolite in Chabu town, Gaize country (modified from Wu et al., 2009).
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Figure 3. Representative petrographic characteristic of metabasalts from Taoxinghu ophiolite. a-pillow
basalt; b-interstitial texture of basalt; ¢, d-actinolite schist; Pl-plagioclase; Act-actinolite; Zo-zoisite

metamorphism, with pyroxene being replaced by amphibole.
Zhai et al. (2010) reported a zircon SHRIMP U-Pb age of 467+4
Ma from these metagabbros, which have similar characteri-
stics to those in the mid-ocean ridge basalts.

3. Petrology

The basalts examined in this study were collected from the
Shelvliang ophiolite, and sample locations are shown in Figure
1b and 2. The basalts occur as slices in fault contact with cu-
mulate gabbro, plagiogranite, and Late Carboniferous quartz
schist (Fig. 2). The basalts mainly display small to large brec-
ciated pillow structure, with pillows up to 80 cm in diameter
(Fig. 3a), and massive basalts are only found in the eastern part
of Shelvliang ophiolite (Fig. 2). The fresh basalts mostly show
intersertal textures with glass filling the spaces between sub-
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zoisite and epidote (Fig. 3¢, d).
The metamorphic minerals are
often slightly oriented. These
metabasalts have similar mine-
ral assemblages to the metag-
abbro of Taoxinghu ophiolite
and metamorphic mafic rocks
from other ophiolites in LSLSZ
(e.g. Li et al., 2008; Zhai et al.,
2010, 2013), suggesting that
their metamorphic degree are
basically identical.

4. Geochemistry

4.1 Analytical methods
Samples were powdered to
less than 200 mesh for whole-
rock analyses, performed at
the Geological Survey, Hebei
Province, Langfang, China.
Major element oxide com-
positions and trace element
concentrations were deter-
mined on samples TG07 and
TGO8 at the Chinese Academy
of Geological Sciences, Bei-
jing, China. Major element
analyses were performed by
X-ray fluorescence spectrometry (XRF) and trace element
concentrations were determined by inductively coupled

plasma-mass spectrometry (ICP-MS), inductively coupled
plasma-optical emission spectrometry (ICP-OES), and X-ray
fluorescence spectrometry (XRF). Standards GSR2 and GSR3
were used in analyses of both major and trace elements. The
analytical precision (relative standard deviation) was gene-
rally better than 2% for major elements and better than 5%
for trace elements. The whole-rock elemental composition
of sample Tg10 was determined at the China University of
Geoscience, Beijing, China. Major and trace element abun-
dances were determined using a PS-950 XRF and an Agilent
7500a ICP-MS, respectively. Analytical details and results of
analyses of reference materials are reported in Yu (2011). The
analytical results are listed in Table 1.



sample | 1910- | Tg10- [ Tg10- [ Tg10- | Tg10- [ Tg10- [ Tg10- [ Tg10- [ Tg10- [ Tg10- [ TGOS- | TGO8- [ To7- | To7- [ To7- [ TGOS- [ TGOs-
23-H1 | 23-H2 | 23-H3 | 23-H4 | 23-H5 | 23-H6 | 23-H7 | 23-H8 | 23-H9 |23-H10| 01-6 | 04-6 | 18 | 18R | 19 | 036 | 06

Si0, 5442 | 59.40 | 5559 | 58.89 | 59.16 | 56.23 | 53.19 | 54.54 | 5224 | 51.89 | 49.16 | 53.53 | 48.72 | 48.70 | 4554 | 4937 | 5159
TiO, 118 | 105 | 124 | 113 | 109 | 112 | 120 | 130 | 134 | 132 | 128 | 091 | 108 | 1.09 | 111 | 112 | 380
Al,0; 1441 | 1429 | 1357 | 12.82 | 13.35 | 13.05 | 14.57 | 13.69 | 14.05 | 13.98 | 15.15 | 16.84 | 1504 | 1501 | 1538 | 13.79 | 8.18

Fe,0,T 999 | 759 | 926 | 789 | 836 | 973 | 923 | 984 | 942 | 1058 | 1024 | 915 | 1056 | 1047 | 1015 | 11.72 | 1240
MnO 013 | 010 | 014 [ 012 | 012 | 014 | 013 | 014 | 013 | 015 | 014 | 016 | 021 | 021 | 016 | 021 | 014
MgO 580 | 425 | 535 | 458 | 502 | 569 | 543 | 595 | 552 | 718 | 642 | 546 | 682 | 684 | 632 | 794 | 869
Ca0 728 | 456 | 827 | 822 | 456 | 699 | 924 | 642 | 1055 | 712 | 875 | 860 | 933 | 933 | 1160 | 1167 | 6.87
Na,0 378 | 408 | 301 [ 271 | 378 | 301 | 287 | 326 | 344 | 346 | 336 | 285 | 331 | 331 | 219 | 221 | 381
K.0 004 | 135 | 011 | 018 | 096 | 015 | 048 | 033 | 010 | 028 | 023 | 044 | 025 | 025 | 059 | 004 | 143
P.Os 021 | 023 | 023 [ 022 | 021 | 020 | 021 | 024 | 024 | 024 | 022 | 017 | 014 | 014 | 014 | 009 | 044
Lol 241 | 242 | 279 | 257 | 262 | 311 | 327 | 381 | 284 | 384 | 440 | 128 | 423 | 426 | 636 | 150 | 208

Total 99.64 | 99.31 | 99.55 | 9933 | 99.23 | 99.42 | 99.82 | 99.53 | 99.86 | 100.03 | 99.35 | 99.39 | 99.69 | 99.61 | 99.54 | 99.66 | 99.43

Li 2248 | 2230 | 23.68 | 22.10 | 25.17 | 28.86 | 27.24 | 26.02 | 20.94 | 27.62 | 31.50 | 5.77 - - - 9.28 | 32.60

Be - - - - - - - - - - 063 | 092 - - - 024 | 217

Sc 3122 | 2664 | 3234 | 33.64 | 27.25 | 32.08 | 3296 | 33.78 | 3476 | 3402 | 3050 | 22.90 | 37.50 | 3830 | 38.60 | 48.50 | 30.90

v 242 | 196 | 236 | 253 | 206 | 236 | 280 | 233 | 281 | 261 | 244 | 223 | 257 | 261 | 270 | 311 | 309

cr 149 | 109 | 145 | 174 | 127 | 165 | 159 | 173 | 493 | 197 | 172 92 219 | 216 | 198 | 101 | 558

Co 3264 | 2442 | 3222 | 3454 | 2620 | 3560 | 31.08 | 3570 | 36.08 | 4240 | 4050 | 29.90 | 40.80 | 41.20 | 41.60 | 4570 | 51.80

Ni 93.94 | 68.66 | 8736 | 110 | 7631 | 108 | 9756 | 113 | 425 | 131 119 | 5780 | 103 | 103 | 89.50 | 60.30 | 307

Mn 945 | 749 | 981 | 1044 | 869 | 1074 | 1011 | 1065 | 1137 | 1366 - - - - - - -

Cu 5101 | 42.84 | 57.81 | 77.62 | 47.82 | 7230 | 6325 | 6443 | 7273 | 8237 | 7250 | 4960 | 87.20 | 8840 | 105 | 4070 | 153

Zn 5262 | 6200 | 7049 | 8323 | 7883 | 107 | 86.92 | 8650 | 68.77 | 101 | 91.20 | 94.60 | 87.10 | 87.50 | 87.90 | 120 | 139

Ga 1691 | 1527 | 1625 | 17.35 | 1519 | 17.39 | 20.26 | 16.21 | 19.50 | 18.13 | 2050 | 2050 | 1620 | 1650 | 17.50 | 18.40 | 21.60

Ge - - - - - - - - - - 095 | 108 | 196 | 197 | 169 | 099 | 069

Cs 078 | 345 | 162 | 170 | 251 | 246 | 825 | 444 | 118 | 503 | 275 | 043 | 031 | 032 | 049 | 028 | 145

Rb 134 | 4052 | 417 | 712 | 2834 | 791 [ 2962 | 1537 | 370 [ 1169 | 1090 | 411 | 762 | 768 | 17.90 | 079 | 42.20

Ba 4020 | 538 | 9718 | 7798 | 379 | 145 | 169 | 161 | 3053 | 203 | 7260 | 143 | 6280 | 63.00 | 131 | 704 | 47

Th 072 | 436 | 088 | 088 | 521 | 076 | 084 | 094 | 069 | 068 | 077 | 065 | 277 | 284 | 291 | 011 | 809

U 019 | 105 | 021 [ 023 | 108 | 019 | 020 | 023 | 020 | 015 | 020 | 010 | 065 | 064 | 062 | 019 | 208

Nb 467 | 797 | 552 | 605 | 794 | 514 | 516 | 591 | 593 | 548 | 427 | 279 | 913 | 934 | 973 | 092 | 49.20

Ta 031 | 060 | 035 | 039 | 063 | 033 | 034 | 039 | 038 | 036 | 0290 | 019 | 061 | 061 | 062 | 011 | 357

La 899 | 17.81 | 964 | 1063 | 1682 | 828 | 896 | 1040 | 923 | 876 | 7.04 | 11.00 | 11.20 | 11.60 | 11.70 | 1.77 | 48.90

Ce 2080 | 3852 | 22.92 | 2492 | 3756 | 19.96 | 21.58 | 24.48 | 2055 | 19.45 | 17.10 | 26.80 | 23.40 | 2440 | 2450 | 6.05 | 104

Pb 108 | 1234 | 165 | 283 | 782 | 149 | 186 | 242 | 109 | 161 | 164 | 477 | 410 | 412 | 624 | 072 | 613

Pr 287 | 487 | 317 | 343 | 470 | 278 | 301 | 337 | 204 | 278 | 245 | 348 | 290 | 3.04 | 314 | 109 | 1280

Sr 180 | 381 185 | 310 | 398 | 205 | 286 | 365 | 144 | 271 | 312 | 519 | 161 164 | 422 | 103 | 306

Nd 13.86 | 2074 | 15.18 | 1641 | 19.88 | 1343 | 1448 | 16.05 | 14.05 | 1327 | 11.90 | 1530 | 1290 | 1350 | 1420 | 651 | 51.80

Zr 86.00 | 126 | 9428 | 104 | 134 | 8485 | 8727 | 101 | 95.10 | 91.44 | 77.50 | 37.30 | 88.60 | 89.30 | 92.80 | 55.40 | 320

Hf 208 | 315 | 236 | 258 | 338 | 211 | 220 | 252 | 225 | 225 | 221 | 133 | 230 | 231 | 240 | 173 | 845

Sm 384 | 489 | 421 | 459 | 473 | 378 | 410 | 442 | 383 | 360 | 328 | 327 | 323 | 337 | 352 | 244 | 1020

Eu 130 | 135 | 139 | 148 | 125 | 123 | 133 | 148 | 132 | 124 | 124 | 102 | 102 | 105 | 1.16 | 1.00 | 3.4

Ti 8157 | 7288 | 8829 | 9348 | 7626 | 8516 | 8799 | 9008 | 9454 | 9366 | 7672 | 5455 | 6474 | 6533 | 6653 | 6713 | 22777

Gd 451 | 506 | 490 | 534 | 489 | 445 | 481 | 519 | 447 | 423 | 431 | 346 | 368 | 373 | 401 | 398 | 914
Tb 072 | 077 [ 078 | 086 | 075 | 072 | 077 | 084 | 075 | 071 | 069 | 051 | 065 | 065 | 069 | 069 | 124

Dy 463 | 490 | 503 | 552 | 477 | 457 | 492 | 536 | 462 | 433 | 457 | 317 | 406 | 413 | 431 | 505 | 671

Y 2572 | 27.28 | 27.70 | 3082 | 26.68 | 2532 | 27.56 | 29.78 | 25.75 | 2442 | 2350 | 1570 | 23.50 | 23.60 | 24.80 | 28.10 | 26.90

Ho 093 097 [101 [111 [oos Joo1 foo9 [108 [o95 [o90 [o96 [063 [os9 [oso [o94 [1.13 |16
Er 269 283 [292 321 [278 [265 |284 |33 [276 |261 [270 [182 241 246 (255 [320 |2.90
Tm 042 045 [046 [051 [044 [o41 [0.44 [049 [o41  [039 [037 [025 [037 037 o038 [047 [o36
Yb 251 270 [274 302 [264 (246 [262 [204 (247 (235 [247 171|237 235 245 [317  [203
Lu 037 040 [041 044 [039 [037 [038 [043 [036 [035 [036 [027 [035 [035 036 [045 [0.28
Mg* 5749 [56.63 |57.41 |[5751 [5832 |57.66 |57.83 |5848 |57.71 |61.26 |[59.37 |58.18 [60.08 |[60.36 |59.20 |61.22 |62.03
Eu/Eu* 095 083 [094 091 [o79 Joo2 [092 [o9s [oos [o97 [101 [093 o0 091 094 [o9s [o.99

YREE 68.44 |106.26 |74.77 8147 [102.56 |66.00 |71.22 |79.67 |68.72 |6497 |59.44 7269 [69.43 |71.89 [73.91 |[37.00 |254.66
(La/Yb)y  |257 [473  [252 [252 [457 [241 [245 254 268 [268 [204 [461 [339 (354 [343 Jo40 [17.28
(La/sm)y 151 [235  [148  [150 [230 [141 [1a1 [152 [156 157 [139 (207 [224 (222 [215 Jo47 [3.00
Ce/zr 024 031 [024 024 [028 [o24 [025 [024 [o22 [o21 [o22 [o72 026 [027 026 [o11  [o33
TirY 317|267 [319 303|286 [336 |319 |302 [367 |384 |326 347 |275 |277 268  |239  |847
Th/Yb 029 [162 (032 o290 [197 Jo31 {032 [o32 fo28 [o29 [o31 038 [1a7  [121 [119  [oo3  [3.99
Th/Nb 015 055 [016 [015 066 o015  [o.16 |06 |02 |02 [0a8  [023 [030 [030 030 [012  [o1e
Zr/Nb 184 158 [171  [171  |168 |[165 [169 |171  |160 [167 [181 [134 970 |956 |9.54 602 6,50
Nb/Yb 186 [295 [202 [200 [3.01 [209 [197 [201 [240 [233 [173 [163 (385 [397 (397 [o29 [242
Dy/Yb 184 [181 [1.83 [1.83 [1.81 [185 [188 [182 [187 [184 [185 [185 [171 [176 [176 [159 [3.31
La/Yb 359 660 [3.52 [352 638 [3.36 |342 |354 [374 [373 |2.85 |6.43 |473 |494 |478 056 |24.1
Sr/Nd 130 [184 [122  [189 [200 [152 [198 [228 [103 [204 (262 (339 [125 [121 [207 [158 [5.91

Mg*=100xMg?*/(Mg?*+Fe?*); Eu/Eu*=Euy/SQRT(SmyxGd)
Table 1 The concentration of major (wt. %), trace elements (ppm) and their parameters for metabasalts from Taoxinghu ophiolite.
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4.2 Metamorphism and elemental mobility

Generally, major elements abundances of metamorphic rocks
are inherited from the original protoliths. However, different
elements exhibit different behaviors in relation to the degree
of alteration and metamorphism. Some elements are relatively
mobile, whereas others are relatively immobile (Guilmette et
al., 2009). For example, K, Na, Si, and Ca are mobile under con-
ditions of greenschist- and amphibolite-facies metamorphism,
while Ti, Al, Mn, and P are relatively stable and Zr, Sc, and Y are
very immobile under such conditions (Ghazi et al., 2012; Coish,
1977; Winchester and Floyd, 1977; Pearce and Cann, 1973). In
addition, some researchers have suggested that elements with
high ionic potential (e.g., K, Ba, Sr, Cs, and Rb) are mobile, while
Ta, Nb, trace elements (Cr, Co, Ni, V), and REEs are stable during
greenschist- and amphibolite-facies metamorphism (Mullen,
1983; Seewald et al., 1990). Petrological characteristics show
that the analyzed samples of the present study experienced
greenschist-facies metamorphism. Therefore, when using
whole-rock geochemical data of metamorphic rocks to infer
the nature and origin of rock units samples, we selected relati-
vely immobile element concentrations and related discrimina-
tion diagrams for analysis.

4.3 Geochemistry of the Taoxinghu metabasalts

4.3.1 Major elements

Results of 17 whole-rock geochemical analyses of meta-
morphic basalt samples are
shown in Table 1. Analyses

1). We classified the rocks based on concentrations of P,0s,
MgO, Zr, Ti, Nb, and Y. According to the Zr/Ti vs. Nb/Y rock
classification diagram of Winchester and Floyd (1977), the
analyzed samples range from basaltic to andesitic, and lie clo-
se to the subalkaline rock series (except for sample TG08-06,
which is an alkaline basalt) (Fig. 4a). The Zr-P,0O5 diagram (Fig.
4b) shows that one sample plot as alkaline basalts and the
others fall into the tholeiitic field.

4.3.2 REEs and trace elements

The 17 samples exhibit different rare earth and trace ele-
ments distribution patterns (Fig. 5a, b). Fifteen samples show
REE distributions similar to cause of formation. Values of XREE
are from 59.44 ppm to 106.26 ppm, with mean of 70.06 ppm;
the ratio of light REE to heavy REE (LREE/HREE) is 2.62-5.25,
with a mean of 3.65; HREE contents are very low (e.g., the Yb
content is from 1.71 ppm to 3.02 ppm), suggesting that gar-
net is present in magma source residues. Chondrite-normali-
zed REE distributions show LREE enrichment, with a negative
(right-leaning) slope (Fig. 5a); differentiation of LREEs and
HREEs is relatively weak; Lay/Yby values are 1.93-4.46, with a
mean of 3.08, and there are no obvious Eu or Ce anomalies;
Eu/Eu* values are 0.79-1.01, with a mean of 0.92, indicating
that plagioclase has not separated or crystallized from the
melt. The REE distribution curves are generally parallel, and
means for each sample show that the REEs are derived from a
cognate magma. Primitive-mantle-normalized trace element

of 16 of the samples show
SiO, concentrations of 45.54-
59.40 wt.%, Al,O; concentra- S
tions of 8.18-16.84 wt.%, CaO
concentrations of 4.56-11.67
wt.%, MgO concentrations of “T
4.25-8.69 wt.% (Table 1), and
a total alkali content (Na,O + 0.01
K,0) of 2.23-5.51 wt.%. Con-

centrations of TiO, are 0.91-
0.001 -
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and Peate, 1995; Gribble et al.,
1996, 1998; Leat et al., 2000; 00

(after Winchester and Floyd, 1977). (b) Plot of Zr versus P,Os. The boundary line between tholeiitic and
calc-alkaline rock types is from Miyashiro (1974).
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et al, 2003). Concentrations
of MnO and P,0; are less than
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Figure 5. Chondrite-normalized REE diagrams (a) and N-MORB-normalized spider diagrams (b) for
metabasalts (normalizing values are from Sun and McDonough, 1989).
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Figure 6. Mafic rocks from LSLSZ ophiolites plotted in the Bowen diagrams for SiO,, TiO, and Zr. The legend is shown in Figure 7.
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Figure 7. Th/Yb versus Nb/Yb diagram for mafic rocks from LSLSZ
ophiolites (after Pearce and Peate, 1995). The geochemical data are
from the following sources: Taoxinghu Ordovician gabbro (Zhai et
al., 2010); Carboniferous mafic rock from Ganmaco ophiolite (Zhai
et al., 2013); Permian mafic rock from Guoganjianan and Jiaomuri
ophioltie (Zhai et al., 2006)

distributions are enriched in Rb, Th, K, Pb, and other elements,
and show negative Nb, Ta, and Ti anomalies; normalized REE
and trace element distribution patterns are similar to those of
island arc basalts (Fig. 5b).

In sample TG08-03-06, the XREE content is 37 ppm, the LREE/
HREE ratio is 1.04, the Lay/Yby ratio is 0.38, the Eu/Eu* value is
0.98, and the Ce/Ce* value is 0.99, indicating no clear fractio-
nation between LREEs and HREEs. Chondrite-normalized REE
distributions show depletion in LREEs and almost no Eu or Ce
anomalies. Figure 5a shows a depletion in LREEs and flat distri-
butions of HREEs, which are similar to normal mid-ocean ridge
basalt (N-MORB)-type REE distributions (Sun and McDonough,
1989). Figure 5b shows that trace elements distributions in the
samples are similar to those of N-MORBs. However, compared
with N-MORBs, the U, K, and Pb contents of the samples show
different degrees of enrichment, wide ranges of variation,
and higher concentrations relative to other elements; these
differences may be related to the strong activities of these
elements or the influence of different degrees of seawater
metasomatism. The contents of Nb and Ta show no depletion
relative to that of Th, suggesting that the rocks did not form in
an island arc setting. Values of Ce/Zr, Zr/Nb, Th/Yb, Zr/Y, Ti/Y,

La/10 Nb/8
Figure 8. Ternary Y/15-La/10-Nb/8 diagram of Cabanis and Lecolle
(1989). 1A, calc-alkaline basalts; 1B, overlap between 1A and 1C;
1C, volcanic arc tholeiites; 2A, continental basalts; 2B, back arc ba-
sin basalts; 3A, alkaline basalts; 3B and C, E-MORB; 3D, N-MORB. The
legend is shown in Fig.7.

and (La/Sm)y (0.11, 60.22, 0.03, 1.97, 238.91, and 0.46, respec-
tively) are similar to those of N-MORBs (0.1, 31.76, 0.04, 2.64,
254, and 0.61, respectively) (Sun and McDonough, 1989).

In sample TG08-06 the XREE value is 254.66 ppm, the LREE/
HREE ratio is 9.69, the Lay/Yby ratio is 16.28, the Eu/Eu* values is
0.98, the Ce/Ce* value is 0.96, and total REE, LREE, and HREE con-
tents are relatively high and show clear differentiation; virtually
no Eu or Ce anomalies are observed. Chondrite-normalized REE
diagrams show LREE enrichment and a flat HREE distribution
curve for heavier elements (Fig 5a). A primitive-mantle-norma-
lized incompatible element distribution diagram shows strong
high field strength element (HFSE) differentiation of the “big
bump”type (Fig. 5b), similar to that of typical OIB distributions.

5. Discussion

5.1 Comparison with mafic rocks from other LSLSZ
ophiolites

This section compares the Taoxinghu metabasalt with Tao-
xinghu metagabbro and then with mafic rocks from other
LSLSZ ophiolites.



In which section it was mentionned, Taoxinghu metaba-
salt show a MORB-IAT geochemical characteristic, similar to
suprasubduction-zone (SSZ) ophiolite defined by Dilek and
Furnes (2011). This characteristic is rather different from that
of Taoxinghu metagabbro, which have N-MORB affinities with
LREE depleted REE patterns and negative anomalies in Nb-Ta
and Ti (Zhai et al., 2010) (Fig. 5a and b). Bowen diagrams also
show no relationship between Taoxinghu metabasalt and
metagabbro (Fig. 6). However, in the MgO-TiO, and MgO-Zr
diagrams, the metabasalts closely match Carboniferous and
Permian mafic rocks from Guoganjianan, Gangmaco and
Gemu ophiolites, which were formed on subduction zone
(Zhai et al., 2013; Wu et al.,, 2014) (Fig. 6b and c).

The geochemical similarity of Taoxinghu metabasalt and
Carboniferous and Permian mafic rocks is also well demon-
strated in the Nb/Yb-Th/Yb diagram (Fig. 7). The MORB
and OIB domains form a diagonal mantle array on this
discriminant diagram, whereas magmas that have interacted
with continental crust or have a subduction component are
displaced to higher Th/Yb values (Pearce, 2008). Taoxinghu
metabasalts closely occupy the space between Carboniferous
and Permian mafic rocks, and mostly plot between the MORB
array and compositional field for typical arc basalts and in

continental arc field. Taoxinghu metabasalts have higher Th/
Yb ratios than Carboniferous mafic rocks, showing a stron-
ger subduction-derived component influence. Compared
to Permian mafic rocks, Taoxinghu metabasalts are closer to
N-MORB, implying their mantle source is more depleted. On
the triangular Y-La-Nb diagram, Carboniferous mafic rocks
mainly have tholeiite composition and plot in the MORB and
back-arc basin basalt fields, whereas Taoxinghu metabasalts
and Permian mafic rocks display calc-alkaline character and
are rather confined to the area represented by continental arc
(Fig. 8). However, most of Taoxinghu metabasalts are closer to
back-arc basin basalt field (Fig. 8). These suggest a progressive
evolution of LSLSZ ophiolites from MORB to IAT.

Dilek and Furnes (2011) showed that suprasubduction-zo-
ne ophiolites may evolve in extending, embryonic backarc
to forearc environments, forearc settings, and both oceanic
and continental backarc basins. So far, no boninites has been
discovered in LSLSZ. Moreover, the hybrid mixture between
MORB-like and arc-like element signatures in Taoxinghu me-
tabasalts is generally acknowledged to be unique to back-arc
basin basalt (Volpe et al., 1987; Pearce and Peate, 1995; Pearce
and Stern, 2006). Taoxinghu metabasalts mostly show E-MORB
typed REE patterns (Fig. 5a), and mainly plot closer to the field

of for continental arc basalts
than to oceanic arc basalts on

enriched mantle
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grams (Fig. 7 and 8). These cha-
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of basalt from Okinawa back
arc basin (Shinjo et al., 1999).
Therefore, the metabasalts
from the Taoxinghu ophioli-
tes were probably formed in a
continental back-arc and cont-
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Figure 9. Zr-Nb diagram (a) (Geng et al. 2011) and Dy/Yb-La/Yb diagram (b) (Xu et al. 2001) for Tao-
xinghu metabasalt. The melting model, mode and partition coefficients are after Xu et al. (2001). Num-
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Sm diagram (modified after Elliott, 2003); and (b) U/Th-Th diagram (Dilek et al., 2008). The compositions

of mid-ocean ridge basalts (MORBs) and magmas resulting from melting of IBMs are given for reference

(Hofmann, 1988; Hochstaedter et al., 2001).

are similar to those of subduc-
tion zone-related rocks (Stern,



2002; Zhou et al., 2004). Generally, such geochemical characte-
ristics are attributed to an enriched mantle with a low degree of
partial melting, or the reaction of depleted upper mantle with
a mantle plume source, or are influenced by dehydration and
release of molten materials during subduction processes (Shil-
ling et al., 1983; Donnelly et al., 2004). However, the 16 samples
(all except TG08-06) are depleted in Nb and Ta, showing that
the above characteristics are unrelated to the addition of ma-
terial from a mantle plume source; their TiO, concentrations
of 0.87%-1.32%, which are lower than the concentrations of
a mantle plume source magma, also confirm this. In addition,
analyzed samples with high Ba/La and Th/Zr ratios provide evi-
dence for the influence of the fluid component of a subducting
plate. Therefore, the enrichment of elements in the Taoxinghu
metabasalt and their corresponding ratios may represent con-
tamination by fluids or melting of subducted sediments, or
replacement losses caused by the mantle source region.

Elements that are usually inactive (e.g., Zr, Nb, and Yb) were
used to identify the characteristics of the magma source (Pearce
and Cann, 1973). Except for sample TG08-06, which shows high
Nb and Zr contents, the remaining 16 samples show low Nb
contents as compared with those of Zr, and show the charac-
teristics of a depleted mantle source (Fig. 9a). Sample TG08-06
has a very high La/Yb ratio (24.1). The La/Yb ratio of TG08-03-6,
in contrast, is less than 0.56, and for the remaining 15 samples
the La/Yb ratio shows relatively small variations, and, along with
high La/Yb ratios (2.85-6.60), show particularly low Dy/Yb ratios
(1.52-2.01) (Table 1). On a Dy/Yb-La/Yb diagram (Fig. 9b), the La/
Yb value of sample TG08-06 falls outside the scope of the graph,
which prevents further analysis of the extent of partial mel-
ting of primitive mantle. The diagram shows the remaining 16
samples in the depleted spinel mantle source region, although
sample TG08-03-6 may be a spinel Iherzolite which is a product
of over 30% partial melting of a primitive mantle source. The
remaining 15 samples are concentrated near the melting curve
representing a spinel mantle source region, or the equivalent of
a spinel Iherzolite product representing ~6 %-25 % partial mel-
ting of a primitive mantle source.

Previous research has shown that high Ba/Th and low La/
Sm ratios are indicative of a mantle source altered by ocea-
nic crustal fluids, and that low Ba/Th ratios are attributed to
the melting of sediments (Elliott, 2003). High U/Th ratios are
characteristic of a mantle source region that has been influ-
enced by aqueous fluids (Dilek et al., 2008). Therefore, the Ba/
Th-La/Sm and U/Th-Th diagrams can be used to consider the
influence of aqueous fluids and the contribution of subducti-
on zone materials on the magma source (Fig. 10a and b). With
the exception of sample TG08-03-6, the remaining 16 samples
reflect the influence of melted sediments, while the influence
of aqueous fluids appears to be minimal.

5.3 Implications for the evolution of the Paleo-Tethys
in central Qiangtang

Based on an integration of geochemical data and paleonto-
logical and radiometric ages from ophiolites along the whole

LSLSZ, as well as related paleomagnetic data and geochemical
data of volcanic rocks, we propose a geodynamic model for
the evolution of the Paleo-Tethys Ocean in central Qiangtang.

The Taoxinghu ophiolite plagioclase granite yields zircon
U-Pb ages of 497 and 492 Ma(Hu et al., 2014a). The ophiolite
represents the products of partial melting of young oceanic
crust. Cumulate gabbros yield a zircon U-Pb age of 467 Ma,
and they have MORB-type geochemical characteristics (Zhai
et al,, 2010). The Guoganjianan ophiolite (240 km east of Tao-
xinghu) yields zircon U-Pb ages of 438, 431, and 451 Ma (Li et
al., 2008; Wang et al., 2008), and it has geochemical MORB-type
signatures (Zhai et al., 2007). In eastern Tibet along the eastern
edge of the Longmuco-Shuanghu-Lancang suture zone, gab-
bro and cumulate gabbro ophiolites yield zircon U-Pb ages of
470, 439, and 454 Ma (Wang et al., 2013). These suggest that
the Paleo-Tethys Ocean basin may have started to form during
the Cambrian or earlier.

Paleomagnetic data from eastern Tibet-western Yunnan
show that drift of the Baoshan terrane to the south and of the
Yangtze terrane to the north began in the Late Ordovician
(ca. 450 Ma), and that separation of the Baoshan and Yangtze
terranes may have started in the early Silurian in the western
Yunnan area of eastern Tibet, during early rifting of the Pa-
leo-Tethys Ocean basin (Li, 2003).

Initial rifting of the Paleo-Tethys basin occurred at least
as early as the Early Ordovician, and the record of the Pa-
leo-Tethys in the Longmuco-Shuanghu-Lancang suture zone
may extend to before the early Cambrian in middle to western
Qiangtang. The Taoxinghu and Guoganjianan ophiolites yield
zircon U-Pb ages of 355, 348, and 355 Ma, and geochemical
signatures show that the rocks are the products of partial mel-
ting of subducted oceanic crustal material (Shi et al., 2009; stay
published data). The above studies show that the Paleo-Tethys
Ocean may have subducted in the early Carboniferous. Tao-
xinghu metabasalts mainly show geochemical characteristics
of back-arc basin lavas, implying that a back-arc basin formed
during subduction of Paleo-Tethys Ocean.

Results of paleomagnetic analyses show that accretion of
the Baoshan and Yangtze blocks started in the early Carboni-
ferous in the area of eastern Tibet to western Yunnan (Li, 2003).
Studies on a high-pressure metamorphic belt, exposed in the
southern part of the Longmuco-Shuanghu ophiolite belt and
extending over 500 km, have shown that the belt formed du-
ring 240-214 Ma (Li et al., 2006, 2009; Dong et al., 2009; Zhai
et al,, 2009). In addition, angular unconformities at the upper
contact of the Guoganjianan ophiolite show that the Longmu-
co-Shuanghu-Lancang suture zone closed by the time of the
earliest deposition of sedimentary cover; zircon U-Pb ages of
the basal rhyolite interlayer of the Wanghuling Group of 214
Ma (Late Triassic) constrain the timing of closure of the basin
and the formation of the suture (Li et al., 2007). Recently, pa-
leogeographic research on Triassic lithofacies on the Tibetan
Plateau in the northern Qinghai region has confirmed that the
Paleo-Tethys Ocean had closed by the begin Triassic in central
Qiangtang (Zhu et al., 2013).



In conclusion, the Paleo-Tethys Ocean basin, represented
by the Longmuco-Shuanghu-Lancang suture zone, may have
started to form during the Cambrian or earlier, and until the
early Carboniferous the basin was in a stage of expansion.
Starting in the early Carboniferous, however, expansion of the
basin ceased and the basin had closed by the begin Triassic in
midwest Qiangtang.

6. Conclusions

(1) The Taoxinghu ophiolite metabasalts experienced green-
schist-facies metamorphism, and were formed in a continen-
tal back-arc basin. The ophiolite represents the first discovery
of the upper-level lavas of typical SSZ-type ophiolites in the
Longmuco-Shuanghu-Lancang suture zone.

(2) The metabasalts were likely formed from a depleted
spinel mantle source region, with a spinel Iherzolite content
equivalent to 6 %-25 % partial melting; one samples show spi-
nel lherzolite contents equivalent to >30% partial melting,
and one sample shows signatures of enriched mantle. The me-
tabasalts reflect the contributions of melted sediment, while
the influence of aqueous fluids may have been minimal.

(3) The LSLSZ Paleo-Tethys Ocean opened during the Cam-
brian or earlier, and subduction began in the early Carbonife-
rous. As subduction proceeding, a continental back-arc basin
developed. The LSLSZ Paleo-Tethys Ocean was closed in the
Triassic.
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