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Abstract

18

Olivine grains from Songshugou mylonitized peridotite massif record δ18O both lower

19

and higher than in pristine mantle samples in North Qinling Orogen, Central China.

20

Olivines from dunites exhibit large variations in δ18O (4.03-7.07‰), and some

21

porphyroclasts display negative correlations between δ18O and forsterite content (Fo;

22

[100×Mg/(Mg+Fe2+)]). The porphyroclast cores have low d18O values, indicating that they

23

formed in the oceanic lithospheric mantle prior to subduction. We attribute low d18O values

24

to seawater-peridotite interaction under high temperature conditions. The porphyroclast

25

rims and small olivines exhibit high δ18O values. These features suggest that high-δ18O

26

olivines formed during mylonitization in the exhumation process. Olivines reacted with

27

18

28

sediments at low temperature (<610-680 ℃). The 18O-rich melt/fluids selectively affected

29

porphyroclast rims and small olivine grains. Unlike the olivines in the dunites, the olivines

30

and orthopyroxenes in the harzburgites show limited variations in δ18O (4.21-5.45‰ and

31

5.5-5.8‰, respectively), due to orthopyroxene exchange with melt/fluid at a slower rate

32

than the coexisting olivine. The preservation of the low-d18O signature in olivines indicates

33

a short residence time (<20 Ma) for subducting peridotites to mantle depths.

O-rich melt/fluids released from subducted altered oceanic basalts and continental

34
35
36
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1. Introduction

39

The formation and evolution of the orogenic peridotites is an important topic in solid

40

earth science. The oxygen isotopic compositions of minerals from orogenic peridotites can

41

provide important geodynamic insights. Numerous investigations have established that

42

continental crustal materials have been recycled into the mantle and interacted with

43

peridotites through oceanic subduction to continental collision during the orogenic process

44

(Barnicoat and Cartwright 1995; Zheng et al. 1998; Michael et al., 2000; Dijkstra et al.,

45

2002; Song et al. 2006; Zou et al. 2017). The distinction between oxygen isotopic

46

compositions of mantle versus crustal materials suits the system well to studies of magma

47

source and evolution (Bindeman et al. 2008; Wang and Eiler 2008; Genske et al. 2013;

48

Moore et al. 2016; Kim et al. 2021), metamorphism of crustal rocks (Barnicoat and

49

Cartwright 1997; Zheng et al. 1998; Putlitz et al. 2000; Riches et al. 2016), as well as

50

mantle metasomatism (Deines and Haggerty 2000; Widom and Farquhar 2003; Perkins et

51

al. 2006; Guo et al. 2013; Liu et al. 2014; Hao et al. 2016; Marshall et al., 2017; Dallai et

52

a., 2019). Pristine mantle peridotites generally have homogeneous oxygen isotope

53

compositions of δ18O=5.7±0.2‰ (Mattey et al. 1994; Harmon and Hoefs 1995; Eiler et al.

54

1997). However, where orogenic peridotites have undergone subduction with crustal

55

materials and experienced HP-UHP metamorphism, they may have oxygen isotopic

56

compositions remarkably different from the normal mantle. During subduction,

57

devolatilization of the hydrated oceanic crust and continental sediments releases substantial

58

amounts of fluid with variable δ18O compositions. The δ18O values of orogenic peridotites
3
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increase through interaction with melt/fluid of high-18O composition derived from

60

sediments (Dobosi et al. 2003; Liu et al. 2015; Hu et al. 2019), low-T altered oceanic crust

61

and carbonates (Gregory and Taylor 1981; Vroon et al. 2001; Carmody et al. 2013; Jakob

62

et al. 2018), and decrease through meteoric/hydrothermal fluid and seawater interaction

63

(Stakes and Taylor 1992; Putlitz et al. 2000; Rouméjon et al. 2018; Sharp et al. 2018; Radu

64

et al. 2019; Zakharov and Bindeman 2019). Thus, oxygen isotopes can be applied to

65

deciphering potential origin of the varied rocks found in orogenic belts, but little research

66

has been conducted in the formation processes of orogenic peridotites.

67

The Songshugou mylonitized peridotite massif occur as several hundred blocks within

68

amphibolites of the Qinling Group, North Qinling Orogen of Central China. The

69

petrogenesis and tectonic implications of these peridotites is under debate. One model

70

considers the Songshugou peridotites as fragments of oceanic lithosphere formed during

71

the late Mesoproterozoic to early Neoproterozoic (Wang et al. 2005; Dong et al. 2008; Nie

72

et al. 2017; Sun et al. 2019;). Some authors argue against this notion and regard the rock

73

as a cumulate of ultramafic magma (Song et al. 1998), or a melt-rock reaction product

74

associated with mantle plume activity (Su et al. 2005), or as melting residue in forearc

75

mantle (Cao et al. 2016). Recent studies suggest that the Songshugou peridotites represent

76

fragments of the Neoproterozoic oceanic lithospheric mantle which experienced

77

subduction and exhumation together with the Qinling Group during the Paleozoic (Zhang

78

et al. 2015; Yu et al. 2017, 2019; Rui et al. 2019). The process resulted in the alignment of

79

elongated olivine (Ol) grains from initially coarse-granular via porphyroclastic to fine4
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granular texture. The high amphibole content, relatively low forsterite content (Fo;

81

[100×Mg/(Mg+Fe2+)]), together with high Al2O3, and CaO contents and the abnormally

82

low total PGE abundance in the mylonitized fine-grained dunites suggest the ingress of

83

melt/fluid during subduction and exhumation (Yu et al. 2017). Studies of the O and Lu-Hf

84

isotope systematics of zircon from Songshugou amphibolites which experienced

85

subduction along with the peridotites also indicate the ingress of melt and fluid from altered

86

oceanic basalts and continental sediments (Yu et al. 2016). Oxygen isotopes in major

87

minerals which interacted with melts/fluids can help with understanding geochemical

88

processes involving metamorphism at mantle and crust depths, and thus resolve the debates

89

related to the petrogenetic and tectonic evolution of this region. Compared with traditional

90

bulk analytical methods, in situ oxygen isotope analysis using a secondary ion mass

91

spectrometer (SIMS) reveals inter- and intra-mineral isotopic variations. This paper

92

presents heterogeneous oxygen isotope data on Ol and orthopyroxenes (Opx) from the

93

Songshugou peridotites. We discuss the origins of high-d18O and low-d18O minerals in the

94

Songshugou peridotites and provide new insights into the evolution of orogen peridotites.

95
96

2. Geological setting and sample descriptions

97

The Qinling orogenic belt in central China was formed through the collision of the

98

North China Block (NCB) and the South China Block (SCB; Fig. 1a) and preserves the

99

evidence of multiple tectonothermal events (Meng and Zhang 2000). The Qinling orogenic

100

belt is composed of four tectonic units from north to south: 1) the southern margin of the
5
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NCB, 2) the North Qinling Belt (NQB), 3) the South Qinling Belt (SQB), and 4) the

102

northern margin of the SCB, separated by the Luonan-Luanchuan-Fangcheng fault (LLFF),

103

Shangnan-Danfeng suture zone (SDSZ), and Mianlue suture zone (MLSZ) (Fig. 1b).

104

Neoproterozoic ophiolite mélanges occur along the SDSZ and indicate of the past existence

105

of an ancient ocean (Dong et al. 2008). The Songshugou peridotites are exposed to the

106

north of SDSZ and are geographically located in the Shanxi and Henan provinces of China.

107

The Songshugou peridotites occur within amphibolite of the Qinling Group as several

108

hundred blocks. The largest massif is about 18 km long and up to 2 km wide, and covers

109

an area of ~20 km2, forming a NW-SE trending block (Fig. 1c). The amphibolites enclosed

110

the peridotite as lenses in the field which are separated from the Qinling Group by Jieling

111

ductile shear zone in the north and Xigou fault in the south (Fig 1c). Some studies have

112

confirmed that the protoliths of these amphibolites were oceanic basalts (Dong et al., 2008).

113

Some garnet amphibolite dykes occur as discontinuous lenses around Songshugou

114

peridotites. These amphibolites were formed in the Neoproterozoic and underwent peak

115

metamorphism at ~490 Ma, followed by retrograde metamorphism at 460 Ma (Yu et al.,

116

2016). Thus, in one of the popular models the Songshugou peridotites represent fragments

117

of the Neoproterozoic fossil oceanic lithospheric mantle (Dong et al., 2008; Wang et al.,

118

2005; Yu et al., 2016; Zhang et al., 2015) and which experienced subduction and subsequent

119

exhumation along with the overlying amphibolite in the Paleozoic (Yu et al., 2016, 2017;

120

Zhang et al., 2015).

121

The Songshugou peridotites are dominantly dunites (85 vol% of the Songshugou
6

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld

This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.
The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2022-7990. http://www.minsocam.org/

122

mylonitized peridotites) with subordinate harzburgite. Dunite can be divided into three

123

groups: coarse-grained dunite (Ol mostly>4 mm; Fig. 2a, b), medium-grained dunite (Ol

124

mostly from 1-4 mm; Fig. 2c, d), and fine-grained dunite (Ol mostly <1 mm; Fig. 2e).

125

Medium to coarse-grained dunite constitute about 15 vol% of the peridotites and occur

126

mainly as variously sized lenses wrapped within the fine-grained dunites. The dunites are

127

unweathered (LOI: 0.56-4.65%; Yu et al. 2017) and are composed dominantly of Ol (90-

128

96 vol%) and chromite (Chr: 1-7 vol%), with variable amphibole (Amp: 1-7 vol%),

129

serpentine (Srp), chlorite (Chl) and talc. The large elongated Ol grains (≥4 mm; 50–70

130

vol%) in the coarse-grained dunites have preferred orientation and deformation lamellae.

131

The medium- and fine-grained dunites have porphyroclastic and mylonitic texture as a

132

result of mylonitization of varying intensities. Fine-grained dunite is the main rock type in

133

the Songshugou peridotite. The residual medium-grained Ol grains after stretching and

134

fragmentation are preserved in the fine-grained dunites as porphyroclasts (Fig. 2c).

135

Harzburgite forms lenses of various sizes in the peridotites. The major minerals in

136

harzburgite are Ol (64-73 vol%), Opx (22-28 vol%), Amp (1-7 vol%), and minor Chr (1-3

137

vol%). The large Opx (2-5 mm) grains show preferred orientation and deformation (Fig.

138

2f). Detailed petrographic descriptions have been reported in Yu et al. (2017).

139
140

3. Analytical methods

141

Major elements in Ol and Opx were measured using a JEOL JXA-8100 Electron Probe

142

MicroAnalyzer (EPMA) with an accelerating potential of 15 kV, sample current of 10 nA
7
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with 4 μm diameter beam and 10-30 s counting time on peak at the Institute of Geology

144

and Geophysics (IGG), Chinese Academy of Sciences. The precisions of all analyzed

145

elements are better than 1.5%. Natural and synthetic minerals were used for standard

146

calibration, and a program based on the ZAF procedure was used for matrix corrections.

147

The uncertainty of Fo in Ol is negligible because of high MgO and FeO contents.

148

Oxygen isotope compositions of Ol were analyzed in situ using a CAMECA IMS-

149

1280 ion microprobe at IGG, including 20 grains in 5 coarse-grained dunites, 26 grains in

150

7 medium-grained dunites, 13 grains in 4 fine-grained dunites and 9 grains in 3 harzburgites.

151

Sample chips were prepared in epoxy adjacent to grains of a San Carlos Ol intra-laboratory

152

standard and then polished to a flat, smooth surface. The Cs+ primary beam was accelerated

153

at 10 kV with an intensity of ~2 nA. The spot size was about 20 μm in diameter (10 μm

154

beam diameter plus 10 μm raster). An electron gun was used to compensate for sample

155

charging during analysis. Secondary ions were extracted with a ~10 kV potential. Oxygen

156

isotopes were measured in multi-collector mode with two off-axis Faraday cups. The

157

instrumental mass fractionation factor is corrected using San Carlos Ol standard

158

(δ18O=5.25%; Eiler et al. 1995). The matrix effect was negligible for Ol in the Songshugou

159

peridotites because these Ol have high Fo values, ranging from 90.9-92.9 (Isa et al., 2017;

160

Tang et al., 2019). External reproducibility of Ol standards was typically better than 0.4‰

161

(2σ). Detailed analytical procedures have been reported in Kita et al. (2009), Tang et al.

162

(2015) and Peng et al. (2016). Selected crystals of Ol were analyzed across profile lines in

163

order to assess compositional and oxygen isotopic variation. The SIMS spots were
8
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reanalyzed by electron microprobe for chemical compositions. Representative

165

compositions and oxygen isotope data of Ol from the Songshugou dunites are given in

166

Table 1.

167

The Opx separates from 3 harzburgites were handpicked under a binocular microscope

168

and cleaned in an ultrasonic bath in deionized water for 15 min. Oxygen isotope ratios

169

(δ18O) of Opx were determined using a Finnigan MAT-252 mass spectrometer at the IGG.

170

Samples were reacted overnight with BrF5 at 500 oC and oxygen was reacted with hot

171

graphite to yield the CO2 that was measured. Analytical precision was 0.2-0.3‰.

172

4. Results

173

4.1 Major element compositions

174

The major element and oxygen isotope compositions of Ol in the Songshugou

175

peridotites are given in Table 1. Olivines in the coarse-grained dunites and medium-grained

176

dunites have Fo ranging from 91.5 to 92.9 and from 91.0 to 92.9, respectively. Olivine in

177

the fine-grained dunites has lower Fo contents (90.9 to 91.5) than in the coarse-grained

178

dunites (Fig. 3a, b); Fo values of Ol from the medium-grained dunites span the range of

179

the other two groups. The Fo of Ol in the harzburgites varies from 91.5-92.4.

180

The NiO contents of Ol in the coarse-grained dunites (0.31-0.44 wt.%) is similar to

181

that of Ol in the harzburgite (0.35-0.44 wt.%, Fig. 3a). The NiO contents of Ol from the

182

medium- and fine-grained dunites overlap completely (0.26-0.41 wt.% and 0.25-0.39 wt.%,

183

respectively), with slightly lower average values than the coarse-grained dunites (Fig. 3a).

184

There is not much difference in MnO content of Ol between dunites and harzburgites,
9
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ranging from 0.08-0.17 wt.% (Fig. 3b). The CaO and Al2O3 contents of Ol in the dunites

186

and harzburgites are <0.03 wt.% (Table 1).

187

4.2 Oxygen isotopic compositions

188

Olivines from all 3 types of dunites have large variations in δ18O values (4.03 to

189

7.07‰; Table 1). Although some olivines in the dunite have typical mantle δ18O values

190

(5.7±0.2‰; Mattey et al. 1994; Harmon and Hoefs 1995; Eiler et al. 1997), the majority

191

are either lower or higher than typical mantle δ18O values (Fig. 4a-c). Different sized Ol

192

crystals in the dunites have distinct d18O values. Generally, Ol with smaller grain sizes tend

193

to have higher d18O values than the large Ol. Olivines from coarse-grained dunites have

194

δ18O values ranging from 4.03 to 6.41‰ (Fig. 4a). The Ol from medium- and fine-grained

195

dunites have δ18O values of 4.44-7.03‰ and 4.32-7.07‰, respectively (Fig. 4b, c).

196

The δ18O values of some dunite Ol crystals vary from core to rim (Fig. 5a). The cores

197

of Ol porphyroclasts usually have relatively low δ18O values, and the rims of Ol

198

porphyroclasts usually have relatively high δ18O values (Table 1). These Ol appear in the

199

left upper quadrant of the 1:1 lines in d18O core vs d18O rim plot (Fig. 5b). The lowest δ18O

200

value of 4.03‰ occurs in the core of an Ol crystal in the coarse-grained dunite (Grain 13

201

in DSSG13-40; Fig. 4a). However, some cores and rims of medium- and fine-grained Ol

202

have similar but higher δ18O values than typical mantle (Fig. 4). Individual medium- and

203

fine- grained Ol also have nearly identical d18O values between cores and rims within the

204

error (Fig. 5b). The δ18O values generally increase from cores to rims accompanied by a

205

general decrease in Fo values in some large Ol grains in the dunites (Fig. 6a-d). In addition,
10

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld

This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.
The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2022-7990. http://www.minsocam.org/

206

the Songshugou peridotites in the Qinling orogen have both lower and higher δ18O values

207

than the typical mantle, which is distinct from peridotites in Sulu-Dabie orogen which have

208

lower δ18O values than the typical mantle (Fig. 7a).

209

The variation in δ18O of Ol from harzburgites is smaller than that seen among the

210

grains from dunites. The harzburgite δ18O values (4.21 to 5.45‰) are equal to or slightly

211

lower than those of typical mantle (Fig. 4d). Opx in three harzburgites have typical mantle

212

δ18O value (5.5‰, 5.6‰ and 5.8‰, Figs. 4d). Contrary to the core-rim variations for Ol in

213

the dunites, rims of Ol in the harzburgites have lower δ18O values than those of cores (Fig.

214

5a, b).

215
216

5. Discussion

217

5.1 Origin of low-δ18O olivine in the Songshugou peridotites

218

Many low-δ18O magmas (Bacon et al. 1989; Balsley and Gregory 1998; Thirlwall et

219

al. 2006; Torch et al. 2020; Kim et al. 2021), igneous rocks (Taylor and Sheppard 1986;

220

Bindeman et al. 2008a, b; Guo et al. 2013; Radu et al. 2019) and metamorphic rocks (Baker

221

and Matthews, 1995; Yui et al. 1995; Baker et al. 1997; Dobosi et al. 2003; Zheng et al.

222

2003) throughout the world have been reported. Origins of these low-δ18O rocks generally

223

relate to interaction with meteoric fluids. It is difficult to identify the origin of Ol in the

224

orogenic peridotites, given the range of processes that can produce such oxygen isotope

225

compositions. The low δ18O values of Songshugou peridotites always occur in the cores of

226

large Ol porphyroclasts. This suggests that low-δ18O Ol formed prior to mylonitization.
11
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Therefore, the protoliths of these peridotites were depleted in 18O before subduction. One

228

possibility is that high-temperature water-rock interactions in the peridotites result in low

229

δ18O values of Ol (Rouméjon et al. 2018; Zakharov et al. 2019; Kim et al. 2021). Meteoric-

230

hydrothermal alteration and seawater-hydrothermal alteration are two candidates for the

231

18

232

Songshugou peridotites. Modern meteoric water in eastern China and seawater have δ18O

233

values of -8 to -6‰ and ~0‰, respectively which contains light oxygen relative to SMOW

234

(Balsley and Gregory 1998; Zheng et al. 1998; Alt and Bach 2006; Pack and Herwartz 2014;

235

Hodel et al. 2018). Previous studies have demonstrated that the Songshugou peridotites

236

represent fragments of the fossil oceanic lithospheric mantle that experienced subduction

237

in the Early Paleozoic (Yu et al. 2016, 2017). This rules out the possibility of meteoric

238

water infiltration into the Songshugou peridotites through the overlying rocks prior to

239

subduction, and therefore seawater-peridotite interaction is a more plausible explanation.

240

Oxygen isotope studies on the Samail ophiolite, Sultanate of Oman, indicate that pervasive

241

subsolidus hydrothermal exchange with seawater occurred throughout the upper 75% of an

242

8 km thick oceanic crustal section, and that seawater even penetrated down into the

243

peridotites (Gregory and Taylor 1981). Similarly, low-d18O seawater could infiltrate into

244

the Songshugou peridotites along faults or fractures, resulting in the formation of low-d18O

245

Ol.

O-depleted fluids (Fig. 7c) that led to generation of low-δ18O Ol (as low as 4.03‰) in

246

Olivines in all harzburgites have lower d18O values than the normal mantle values,

247

whereas the Opx in the harzburgite have typical mantle δ18O values, reflecting different
12
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exchange rates for Ol and Opx with the seawater. Orthopyroxene exchanges oxygen much

249

more slowly with external fluid than does Ol or Spinel (Gregory and Taylor 1986a, b). Thus,

250

Ol could have acquired low δ18O more efficiently than coexisting Opx by interaction with

251

18

252

affected by the infiltration of external fluids during exhumation which are related to the

253

metasomatic enrichments in large ion lithophile elements (LILE) and the crystallization of

254

amphibole. Amphiboles are common in the Songshugou peridotites. During the exchange

255

between metasomatic fluids and the mineral assemblage, oxygen isotopic compositions of

256

amphiboles were significantly affected. In addition, the average grain size of Ol and Opx

257

in harzburgites is larger than that the dunite. Thus, Ol and Opx in the harzburgites have

258

probably preserved low δ18O values and typical mantle δ18O values to the greatest degree

259

during exhumation.

O-depleted fluids in the oceanic lithospheric mantle. Songshugou peridotites were

260

Songshugou peridotites could reside at mantle depths during subduction for a short

261

time, otherwise the low d18O signature in Ol would not be preserved. This process is similar

262

to the evolution of ultra-high pressure (UHP) metamorphic mafic and ultramafic rocks with

263

low-d18O Ol in Sulu-Dabie orogen, eastern China (Fig 7a; Yui et al. 1995; Zheng et al. 1998;

264

Zhang et al. 2000; Zheng et al. 2003). Eclogites and Ol in peridotites in the Sulu-Dabie

265

orogen acquired the relatively low d18O values (-10 to -9‰ and 2.9 to 3.8‰, respectively)

266

by interaction with meteoric water prior to eclogite-facies metamorphism during

267

subduction but also precludes the infiltration of external fluids during exhumation because

268

of relatively rapid cooling and ascent. The maximum time scale for the oxygen isotopic re13
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equilibration of Sulu-Dabie eclogites residence at mantle depths would probably be less

270

than ~20 Ma, assuming an eclogite slab of 10–20 km thickness (Zheng et al. 1998).

271

Songshugou peridotites experienced subduction along with the amphibolites. The

272

geochronological studies show that the HP/UHP metamorphic rocks of the Qinling group

273

underwent eclogite-facies prograde metamorphism at 480–500 Ma (Liu et al. 2013; Zhang

274

et al. 2015 and their references therein). This is compatible with the timing of peak

275

metamorphism of Songshugou amphibolites (501-483 Ma) determined by Yu et al (2016).

276

Thus, the duration these peridotites resided at mantle depths would probably be < 18-20

277

Ma. A number of studies have addressed the preservation of pre-metamorphic isotopic

278

compositions through high-grade metamorphism during subduction (Baker and Matthews

279

1995; Yui et al. 1995; Matthews et al. 1996; Baker et al. 1997; Zheng et al. 1998). The

280

high-d18O melt/fluid derived from subducted continental materials only increased the d18O

281

values in the large Ol rims and some medium- and fine-grained Ol in the dunites, but could

282

not alter the low d18O values in the cores of Ol porphyroclasts.

283
284

5.2 High-δ18O signature of olivine

285

The high-δ18O signatures found in Ol porphyroclast rims and some fine grained Ol

286

from the Songshugou dunites could be produced by interaction with melts/fluids during

287

recrystallization. Studies on ophiolites have demonstrated that the upper oceanic crustal

288

materials that experienced low-temperature alteration have a high-δ18O signature (Gregory

289

and Taylor 1981; Eiler et al. 1995; Putlitz et al. 2000; Hansteen and Troll 2003). It has been
14
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proposed that slab dehydration during subduction process can produce the high δ18O

291

signature in altered upper ocean crust from ophiolites, because the δ18O-enriched

292

melts/fluids necessary to impart that signature could be derived from the subducted oceanic

293

or continental crustal materials (Bebout et al. 1989; Barnicoat and Cartwright 1995, 1997;

294

Putlitz et al. 2000; Underwood and Clynne 2017; Heinonen et al. 2018). The high-δ18O

295

feature of Ol in the Songshugou dunites requires addition of δ18O-enriched component.

296

Previous studies on the Songshugou peridotites have revealed that these rocks had

297

experienced melt/fluid additions during mylonitization in the process of subduction and

298

exhumation (Yu et al. 2017). This process has resulted in a decrease in Fo values and grain

299

sizes of Ol in the dunites. Systematic variations of chemical composition zoning and δ18O

300

values could be observed in the Ol if melt/fluid interacts with the Ol. Accordingly, the rims

301

of Ol porphyroclasts usually have higher δ18O values than that in the cores (Fig. 5a, b).

302

Furthermore, δ18O and Fo values in the Ol porphyroclasts are negatively correlated, such

303

that δ18O increase and Fo decrease progressively from cores to rims (Fig. 6a-d). Some Ol

304

cores and rims have similar δ18O values but are all higher than typical mantle (Fig. 4),

305

indicating that oxygen isotope exchange achieved equilibrium between these Ol and 18O-

306

rich melts/fluids. All the above features suggest that the high δ18O of Ol in the Songshugou

307

dunites formed during mylonitization in the exhumation process with melt/fluid

308

involvement.

309

The North Qinling Belt, represented by the Qinling Group and the Songshugou

310

peridotites, amphibolites and gneisses, was subducted to the depth of eclogite facies during
15
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311

the Paleozoic (Zhang et al. 2015). Zircons in these amphibolites, gneisses and dikes

312

acquired very high δ18O (up to 13.9) during amphibolite facies retrograde metamorphism

313

between 454–470 Ma (Fig. 7b), owing to the addition of fluids derived from the

314

dehydration of altered oceanic basalts and the melt of continental sediments (Yu et al. 2016).

315

Previous studies of the minor and trace element variations in chromite had suggested that

316

the Songshugou dunites experienced amphibolite facies retrograde metamorphism at

317

temperature of 610-680 ℃ with infiltration of fluid (Yu et al. 2019). The

318

fluids/melts could be efficiently delivered along fractures and shear zones during extensive

319

deformation of the dunites. Thus, the higher than typical mantle δ18O values of Ol are due

320

to exchange with strongly δ18O-shifted fluids at low temperature (<610-680 ℃) in the

321

exhumation process.

18

O-enriched

322
323

6. Implications

324

Previous studies of the Ol from mantle xenoliths, basalts, and ultrapotassic volcanic

325

rocks have shown that oxygen isotope compositions are relatively homogeneous (Widom

326

and Farquhar 2003; Wang and Eiler 2008; Guo et al. 2013; Liu et al. 2014). Most reported

327

δ18O data of Ol are equal to or lower than the typical mantle value, including Ol from

328

orogenic peridotites (Wang et al. 2003; Zhang et al. 2000; Zheng et al. 2003; Yu et al. 2010;

329

Zheng 2012). However, olivines from the Songshugou peridotites in the Qinling orogen

330

have both lower δ18O values and higher δ18O values relative to the typical mantle. Our

331

major element and oxygen isotopic compositions of Ol and Opx from different types of
16
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peridotites, including the cores and rims of multiple crystals, provide new insights into the

333

evolution of the Songshugou orogenic peridotites. We propose (1) Low-d18O Ol in the

334

Songshugou peridotites formed as seawater infiltrated into the peridotites along faults or

335

fractures, and exchanged with Ol under high temperature conditions in the oceanic

336

lithosphere mantle prior to subduction. (2) Songshugou peridotites resided at mantle depths

337

during subduction for only a short time (<20 Ma) so that the low d18O signature in Ol was

338

preserved. (3) high-d18O Ol reflect exchange with melts/fluids derived from the

339

dehydration of altered oceanic basalts and seafloor sediments during the exhumation

340

process.

341

In addition to the significant applications to mineralogy and petrology of orogenic

342

peridotites, this study has important implications for understanding the tectonic affinity and

343

evolution of Songshugou peridotites and North Qinling Orogen. The heterogeneous δ18O

344

data in the Ol and Opx further demonstrates that the Songshugou peridotites represent

345

Neoproterozoic oceanic lithospheric mantle that experienced subduction and exhumation

346

during the Early Paleozoic (Yu et al. 2017). Therefore, this study has improved our

347

understanding of the geodynamic processes of orogenic peridotites and the tectonic

348

evolution of the North Qinling Orogen.
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626

Figure Captions

627

Figure 1 Simplified geological map showing the Songshugou peridotites and sampling

628

locations (modified after Dong et al. 2008). SDSZ: Shangnan-Danfeng suture

629

zone; LLFF: Luonan-Luanchuan-Fangcheng fault; MLSZ: Mianlue suture

630

zone.

631

Figure 2 Polarized light photomicrographs of the Songshugou peridotites showing

632

placement of analytical spots (circles with x) in individual Ol grains. Data

633

from the analytical traverses is shown in Figure 6. (a, b) Coarse-grained

634

dunites; (d) medium-grained dunite; (c, e) fine-grained dunites; (f)

635

harzburgite.

636

Figure 3 Plots of (a) NiO and (b) MnO versus forsterite (Fo) contents of olivines in

637

peridotites. CGD: Coarse-grained dunite; MGD: medium-grained dunite;

638

FGD: fine-grained dunite; Harz: harzburgite.

639

Figure 4 Histograms of δ18O values in Ol and Opx from Songshugou peridotites. The

640

shaded band respresents δ18O values of the normal mantle (δ18O=5.7±0.2‰;

641

Mattey et al. 1994; Harmon and Hoefs 1995; Eiler et al. 1997). Core,

642

midpoint and rim are marked by three upper case letters (C, M and R) in the

643

different colored boxes.

644

Figure 5 Variation of δ18O values between cores and rims of Ol. (a) Plots of Fo versus

645

δ18O values of Ol in Songshugou peridotites. Lines connect rim (open) and

646

core (filled) measurements from individual grains. (b) Plots of δ18O cores

647

versus δ18O rims of Ol in Songshugou peridotites. Gray shadow represents
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648

the δ18O values of the normal mantle (δ18O=5.7±0.2‰).

649

Figure 6 The profiles of δ18O values and Fo contents of individual Ol grains from Fig.

650

2 (a, b, d, e). The triangles are specifically reporting Fo content for the

651

corresponding circle that reports δ18O values.

652

Figure 7 Comparison of δ18O values in the Songshugou region and other areas. (a)

653

olivine, (b) zircon, and (c) whole rock. Data sources: δ18O values of Ol in

654

UHP peridotites in Sulu orogen (Zhang et al. 1998; Zheng et al. 2003),

655

MORB and OIB worldwide (Harmon and Hoefs 1995; Eiler et al. 1997); δ18O

656

values of zircon (Yu et al. 2016); Full range of δ18O values of whole rock

657

from DSDP are from Eiler (2001) and references therein. The vertical shaded

658

band represents the δ18O values of upper mantle from Mattey et al. (1994)

659

and Valley et al. (1998). The influence of alteration types on the δ18O values

660

of Ol are from Gregory and Taylor (1981) and Putlitz et al. (2000).

661
662
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663

Table captions

664

Table 1 Electron microprobe (wt.%) and oxygen isotope (‰) analyses of olivines and

665

orthopyroxenes from Songshugou peridotites.
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