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Early Jurassic bimodal volcanic and intrusive rocks in southern South China show distinct associations and
distribution patterns in comparison with those of the Middle Jurassic and Cretaceous rocks in the area. It is widely
accepted that these rocks formed in an extensional setting, although the timing of the onset and the tectonic driv-
er for extension are debated. Here, we present systematic LA-ICP-MS zircon U-Pb ages, whole-rock geochemis-
try and Sr-Nd isotope data for bimodal volcanic rocks from the Changpu Formation in the Changpu-Baimianshi
and Dongkeng-Linjiang basins in southern Jiangxi Province, South China. Zircon U-Pb ages indicate that the
bimodal volcanic rocks erupted at ca. 190 Ma, contemporaneous with the Fankeng basalts (~183 Ma). A
compilation of geochronological results demonstrates that basin-scale basaltic eruptions occurred during the
Early Jurassic within a relatively short interval (<5 Ma). These Early Jurassic basalts have tholeiitic compositions
and OIB-like trace element distribution patterns. Geochemical analyses show that the basalts were derived from
depleted asthenospheric mantle, dominated by a volatile-free peridotite source. The calculated primary melt
compositions suggest that the basalts formed at 1.9-2.1 GPa, with melting temperatures of 1378 °C-1405 °C
and a mantle potential temperature (Tp) ranging from 1383 °C to 1407 °C. The temperature range is somewhat
hotter than normal mid-ocean-basalt (MORB) mantle but similar to an intra-plate continental mantle setting,
such as the Basin and Range Province in western North America. This study provides an important constraint
on the Early Jurassic mantle thermal state beneath South China.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

generation of a large amount of melt under lithospheric extension; for
example, an increase of temperature by 100 °C above the normal mantle

Continental extension and rifting can cause thinning of the
continental lithosphere and result in adiabatic decompressional partial
melting of upwelling asthenospheric mantle (White and McKenzie,
1989; Bown and White, 1995). The generation of basalts is strongly de-
pendent on the thermal state (including mantle potential temperature,
Tp) of the upwelling mantle and the degree of lithospheric thinning
(Bown and White, 1995; White and McKenzie, 1989, 1995). A relatively
small increase in mantle temperature is sufficient to result in the
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temperature will double the amount of melt, whereas a 200 °C increase
can quadruple it (White and McKenzie, 1989).

A prominent feature of the South China Block is that Mesozoic calc-
alkaline magmatic rocks are widespread and closely associated with nu-
merous non-ferrous and rare metal deposits (Zhou and Li, 2000; Li and
Li, 2007; Z.X. Li et al., 2012). These rocks have a predominantly felsic
composition and they are distributed mainly within NE-trending
grabens, approximately parallel to the coastline, with an exposed area
of about 218,000 km? (Fig. 1a; Zhou et al., 2006). Mafic members of
the bimodal volcanic and intrusive rocks, previously regarded to be of
Early to Middle Jurassic age, have tholeiitic compositions and intra-
plate geochemical affinities. It is generally accepted that the Jurassic
volcanic rocks were generated in a rift or extensional environment.
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Fig. 1. (a) Distribution of the Jurassic-Cretaceous magmatic rocks in South China (modified after X.H. Li et al., 2010; Zhou et al., 2006). The inset map shows major tectonic units and lo-
cation of Southeastern China. JSF: Jiangshan-Shaoxing Fault. (b) Distribution of E-W trend Early Jurassic volcanic and intrusive rocks in South China (modified after 1:200,000 geological
map). Grey fields show the early Jurassic volcanic-sedimentary basins in southern Jiangxi and southwestern Fujian Provinces. Asterisks represent sample locations. Data sources: Pitou
granites from Chen et al. (2004); Xialan gabbros and granites from Zhu et al. (2010); Keshubei granites from Li and Li (2007); Chenglong gabbros from He et al. (2010); Tabei synites
from Chen et al. (2004); Huangbu synites from He et al. (2007); Dongkeng and Changpu bimodal volcanic rocks from Xiang and Wu (2012) and Ji and Wu (2010); Yongding bimodal

volcanic rocks from Zhou et al. (2005b).

However, most continental rift-related magmas are dominantly alkalic
basalts to silica-undersaturated basanites in the early phase, and the
composition quickly changes to tholeiitic rocks as rifting progresses
(Wilson, 1989). This does not seem to be the case for the Mesozoic
basalts in South China.

In this paper, we report LA-ICP-MS zircon U-Pb ages from Meso-
zoic felsic volcanic rocks that are intercalated with the basaltic rocks,
along with whole-rock geochemical and Sr-Nd isotopic data of the

basalt samples, from the Changpu-Baimianshi and Dongkeng-
Linjiang volcanic basins. Using these data, we define the timing and
duration of the earliest volcanic eruptions in these basins, which
possibly represent the onset of continental extension/rifting. We
constrain the mantle thermal state and melting pressure using
the primary basaltic melt compositions (Herzberg et al., 2007;
Herzberg and Asimow, 2008; X.C. Wang et al., 2007; Wang et al.,
2008, Wang et al., 2009, Wang et al., 2012). Finally, we compare
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Mesozoic South China with the Basin and Range Province in western
North America, and interpret the tectonic environment for Mesozoic
volcanism.

2. Geological background and petrography

The South China Block (SCB) consists of the Yangtze Block to the
northwest and the Cathaysia Block to the southeast, separated by the
Jiangshan-Shaoxing Fault (Fig.1a, inset map; X. H. Li et al,, 2012;
Zhang et al., 2005). Most of the Mesozoic volcanic rocks are located
within the Cathaysia Block, where granites and rhyolites are predomi-
nant and trend approximately parallel to the coastline (Fig.1a). In con-
trast to the felsic rocks, a suite of bimodal volcanic/intrusive rocks
occur along an E-W trend between southeastern Hunan Province and
southwestern Fujian Province (Fig. 1a). They are found in the Nanjing,
Dongkeng-Linjiang and Changpu-Baimianshi basins in southern Jiangxi
Province and the Yongding basin in southwestern Fujian Province
(Fig. 1b). The best outcrops are located in the Changpu-Baimianshi
and the Dongkeng-Linjiang basins. Here, the volcanic-sedimentary
rocks have been named the Yutian Group, which can be divided into
two formations, from bottom to top, the Shuitoujing Formation and
the Changpu Formation (Fig. 2). The Shuitoujing Formation consists
mainly of sandstone with conglomeratic interlayers and has a total
thickness of >200 m. It unconformably overlies Paleozoic sedimentary
rocks, Precambrian metamorphic rocks and Triassic granites (Dong
etal.,, 2010; Wu et al,, 2000). The overlying Changpu Formation is com-
posed predominantly of basalt and rhyolite, along with rare pyroclastic
rocks. The Changpu Formation is about 1000 m in thickness with almost
equal proportions of basalt and rhyolite (Fig. 2). Coeval volcanic rocks in
the Yongding basin is called the Fankeng Formation. Early geochrono-
logical studies indicated that the bimodal volcanic suites erupted
between ca. 180-160 Ma, using the Rb-Sr and K-Ar whole-rock and
Re-0s mineral isochron methods (Chen et al., 1999a, 1999b; Zhou
et al., 2005a; Y.J. Wang et al., 2003). However, recent SHRIMP zircon
U-Pb dating shows that the bimodal volcanic rocks formed at
ca. 195-190 Ma (Ji and Wu, 2010; Xiang and Wu, 2012), contemporane-
ous with adjacent Early Jurassic A-type granites and gabbros (Fig. 1b;
Chen et al,, 2004; Li and Li, 2007; He et al., 2010; Zhu et al,, 2010).

The basaltic rocks of the Changpu-Baimianshi and Dongkeng-
Linjiang basins are mainly grey black in color, commonly with
subaphyric to porphyritic texture and vesicular structure. The
phenocrysts are predominantly plagioclase (5%-15%), with lesser
clinopyroxene. Most plagioclase crystals are euhedral with polysynthetic
twins. The matrix (85%-95%) is mainly composed of fine-grained or
aphanitic clinopyroxene, plagioclase and minor Fe-Ti oxides. The rocks
experienced variable degrees of alteration, showing chloritization of
mafic minerals and sericitization of plagioclase.

Four rhyolite samples were collected from the Changpu Formation
for U-Pb zircon dating, two of them (08GN04-1 and 08GNO7-1) from
the Changpu-Baimianshi basin and the other two (08GN32-1 and
08GN36-1) from the Dongkeng-Linjiang basin (Fig. 1b and Fig. 2). Ten
basalts were collected from the Changpu-Baimianshi basin and thirteen
were collected from the Dongkeng-Linjiang basin for geochemical analyses.

3. Analytical techniques

Zircons were separated from four rhyolitic rocks using standard
density and magnetic separation techniques. Zircon grains, together with
the TEMORA zircon U-Pb standard, were handpicked and mounted in
an epoxy resin disk, and then polished and coated with gold. All analyzed
zircon grains were documented by optical photomicrographs and
cathodoluminescence (CL) images to select the best position for laser
spots. Zircon U-Pb dating was conducted using laser ablation-inductively
coupled plasma-mass spectrometry (LA-ICP-MS) at the State Key Labora-
tory of Isotope Geochemistry at the Guangzhou Institute of Geochemistry
(GIG), Chinese Academy of Sciences. Helium gas was used as the carrier

gas to the ICP source. NIST610 was used to optimize the instrument in
order to attain the best sensitivity. TEMORA was analyzed as an external
calibration standard (Black et al., 2003). Laser energy was 80 m]J and fre-
quency was 8 Hz with ablation spots of 31 um in diameter and 40 s abla-
tion times. Offline selection and integration of background and analyzed
signals, and time-drift correction and U-Pb dating were performed using
the program ICPMSDataCal 6.7 (Liu et al., 2008). For more analytical de-
tails, see Tao et al. (2013).

Samples for geochemical analysis were crushed into small fragments
(<0.5 cm in diameter) before being further cleaned and powdered in a
corundum mill. Major elements were measured with a Rigaku ZSK
100e X-ray fluorescence spectrometer at the Guangzhou Institute of
Geochemistry, Chinese Academy of Sciences. The analytical precision
was between 1% and 5%. Loss-of-ignition (LOI) measurements were un-
dertaken on dried sample powder by heating in a pre-ignition silica cru-
cible to 1000 °C for 1 h and recording the weight loss. Calibration lines
used to calculate major element contents of unknown samples in this
study were produced by bivariate regression using 36 reference mate-
rials which cover a wide range of silicate compositions (X.H. Li et al.,
2006). Trace elements were determined using a ThermoFisher X2 ICP-
MS at GIG, with analytical uncertainties ranging from 1% to 5%. About
40 mg of powdered sample was dissolved in a high-pressure Teflon
bomb for 48 h using a HF + HNO5 mixture. Rh, Re and In were used
as internal standards to monitor signal drift during analysis. A set of
USGS standard rocks, including SY-4, AGV-2, W-2, SARM-4 and BHVO-
2, were chosen as external standards for calibrating element concentra-
tions in the measured samples. Sr and REEs were separated using cation
exchange columns, followed by separation of Nd from the REE fraction
using HDEHP columns. Sr and Nd isotopic analyses were carried out
at GIG using a Neptune Plus (Thermo Fisher Scientific, MA, USA)
multi-collection mass spectrometer equipped with nine Faraday cups
and eight ion counters. The analytical procedure was similar to that of
Wu et al. (2006). Measured '*>Nd/'**Nd ratios were normalized to
145Nd/*Nd = 0.7219. The reported '**Nd/"*Nd ratios were adjusted
relative to the Shin Etsu JNdi-1 standard of 0.512115, corresponding
to the La Jolla standard of 0.511860 (Tanaka et al., 2000).

4. Analytical results
4.1. Zircon U-Pb geochronology

The results of LA-ICP-MS zircon U-Pb dating are listed in Appendix
Table 1.

Sample 08GN04-1 (24°46'53"N; 115°30'09"E) was collected from the
lower part of the Changpu Formation (Fig. 2). Zircon grains were euhedral
to subhedral, transparent, colorless and display magmatic growth zona-
tion. The length of zircon grains ranges from 35 to 200 um, with length-
to-width ratios of 1.5:1 to 3:1 (Fig. 3a). Eighteen analyses were conducted
on 18 zircon grains. Measured U concentrations varied from 30 to 520
ppm, and Th concentrations ranged from 54 to 415 ppm (Appendix
Table 1). Th/U ratios ranged from 0.80 to 2.53, comparable to those of
magmatic zircons. Four analyses (spots 5, 7, 11 and 16) generated old
206ph,238J ages ranging from 208 to 422 Ma. These may be inherited zir-
con grains. Two zircon grains (spots 8 and 9) have slightly younger
206pp,238 ages (170 and 174 Ma, respectively) due to Pb loss. The remain-
ing 12 analyses yielded a weighted mean 2°°Pb/?*%U age of 190 + 5 Ma
(20, MSDW = 0.061; Fig. 3a), which is interpreted to represent the erup-
tion age of the rhyolite.

Rhyolite sample 08GN07-1 (24°46’01”N; 115°30’31”E) was collect-
ed from the middle part of the Changpu Formation (Fig. 2). Zircon grains
are mostly euhedral to subhedral, with lengths of 40 to 150 um and
length-to-width ratios of 1:1 to 3:1 (Fig. 3b). They are transparent
and colorless, with oscillatory zoning visible in CL images (Fig. 3b).
Twenty-five analyses were conducted on 25 grains during a single ana-
lytical session. The analyses gave variable U (89—936 ppm) and Th
abundances (58-477 ppm) (Appendix Table 1), with Th/U ratios mostly
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Fig. 2. Simplified stratigraphic columns of the Changpu Formation from the Dongkeng-Linjiang and Changpu-Baimianshi basins in southern Jiangxi Province (modified after Wu et al,
2000 and 1:200,000 geological map).

ranging from 0.33 to 1.18. Twenty-two of 25 analyses (excluding spots Rhyolite sample 08GN32-1 (24°54'01"N; 114°53'29"E) was collect-
03, 11 and 25) gave concordant results within analytical errors, produc- ed from the lower part of the Changpu Formation (Fig. 2). Zircon crystals
ing a weighted mean 2°°Pb/?38U age of 188 + 2 Ma (20,MSWD = 1.12;  from this sample have lengths ranging from 40 to 200 um with length-
Fig. 3b). This is interpreted to represent the eruption age of the rhyolite. to-width ratios of 1:1 to 2:1. Most zircon grains are euhedral to
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Table 1

Major and trace element analytical results for the Changpu Formation basalts.
Samples 08GNO05-1 08GN05-2 08GNO05-3 08GN05-4 08GNO05-5 08GN14-1 08GN14-2 08GN14-3 08GN14-4 08GN14-6 08GN32-7
Major elements (wt.%, normalized to 100% volatile-free)
Si0, 54.50 58.14 54.01 52.26 54.75 54.44 57.13 54.30 55.23 50.85 51.28
TiO, 1.96 1.85 1.90 2.15 1.92 2.79 2.63 2.82 2.87 2.38 1.87
Al,O3 15.98 16.78 15.92 17.10 16.10 14.55 13.53 14.04 13.92 15.52 14.71
FeO" 10.05 9.87 9.69 11.23 10.14 12.27 10.28 12.69 12.68 13.08 11.73
MnO 0.16 0.12 0.16 0.17 0.15 0.19 0.13 0.19 0.19 0.16 0.13
MgO 4.96 4.05 4.73 5.12 431 3.88 2.74 3.91 3.85 4.63 7.99
Ca0 9.54 4.07 10.29 7.55 8.85 7.22 12.18 7.56 6.11 11.76 9.27
Na,0 1.75 3.67 1.58 3.09 1.99 3.17 0.56 3.03 2.80 1.00 2.10
K,0 0.84 1.25 1.47 1.07 1.50 1.19 0.42 1.10 2.05 0.23 0.63
P,05 0.26 0.19 0.25 0.27 0.28 0.30 0.41 0.36 0.31 0.41 0.28
Total® 99.51 99.42 99.65 99.62 99.55 99.37 99.40 99.37 99.36 99.35 100.40
LOI 3.99 2.54 5.49 5.35 4.66 0.23 0.41 0.33 0.29 0.12 10.71
Mg#° 49.7 45.1 494 47.7 459 38.8 34.8 38.2 37.8 414 57.7
Trace elements (ppm)
Sc 27.8 18.3 26.8 15.0 26.5 29.1 279 286 21.2 31.7 204
v 251 242 242 218 220 368 383 358 236 337 215
Cr 78.0 436 75.6 79.1 45.9 84.8 222 56.8 80.5 122 245
Mn 1149 858 1175 1177 1091 1480 1023 1464 1443 1215 938
Co 39.0 425 38.6 42.9 373 383 33.0 39.4 37.8 46.1 534
Ni 304 54.5 39.5 324 233 164 18.1 15.1 16.3 318 103
Zn 90.8 92.6 86.9 110 100 122 122 94.5 109 115 78.6
Ga 241 223 253 214 30.2 28.1 19.9 324 25.8 19.8 15.0
Rb 20.0 249 39.9 16.2 44.9 54.0 18.6 99.1 343 8.90 26.8
Sr 308 218 259 294 300 440 172 358 439 46 279
Y 283 24.6 27.7 21.0 338 339 34.1 345 30.9 373 18.3
Zr 179 164 181 176 242 250 249 250 228 222 107
Nb 135 12.6 132 10.9 18.7 173 18.0 189 18.8 17.0 1222
Cs 197 132 1.97 0.78 2.09 4.35 1.70 6.80 3.38 1.58 2.18
Ba 346 317 412 265 555 430 77.6 670 349 39.0 75.0
La 24.7 175 233 22.5 29.1 338 341 342 325 36.8 209
Ce 49.5 38.0 48.5 514 58.1 70.2 69.3 71.1 69.4 68.8 429
Pr 6.58 5.07 6.49 6.16 7.65 9.40 9.20 9.50 9.06 8.96 5.75
Nd 26.5 21.2 26.5 25.2 311 38.0 37.8 38.6 36.8 36.5 235
Sm 5.91 5.04 5.79 5.41 6.86 8.16 8.05 8.26 7.83 7.60 484
Eu 1.74 1.50 1.71 1.76 213 231 223 231 221 2.15 1.49
Gd 5.80 5.05 5.69 5.31 6.89 7.81 7.80 7.87 7.57 7.65 443
Tb 0.93 0.86 0.92 0.86 1.10 1.21 1.20 1.23 1.17 1.18 0.67
Dy 5.46 5.28 5.40 5.09 6.52 6.84 6.83 6.94 6.64 6.86 3.67
Ho 1.10 1.07 1.09 1.04 131 1.35 134 1.36 131 137 0.71
Er 298 2.87 2.94 2.81 3.63 3.58 3.61 3.62 3.50 3.71 1.81
Tm 0.44 0.42 043 0.41 0.53 0.51 0.51 0.51 0.49 0.52 0.26
Yb 2.73 2.56 2.67 2.54 3.30 3.10 3.18 3.12 3.04 3.25 1.60
Lu 0.40 0.38 0.40 0.38 0.50 0.46 0.46 0.46 0.45 0.48 0.24
Hf 4.82 457 4.64 4.80 6.25 6.45 6.38 6.43 5.89 5.69 3.17
Ta 0.91 0.87 0.89 0.53 1.20 1.06 1.26 133 1.21 1.12 0.83
Pb 8.66 9.82 9.52 11.9 8.96 13.7 8.36 144 12.6 9.98 121
Th 5.22 2.73 5.09 3.08 4.90 9.41 9.24 9.47 7.45 6.21 3.15
U 0.73 0.52 0.70 0.74 0.75 122 1.17 122 1.21 1.61 0.68

2 Before normalization and including loss-on-ignition (LOI).
b Mg# = 100*Mg/(Mg -+ Fe? ), assuming Fe?* /Fe'®® = 0.9.

subhedral and display concentric magmatic zoning in CL images
(Fig. 3¢). Twenty-five analyses were conducted on 25 zircon grains.
They record variable U (46-603 ppm) and Th (32-313 ppm) contents,
with Th/U ratios ranging from 0.27 to 1.19 (Appendix Table 1). The
analyses of 13, 15 and 19 are obvious discordant, therefore they
were rejected in age calculating. The remaining twenty-two analyses
gave a weighted mean 2°°Pb/228U age of 190 + 2 Ma (20, MSWD =
0.15; Fig. 3¢). This is interpreted to represent the eruption age of this
rhyolite.

Rhyolite sample 08GN36-1 (24°51’31"N; 114°56'35"E) was collect-
ed from the middle part of the Changpu Formation (Fig. 2). Zircon grains
are euhedral to subhedral and have lengths ranging from 20 to 100 pm,
with length to width ratios between 1:1 and 2:1 (Fig. 3d). They are
transparent and colorless, with euhedral concentric zoning common
in most crystals in CL images. Twenty-five analyses from 25 zircons
were obtained during a single analytical session. These grains have
U = 86 to 312 ppm and Th = 54 to 221 ppm, with Th/U ratios ranging
from 0.33 to 0.80 (Appendix Table 1). Excluding two discordant

analyses (spots 14 and 23) and two inherited zircons (spots 12 and
18) which have Neoproterozoic (~720 Ma) and Mesoproterozoic
(~1200 Ma) ages, twenty-one analyses yielded a weighted mean
206pp 2386 age of 189 & 2 Ma (20, MSWD = 0.36; Fig. 3d), which is
interpreted as the eruption age of this rhyolite.

These results suggest that the Changpu Formation rhyolites formed
during the Early Jurassic (ca. 190 Ma), contemporaneous with the
adjacent Fankeng basalts in southwestern Fujian Province where inter-
calated rhyolites were dated as 179-188 Ma by whole-rock and mineral
Rb-Sr isochrons (Xu, 1992; Zhou and Chen, 2001; Zhou et al., 2005b).

4.2. Major and trace element compositions

The results are presented in Table 1 (normalized to 100 wt.%). The
samples are characterized by variable SiO, (Fig. 4), high TiO, and
FeO", and moderate CaO and Al,O; concentrations (Fig. 5a-d). Their Zr
contents range from 107 to 251 ppm and on the Zr/TiO, versus Nb/Y
diagram of Winchester and Floyd (1976), most samples plot within
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08GN32-8 08GN32-9 08GN32-11 08GN32-12 08GN34-1 08GN34-2 08GN34-4 08GN45-1 08GN45-4 08GN45-5 08GN45-8 08GN45-9
47.22 46.80 5343 46.37 52.13 52.19 51.34 54.60 52.79 53.96 49.80 47.58
2.61 4.96 2.64 5.12 3.03 3.03 299 2.82 3.03 2.86 3.19 333
16.58 15.70 15.72 15.95 15.05 14.84 15.13 14.57 15.96 14.86 14.87 15.40
9.72 15.07 10.57 14.93 13.20 13.11 13.25 12.93 14.62 13.32 13.49 13.66
0.19 0.18 0.10 0.19 0.18 0.19 0.19 0.20 0.29 0.22 0.22 0.26
3.72 5.17 6.63 5.05 4.50 443 4.76 4.88 5.64 5.61 5.15 5.59
13.29 6.72 5.31 6.69 9.25 9.44 9.79 6.09 5.54 6.12 9.47 10.69
3.05 1.88 3.37 2.15 1.79 1.76 1.86 3.26 1.30 2.59 2.80 2.57
3.05 2.70 1.7 271 0.55 0.70 0.39 0.39 0.56 0.21 0.45 0.34
0.57 0.83 0.53 0.85 0.31 0.30 0.31 0.25 0.26 0.26 0.56 0.59
100.44 99.77 99.79 99.83 99.51 99.51 99.45 99.67 99.76 99.68 99.63 99.63
11.38 6.40 6.81 6.86 3.46 3.74 3.01 1.95 343 222 0.79 0.81
433 40.7 55.6 40.4 40.6 40.4 41.8 43.0 43.6 45.7 433 45.0
239 19.1 22.7 18.9 278 28.1 28.1 31.7 33.6 323 21.1
296 323 273 335 349 354 358 385 471 426 344
172 29.6 212 16.1 30.2 325 87.1 3.62 62.9 89.0 92.2
1323 1377 750 1443 1360 1391 1448 1517 2211 1687 1994
38.7 50.7 35.8 54.0 46.0 51.8 433 53.5 53.5 529 45.4
56.4 42.0 58.2 40.7 24.0 239 276 16.5 17.8 19.0 50.7
77.9 114 90.9 112 120 122 124 109 119 117 86.9
235 46.5 234 34.7 225 23.8 22,6 212 22.1 214 19.0
127 99.8 85.9 116 16.2 20.0 8.27 20.1 411 144 8.94
327 343 206 350 296 306 316 481 353 419 411
24.5 24.8 233 243 343 34.4 34.5 32.8 325 339 33.0
159 179 155 179 241 245 246 214 226 218 252
18.2 114 17.7 241 17.9 18.0 17.9 153 173 14.7 22.3
4.55 6.87 6.22 6.53 1.04 1.62 0.72 497 9.27 1.86 3.11
342 1305 329 799 200 255 189 176 179 160 110
253 276 25.4 28.0 27.2 274 27.4 27.0 269 27.2 28.6
53.0 59.4 529 61.1 57.1 583 57.6 56.7 58.4 58.1 62.7
7.35 8.37 7.27 8.58 7.89 8.02 7.92 7.63 7.98 7.88 8.78
30.7 36.1 30.3 36.9 33.0 33.6 332 314 328 32.6 373
6.49 7.60 6.29 7.71 7.45 7.48 7.48 6.91 7.26 729 8.23
1.97 3.00 1.87 3.57 222 2.28 2.28 2.07 1.95 2.06 2.66
6.01 6.93 5.75 7.03 7.19 7.35 7.31 6.84 6.98 7.10 791
0.90 0.99 0.87 0.99 1.15 1.17 1.18 1.11 1.11 1.14 1.24
5.00 5.27 4.78 5.23 6.75 6.85 6.84 6.43 6.44 6.66 7.15
0.97 0.99 0.94 0.97 1.35 1.36 1.36 1.28 1.30 1.32 1.42
2.50 2.44 2.40 2.39 3.62 3.70 371 3.44 3.46 3.53 3.78
0.35 0.33 0.34 0.32 0.52 0.54 0.54 0.49 0.50 0.50 0.53
2.15 1.94 2.08 1.90 3.23 3.29 3.32 3.05 3.04 3.11 3.28
0.32 0.28 0.31 0.28 0.48 0.49 0.49 0.45 0.45 0.46 0.48
4.25 4.60 4.15 4.50 6.04 6.13 6.20 5.43 5.74 5.51 5.99
1.29 0.42 1.22 1.78 1.32 1.31 1.28 1.03 1.28 0.89 1.58
14.4 8.13 6.66 9.55 10.8 12.0 121 12.7 11.6 14.0 7.62
4.12 3.42 4.02 3.32 6.90 7.09 7.02 7.73 8.22 7.92 434
0.84 0.74 1.20 0.93 1.14 1.18 1.18 1.33 1.42 1.41 0.97

the subalkaline basalt field, with variable Nb/Y ratios (Fig. 4a). Similar
results were also observed in the total alkalis versus silica (TAS)
diagram (not shown). On the FeO"/MgO versus SiO, diagram (Fig. 4b),
all samples plot in the tholeiitic field, consistent with the AFM diagram
(not shown). All samples show relatively low Mg* (Table 1; Fig. 5).

The basalts are characterized by enrichment in incompatible trace
elements similar to OIB (Fig. 6a), but are weakly depleted in Nb and
Ta relative to La with (Nb/La)py ratios of 0.4-0.83. They have low total
REE contents (Table 1). On the chondrite-normalized REE diagram
(Fig. 6b), most samples display slightly enriched LREE patterns. With
the exception of two samples, the samples exhibit weakly positive Eu
anomalies. They also have low compatible element concentrations,
including Cr and Ni (Table 1).

4.3. Sr-Nd isotopes
Eight basaltic samples were selected for whole-rock Sr and Nd iso-

tope and the results are listed in Table 2. The basalts have initial
875r/85Sr ratios ranging from 0.7083 to 0.7102, '¥’Sm/'44Nd ranging

from 0.1247 to 0.1439 and **Nd/'**Nd varying from 0.51231 to
0.51251, corresponding to eNd (190 Ma) values of —4.8 to —1.0.

5. Discussion
5.1. Effects of alteration on whole-rock compositions

The studied samples have a large range in LOI values (Appendix
Fig. A-1), indicating that they underwent varying degrees of alteration.
This is consistent with the presence chloritization and sericitization by
our petrographic observation. The mobile element concentrations may
have been modified during alteration (X.C. Wang et al., 2010). There-
fore, prior to discussing the geochemical characteristics and petrogene-
sis, the effect of alteration and the mobility of major and trace elements
of the samples were evaluated.

Plots of LOI versus selected major elements can be used to evaluate
the effect of alteration on chemical composition (X.C. Wang et al.,
2010). As shown in Appendix Fig. A-1, the samples display a positive
correlation of K,O with LOI, implying that some of the Plagioclase
breakdown cause the K,0 to leach out. Other major elements show no
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Fig. 4. (a) Zr/TiO, versus Nb/Y diagram (Winchester and Floyd, 1976) for the classification of
the Changpu basalts. (b) Plots of FeO"/MgO versus SiO, for the Changpu basalts. The shadow
area outlines the composition of contemporary Fankeng basalts according to the dataset from
Zhou et al. (2005b). Both the Changpu and Fankeng basalts show tholeiitic affinity in (b).

correlation with LOI values, suggesting that they were essentially im-
mobile during alteration. Zirconium (Zr), considered to be the most im-
mobile element during low-grade alteration of mafic to intermediate
igneous rocks, can be used for the evaluation of alteration effects on
the chemical composition of these rocks (e.g., Polat et al., 2002; X.C.
Wang et al., 2010). We plotted TiO-, P,0s, Th, Nb, Yb, Sm, La, Y, Sr, Rb,
U and V against Zr to evaluate their mobility during alteration (Appen-
dix Fig. A-2). The basalts generally show a positive correlation between
Zr and high field strength elements (HFSE, such as Ti and Nb), rare earth
elements (REE) and Th, suggesting that these elements were immobile
during alteration. In contrast, the lack of correlations between Zr and
low field strength elements (LFSE: Cs, Rb, Ba) suggests the mobility of
these elements during post-magmatic alteration. The positive correla-
tion between Sr and Zr implies that Sr is essentially immobile. In the
following discussion, only the immobile elements are considered.

5.2. Effects of fractionation and crustal contamination

Primary basaltic melts should have Ni>400 ppm, Cr>1000 ppm and
Mg*# between 73 and 81 (Wilson, 1989). The Changpu and Fankeng
basalts have MgO between 2.74 wt.% and 8.58 wt.% and variable Ni
contents between 15 and 103 ppm, indicating a highly evolved nature.
Fig. 5f shows that at Mg* >55, Ni decreases sharply with decreasing
Mg#, whereas FeO' and TiO, remain almost constant, reflecting
olivine crystallization at Mg* >55. For Mg* <55, the decrease in Ni be-
comes slower with decreasing Mg*, whereas FeO" increases rapidly at
Mg*# >40. The presence of a positive correlation between Al,05 and
Mg# at Mg* <50 suggests that plagioclase started to crystallize at
about Mg# = 50. Total iron contents (FeO") quickly depleted with
decreasing of Mg* at Mg#<40. This reflects the effects of Fe-Ti oxide frac-
tionation on whole-rock compositions at Mg#<40. Scandium contents in
the Changpu basalts increase with decreasing Mg* from 50 to Mg*>44

and then decrease at Mg* <44 (Fig. 5e), suggesting that clinopyroxene
becomes a major crystallizing phase at Mg* <44. This is consistent
with the Ca0/Al,03;-Mg* correlation where CaO/Al,Oj5 ratios sharply
decrease below Mg* <44. Because MgO = —0.0023 x (Mg*)? —
0.0578(Mg*) + 2.8296, R? = 0.70 for the Changpu basalts, the above
analysis implies that for samples with >5.7 wt.% MgO (corresponding
to Mg# = 50), the effect of plagioclase and clinopyroxene on the
whole-rock sample compositions can be ignored. The Fankeng basalts
can be divided into high- (255) and low-Mg* (<40) sub-types (Fig. 5).
The presence of an Mg* gap makes it difficult to test their liquid line
of descent. We therefore only examine the effect of plagioclase and
clinopyroxene fractionation on whole-rock compositions. The high-
Mg* Fankeng basalts have nearly constant FeO" and Eu contents and de-
fine positive correlations between CaO and Mg* (Fig. 7a—c). This sug-
gests that olivine fractionation is the controlling factor affecting their
whole-rock major and trace element compositions. The contribution
from plagioclase and clinopyroxene can be ignored for the high-Mg*
Fankeng basalts (Mg >55, corresponding to MgO >7.5 wt.%).

The Changpu and Fankeng basalts are characterized by weakly negative
Nb-Ta anomalies (Fig. 6a), variable eNd(t) values (—4.79 to + 3.55; Fig. 8e)
and tight correlations between Nd isotopes and incompatible trace element
ratios (Nb/La, Nb/Th, Zr/Nb and Nb/Ta). This implies that source heteroge-
neity and/or assimilation by lithosphere (mantle + crust) should have
played an important role in their generation.

To evaluate the effect of crustal contamination, we examined corre-
lations between selected trace element ratios including Nb/La, Nb/Th,
Th/Ta and Zr/Nb. Any correlations between these ratios could be caused
by crustal contamination or contributions from an enriched sub-
continental lithospheric mantle (SCLM), but the latter should not pro-
duce correlations between major elements (such as MgO, SiO, and
FeO"), isotope ratios and the above-mentioned trace element ratios
(X.C. Wang et al,, 2008, 2015, 2016). Both the Changpu and Fankeng ba-
salts exhibit clear correlations between Nb/La with Nb/Th, Th/Ta, Zr/Nb
and eNd(t) (Fig. 8a-d), likely indicating crustal contamination and/or
the involvement of SCLM components. No clear correlation is found in
the bivariation diagrams of Nb/U versus SiO,/MgO and Nb/La versus
MgO (figures not shown), ruling out the possibility of significant crustal
contamination (e.g., X.C. Wang et al.,, 2008, 2014). Although the
Changpu basalts display a large range of major element compositions,
they have nearly constant Sm/Nd (0.20-0.22) and La/Sm ratios (mostly
ranging from 3.5 to 4.2). This also argues strongly against significant
crustal contamination. More importantly, although both the Changpu
and Fankeng basalts display a large range of SiO, (46.4-57.1 wt.%),
MgO (2.74-7.99 wt.%) and Al,O3 (13.0-17.1 wt.%) contents, they have
a narrow range of Nd isotopes (eNd(t) = —0.98 to —4.79 for Changpu
and —0.70 to 3.55 for Fankeng), without a correlation between eNd(t)
and SiO,. Furthermore, the highest-silica value for Fankeng basalts has
the highest eNd(t), up to + 3.55. This suggests that crustal contamina-
tion, commonly introducing a wider range of eNd(t) values due to com-
plex crustal compositions, was insignificant in the generation of these
basalts. The maximum contribution from crustal contamination can be
constrained by a mass balance calculation through mixing between
two extreme end-members (MORB-like mantle and a supracrustal com-
ponent, typical S-type granite here). As shown in Fig. 8f, the maximum
proportion of crustal input is 10% to 20%. Considering the unradiogenic
nature of the SCLM with eNd(t) = —7 to — 11 (Fang et al., 2002), the
actual contribution from a crustal component should be much lower
than this value. Because of higher eNd(t) values, the proportion of crust-
al input to the Fankeng basalts was less than for the Changpu basalts.

Due to insignificant crustal contamination, the tight correlations
in Fig. 8 (a, b, ¢, d) therefore suggest that one end-member has
high Nb/La (>0.9), eNd(t) (= +3.55), Nb/Th (>8), low Zr/Nb (£7.0)
and Th/Ta (<1.0), a typical characteristic of asthenospheric mantle-
derived melts. Furthermore, SCLM-derived melts are generally unsatu-
rated in silica, enriched in alkalis (Na + K) and incompatible trace
elements (usually higher than an average value of OIBs), and
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Fig. 5. Binary variation diagrams of the Changpu and Fankeng basalts showing major and trace elements variation as functions of Mg#. Mg# = 100*Mg/(Mg + Fe? "), assuming

Fe?*/Fet°! = 0.9, cation ratio. The crystallization trend is after X.C. Wang et al. (2012).

unradiogenic Nd isotopes (X.C. Wang et al., 2008, 2009, 2014). In
contrast, the Fankeng and Changpu basalts are saturated to over-
saturated (19 of 23 samples with over-saturated SiO, >50 wt.%) silica,
have a tholeiitic affinity, have relatively low incompatible trace element
contents (between E-MORB and OIB; Fig. 6), and high ¢Nd(t) (up to
+3.55). Therefore, the asthenospheric mantle should be the dominant
source region of the Changpu and Fankeng basalts.

In summary, the primary magma of the Early Jurassic basalts from
southern Jiangxi Province crystallized olivine at Mg* >55, plagioclase
at Mg# = 50, clinopyroxene at Mg* = 44 and Fe-Ti oxides at Mg* =
35-40. Crustal contamination was insignificant in the generation of
these basalts and the asthenospheric mantle was the dominant source.

5.3. Primary magma and melting conditions

Chemical composition of primary melts can reflect the chemical and
thermal conditions of the magma source (e.g., Wang et al., 2007b, Wang
et al., 2008, Wang et al., 2009, Wang et al., 2012; Herzberg et al., 2007;
Langmuir et al., 1992; McKenzie and Bickle, 1988). As discussed
above, the effect of clinopyroxene and plagioclase on whole-rock
major element compositions of the Changpu basalts with MgO >6.0
wt.% and Fankeng basalts with MgO >7.0 wt.% can be ignored and

olivine was the dominant phase within the assemblage of crystallizing
minerals (Fig. 7a-d). Crustal contamination was also insignificant
(Fig. 7e,f). To minimize the potential minor effect of crystallisation and
contamination, only samples with MgO >7.0 wt.% were chosen as
starting materials to reconstruct the primary melt composition for the
Changpu and Fankeng basalts. Samples with MgO <8 wt.% were given
the Feg and Nag g expressions of Klein and Langmuir (1987) to correct
the MgO, FeO and Na,O concentrations. Kelley et al. (2006) showed that
most melts with MgO <8.5 wt.% are still on the olivine + plagioclase
cotectic and adding olivine at this point would lead to a false high FeO
content. To further remove the effect of plagioclase, expressions of
Kelley et al. (2006) were employed to make an additional fractionation
correction to 8.5 wt.% MgO. Samples with MgO between 8.0 and 8.5 wt.%
were corrected to 85 wt% MgO only along this linear
olivine + plagioclase cotectic (Kelley et al., 2006). These 8.5 wt.%
MgO-equivalent compositions and samples with initial MgO >8.5 wt.%
were chosen as starting compositions.

A series of olivine and basalt compositions were then calculated
from these starting materials applying the method proposed by X.C.
Wang et al. (2012), as follows: (1) the composition of equilibrium oliv-
ine was obtained using Kp(Fe/Mg)° = 0.3 (Roeder and Emslie, 1970),
assuming Fe? ™ /total Fe = 0.9; (2) a more primitive basalt composition
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was calculated as a mixture of the basalt and equilibrium olivine at a
weight ratio of 99:1; (3) steps (1) and (2) were repeated until the
equilibrium olivine was in equilibrium with Fo89. All calculated samples
required <25% olivine addition to reach Fo89 equilibrium.

The modeled primary melt compositions are presented in Table 3.
The calculated primary melts have MgO varying from 15.0 to 16.0
wt.%, SiO, ranging from 48.6 to 49.0 wt.% and FeO" from 11.1 to 11.6
wt.%. Effective melting pressure (Pf) is estimated at 1.9-2.1 GPa by ap-
plying the method of Lee et al. (2009), suggesting that the magmas
were generated at depths of 60-70 km. Applying the methods of
Beattie (1993), the erupting temperatures were estimated at 1348 °C
to 1369 °C with an average of 1356 °C. The melting temperature is cal-
culated as 1453 °C-1480 °C (average 1456 °C) using the approach of
Lee et al. (2009). The mantle potential temperature, Tp (Mckenzie and
Bickle, 1988), is estimated at 1458 °C-1482 °C (average 1475 °C)
using the equation Tp (°C) = 1463 + 12.74*MgO0 wt.% — 2924/MgO
wt.% (Herzberg and O’Hara, 2002).

It is noteworthy that neither of the two estimation models takes into
account the effect of water, which is another factor that influences the

melting temperature and pressure. H,O concentration in melts can be
estimated using their primary Ce, assuming that the basalts have the
same H,0/Ce ratio of ~200 as oceanic basalts (Herzberg et al., 2007).
The calculated H,0 concentrations are constant at 0.69 wt.% based on
the Ce contents of all five basalt samples. If we accept the highest
value of H,0/Ce (~300) from oceanic basalts (Dixon et al., 2002;
Michael, 1995), the calculated H,O0 concentration is 1.04 wt.%. The effect
of H,0 on the olivine liquidus temperature was demonstrated as the
liquidus depression temperature (°C) = 74.403*(H,0 wt.%)%3>?
(Falloon and Danyushevsky, 2000). Approximately 1.04 wt.% H,0
would suppress the melt temperature by ~75 °C relative to the anhy-
drous system. Therefore, the estimated mantle potential temperature
for the melting region is 1383 °C-1407 °C (1400 °C on average), similar
to modern MORB ambient mantle ~1350 + 50 °C (e.g., Herzberg et al,
2007; Lee et al., 2009).

In summary, the estimated melting conditions and mantle potential
temperature imply asthenospheric upwelling and large-scale litho-
sphere extension.

5.4. Origin of the Early Jurassic basalts

As discussed above, the presence of an OIB-type high-Nb/La end-
member melt and asthenospheric mantle-derived chemical signatures
suggests that the asthenospheric mantle was the dominant reservoir
for the Early Jurassic Changpu and Fankeng basalts. This is consistent
with evidence from the contemporaneous Chenglong (182 Ma; He
et al.,, 2010), Chebu (173 Ma; Li et al., 2003) and Xialan (193-195 Ma;
Zhu et al., 2010) gabbros that were mainly derived from the astheno-
sphere mantle (Zhu et al,, 2010; He et al., 2010).

The degree of fractionation of REEs is usually used to constrain melt-
ing depth (spinel- versus garnet-peridotite). Heavy rare earth elements
(HREEs) are more compatible in garnet than in spinel, but light REEs
have similar compatibilities in these two minerals (Mckenzie and
O'Nions, 1991). Therefore, the ratios of LREE/HREE (La/Yb) and middle
REE/HREE (Dy/Yb) can provide an important constraint on melting
depth (X.W. Li et al., 2013; Jiang et al., 2005; Tschegg et al., 2011). Nei-
ther crustal contamination nor low-pressure fractional crystallization
can effectively modify these ratios, but partial melting or source mixing
can affect these ratios (Tschegg et al., 2011; Jung et al., 2012; X.W. Li
et al., 2013). Primary Yb contents were obtained with a Rayleigh crystal
fractionation model by using the fraction of liquid (F) obtained from the
olivine addition modelling (X.C. Wang et al., 2012). As shown in Fig. 9
(a, b, ¢), the trend of the samples can be duplicated by mixing between
spinel- and garnet-bearing peridotite-derived melt, indicating melting
at the depth of the spinel-garnet transition. Our modelling shows that
the primary magma can be produced by mixing 15% partial melting of
spinel lherzolite with 2% partial melting of garnet lherzolite (Fig. 9b,c).
Moreover, the Sm/Yb-Ce/Yb correlation indicates that the primary
melts were mainly produced at about 50-70 km (Fig. 9d). This is similar
to the Emeishan low-Ti basalts, which were interpreted to have formed
at the spinel-garnet transition zone (Xu et al., 2001). Such a constraint
from fractionation of REEs agrees well with the estimated melting
depth by primary major element compositions (about 60-70 km,
1.9-2.1 GPa) using the method of Lee et al. (2009).

Table 2

Results of Sr-Nd isotopic compositions for the Changpu basalts in southern Jiangxi Province.
Samples Rb (ppm)  Sr(ppm) ®Rb/%sr  &7sr/f6sr  +20 (87sr/%6sr);  Sm (ppm) Nd (ppm) ¥Sm/'"Nd  *3Nd/'*Nd  +20 eNd(t)
08GNO05-2 249 218 0.33 0.711069  0.000010  0.71017 5.04 21.2 0.144 0.512441 0.000006 —2.56
08GNO05-4 16.2 294 0.16 0.710654  0.000010  0.71022 541 25.2 0.130 0.512309 0.000006 —4.79
08GN14-2  18.6 172 0.80 0.710650  0.000010  0.70848 8.05 37.8 0.129 0.512416 0.000006 —2.71
08GN14-3  99.1 358 0.31 0.710275  0.000010  0.70943 8.26 38.6 0.129 0.512409 0.000006  —2.82
08GN32-7  26.8 279 0.28 0.709822  0.000012  0.70907 4.84 235 0.125 0.512382 0.000008 —3.25
08GN32-8 127 327 1.12 0.711483  0.000008  0.70846 6.49 30.7 0.128 0.512476 0.000008 —1.48
08GN34-1 16.2 296 0.16 0.709004  0.000010  0.70858 7.45 33.0 0.136 0.512513 0.000006  —0.98
08GN45-1 20.1 481 0.12 0.708621 0.000010  0.70829 6.91 314 0.133 0.512471 0.000006 —-1.71
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Fig. 7. (a-d) Variation of Mg* with FeO", Ca0, Eu and Sr contents. (e-f) Variation of Nb/La with eNd(t) and Nb/Th.

Although the mantle source lithology of basaltic magma has
long been assumed to be dominated by peridotite (e.g., Green and
Ringwood, 1963; O'Hara, 1967), recent studies have shown that py-
roxenites/eclogites play an important role in the source of oceanic is-
land basalts and continental flood basalts (e.g., Sobolev et al., 2005,
2007; Herzberg, 2011; X.C. Wang et al., 2012, 2014; Heinonen
et al., 2013). Zn/Fe and Fe/Mn ratios are promising proxies for dis-
criminating a pyroxenite from a peridotite source (Le Roux et al.,
2010; Ferguson et al., 2013; Zhang et al., 2015). Most of our samples
have Zn/Fe and Fe/Mn ratios similar to peridotite melts (Fig. 10a,b),
indicating a dominant peridotitic source for the basalts. Furthermore,
by comparing with experimental melts (Fig. 10c,d), the estimated pri-
mary melts could be produced by partial melting of volatile-free
peridotite.

Together, these observations provide important constraints on the
thickness of the continental lithosphere. Because these basalts were
mainly derived from the asthenospheric mantle at <70 km depth, the
thickness of the lithosphere must have been thinned to less than
70 km before 190 Ma. This suggests that at least 30 km of the base of
the lithosphere was removed before this time. Therefore, asthenospher-
ic upwelling and/or delamination may have attributed to large-scale
lithospheric extension.

5.5. Geological implications

5.5.1. Timing and duration of Early Jurassic magmatism

The spatial and temporal distribution of magmatic events is crucial
for understanding geological and geodynamic processes. Much geochro-
nological work has been done on the Early Jurassic volcanic/intrusive
rocks in southern Jiangxi Province and adjacent regions. Previous Rb-Sr
and K-Ar ages of the volcanic rocks suggested that the volcanic suites
were erupted predominantly between 180 and 160 Ma (Chen et al.,
19993, 1999b; Y.J. Wang et al., 2003). However, recent zircon U-Pb geo-
chronology of the volcanic rocks of the Changpu-Baimianshi and the
Dongkeng-Linjiang basins yielded older ages of 195-191 Ma (Ji and
Wu, 2010; Xiang and Wu, 2012). Our new zircon U-Pb ages from the
Changpu-Baimianshi and the Dongkeng-Linjiang volcanic sections are
consistent with these published zircon U-Pb ages. Our age samples
were collected from the bottom to the top of this volcanic rock succes-
sion; therefore, our zircon U-Pb ages suggest that basin-scale eruptions
occurred during a time interval of <5 Ma (Fig. 11a), probably even
<2 Ma. Regionally, Early Jurassic volcanic and intrusive rocks formed pre-
dominantly between 195 and 185 Ma. The significantly younger Rb-Sr
and K-Ar ages were likely due to overprinting by the younger
magmatic-thermal events (Fig. 11a, b).
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Table 3
Calculated major elements and thermal parameters for selected samples after stripping off
effect of potential water content.

Sample 08GN32-7 PK-4 PK-7 PK-9 TB-2

Si0, 48.78 48.90 48.64 48.58 48.98
TiO, 1.38 1.72 1.59 1.81 1.56
Al;04 11.30 11.71 11.18 11.22 11.44
FeO" 11.59 11.06 11.64 11.64 11.24
MnO 0.16 0.16 0.17 0.16 0.17
MgO 15.97 15.05 16.02 15.94 15.40
Cao 8.34 8.15 8.47 8.43 8.83
Na,O 1.64 2.84 143 1.81 1.51

K,0 0.66 0.63 0.69 0.64 0.68
P,05 0.18 0.18 0.17 0.18 0.18
Added Ol (%) 22 19 22 22 20

Tp (°C) 1406 1383 1407 1406 1391
T, (°C) 1292 1273 1294 1292 1280
T, (°C) 1402 1378 1405 1405 1385
P (Ga) 2.04 2.12 2.04 2.14 1.86

Tp represents mantle potential temperature; Ty represents erupting temperature; T, repre-
sents melting temperature; P represents the effective melting pressure. The water effect
was considered during all temperature calculations.

5.5.2. Basin and Range-type lithospheric and mantle thermal state?

Primary compositions of basalts reflect temperatures and pres-
sures of magma generation, providing windows into the thermal
state of the mantle (Mckenzie and Bickle, 1988; Lee et al., 2009).
Basalts can be formed at constructive plate margins (MOR basalts),
destructive plate margins (arc magma) and within plates (OIB, CFB
and CRM), each showing distinctive mantle thermal characteristics
(Lee et al., 2009).

As discussed above, the calculated mantle potential temperature
for the Early Jurassic basalts from the study area is within the range
of 1383 °C-1407 °C (average 1400 °C) and pressure 1.9-2.1 GPa
(60-70 km), marginally higher than that of average MOR basalts, sug-
gesting a slightly hotter mantle in this region. The estimated average
temperature of 1400 °C is lower than the expected temperature of
>1500 °C for a typical hotspot (Lee et al., 2009), suggesting a non-
plume origin. The cause of the elevated temperature was probably
deep asthenospheric mantle upwelling. The tholeiitic character of the
Early Jurassic basalts is therefore attributed to a slightly hotter mantle
temperature at a shallower depth. Moreover, because the 190 Ma
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basalts were derived mainly from depleted asthenospheric mantle with
an effective melting pressure of 1.9-2.1 GPa, the thickness of the
lithosphere in this region was less than 70 km. Our estimated mantle
potential temperatures are comparable with those of the present-day
western Basin and Range Province (Fig. 12), which has potential
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Fig. 12. Temperatures and pressures calculated for the Changpu and Fankeng basalts.
Lherzolite solidus and melt fraction isopleths are from Katz et al. (2003). Curved lines
represent melting adiabats. Near-vertical line represents solid mantle adiabats. Fields for
MORB, Hawaiian Hotspot and Western North America are from Lee et al. (2009).

temperatures of 1350 °C-1450 °C and pressures of 2-3 GPa (60-90 km)
(Wang et al., 2002).

5.5.3. Post-orogenic extensional tectonic environment

The petrogenesis of Early Jurassic magmatic rocks in South China is
important for understanding the Mesozoic tectonic evolution of the
region, but the topic is, at present, highly controversial. Xie et al.
(2001) used a mantle plume model to explain the Early Jurassic
rifting/extension. However, our estimated mantle potential tempera-
ture argues against such a model. Furthermore, a mantle plume should
have produced a large volume of flood basalts and continental-scale
doming, neither of which has been observed in the Mesozoic of
South China. Although a rifting and lithospheric extension model was
widely accepted for explaining the petrogenesis of the within-plate
magmatism (Chen et al., 1999a, 1999b; Li et al., 2003, 2004; Li and Li,
2007; YJ. Wang et al,, 2005, 2013; Yu et al., 2010), this does not provide
a feasible geodynamic mechanism for the event.

The presence of an active continental margin along the southeastern
margin of the South China Block during much of the Mesozoic has been
widely accepted (e.g., Cui and Li, 1983; Jahn et al., 1990; Zhou and Li,
2000; Carter et al., 2001). The initial arc magmatism started at
ca. 280 Ma, as evidenced by the 267-262 Ma Wuzhishan granites in
Hainan Island at the southern margin of the South China Block
(Li et al., 2006) and the ca. 280 Ma detrital zircon age peak from both
the South China hinterland (X.H. Li et al., 2012) and Taiwan (Z.X. Li
etal, 2012). Li and Li (2007) and Z.X. Li et al. (2012) proposed a flat-
slab subduction model for South China during the Mesozoic. This
model explains the hinterland orogeny in South China during the Late
Permian to Early Jurassic in a similar manner to the Laramide Orogen
in western North America (Coney and Reynolds, 1977; Dickinson and
Snyder, 1978; Bird, 1998). The collapse of the broad orogen was used
to explain the formation of a Basin and Range-style magmatic province
in South China during the Jurassic-Cretaceous (Li and Li, 2007).

In the Mesozoic of South China, mountain building occurred mainly
during the Middle Triassic. By the Late Triassic, orogenic activity oc-
curred mainly in the continental interior some 1300 km from the active
plate margin. In addition, a broad intracontinental basin, evolved from a
terrestrial sag basin to a shallow-marine basin during the Late Triassic—
Early Jurassic over the Middle Triassic orogen (Li and Li, 2007; Pang
et al., 2014). Early Jurassic shallow-marine deposition corresponds to
the emplacement of the bimodal volcanic rocks in the Changpu-
Baimianshi basin in southern Jiangxi Province (Li and Li, 2007; Pang
et al., 2014). Our estimated mantle potential temperature and pressure
for the volcanic rocks suggests a relatively thin lithosphere and astheno-
spheric upwelling in the centre of South China during the Early Jurassic
(~190 Ma). The associated Early Jurassic basaltic magmatism formed by
asthenospheric upwelling under thinned continental lithosphere and
may therefore signify the first petrologic response to breakup and foun-
dering of the flat oceanic slab after basalt to eclogite transformation, as
suggested by Li and Li (2007). Indeed, this event coincided with the ter-
mination of shallow marine deposition in that region and the beginning
of graben formation (Pang et al., 2014).

6. Conclusions

We draw the following conclusions based on our new results:

—_
~—

LA-ICP-MS zircon U-Pb dating indicates that the Jurassic rhyolite in
southern Jiangxi Province erupted at 188-195 Ma. They have bimodal
association with tholeiitic basalts and are characterized by a short time
interval (<5 Ma) eruption lifetime across several local basins, and
were part of a ca. 10 Ma (195-185 Ma) regional-scale magmatic event.
The geochemical characteristics of the basalts indicate that they
were derived from asthenospheric mantle, and the melts experi-
enced fractionated crystallization and variable degrees of SCLM
contamination.
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3) Numerical simulation results constrain a partial melting pressure of
1.9-2.1 GPa and an average mantle potential temperature at 1400 °C,
slightly hotter than the normal MORB-source mantle but resem-
bling that of the Basin and Range Province in western USA.

4) The existence of a Basin and Range-type lithosphere of South China
during the Early Jurassic likely signifies the lithospheric response
to flat-slab breakup and foundering.
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Appendix Table 1
LA-ICP-MS zircon U-Pb isotopic analyses for rhyolites from the Changpu-Baimianshi and Dongkeng-Linjiang basins.
Analysis Th U Isotopic ratio Age (Ma)
(ppm)  (ppm) Th/U  2Pb2%Pb  + 10 207pp235y £ 10 2%pp2BU 4 1o 207pp35y £ 10 2%ppBBU 410
08GN04-1
08GN04-1-01 107 47 2.26 0.0580 0.0152 0.2481 0.0570 0.02887 0.00161 225 46 183 10
08GN04-1-02 76 38 1.98 0.1405 0.0378 0.5075 0.1167 0.02996 0.00166 417 79 190 10
08GN04-1-03 76 42 1.78 0.0869 0.0208 0.3367 0.0907 0.03033 0.00147 295 69 193 9
08GN04-1-04 329 133 247 0.0891 0.0104 0.3725 0.0445 0.03002 0.00107 322 33 191 7
08GN04-1-05* 94 43 2.18 0.1338 0.0206 0.6148 0.0911 0.03535 0.00178 487 57 224 11
08GN04-1-06 130 57 227 0.1852 0.0911 0.3751 0.0839 0.03045 0.00188 323 62 193 12
08GN04-1-07* 415 520 0.80 0.0533 0.0027 0.4967 0.0247 0.06765 0.00129 409 17 422 8
08GNO04-1-08** 138 57 241 0.1003 0.0191 0.3568 0.0706 0.02732 0.00129 310 53 174 8
08GN04-1-09** 136 62 221 0.0848 0.0209 0.2910 0.0785 0.02676 0.00132 259 62 170 8
08GN04-1-10 60 36 1.65 0.0679 0.0192 0.2517 0.0621 0.03013 0.00182 228 50 191 11
08GNO04-1-11* 54 30 1.79 0.1181 0.0403 0.3795 0.1086 0.03282 0.00189 327 80 208 12
08GN04-1-12 220 87 253 0.0911 0.0239 0.3084 0.0672 0.02968 0.00125 273 52 189 8
08GNO04-1-13 68 36 1.91 0.1556 0.0279 0.5995 0.1016 0.03016 0.00146 477 65 192 9
08GN04-1-14 103 47 222 0.1174 0.0410 0.4224 0.1160 0.02995 0.00137 358 83 190 9
08GN04-1-15 84 44 1.92 0.1364 0.0359 0.4781 0.1219 0.03003 0.00176 397 84 191 11
08GN04-1-16* 67 37 1.81 0.2529 0.0427 2.4309 0.5522 0.04635 0.00479 1252 165 292 29
08GN04-1-17 68 36 191 0.1825 0.0327 0.7238 0.1367 0.03003 0.00177 553 81 191 11
08GN04-1-18 115 49 234 0.0719 0.0186 0.3337 0.0846 0.02999 0.00152 292 65 191 10
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Analysis Th U [sotopic ratio Age (Ma)
(ppm)  (ppm)  Th/U  2Pb?%Pb  + 10 207pp23y  t 1o 206pp238y 4 10 207pp/235y £ 1o 2%°pbh2BU L 1o

08GNO7-1

08GNO07-1-01 477 415 115  0.0636 0.0058 02727 0.0294  0.02987 0.00072 245 23 190 4
08GN07-1-02 71 98 072  0.0562 00110 02187 0.0361  0.02960 0.00097 201 30 188 6
08GN07-1-03* 305 936 033  0.0475 0.0023 02359 0.0120  0.03571 0.00068 215 10 226 4
08GNO07-1-04 98 120 0.81  0.0960 0.0117 03925 0.0474  0.02976 0.00089 336 35 189 6
08GNO07-1-05 67 96 069  0.0439 0.0095  0.1783 0.0396  0.02973 0.00102 167 34 189 6
08GN07-1-06 58 86 0.67  0.0805 0.0121 03073 0.0459  0.02882 0.00097 272 36 183 6
08GN07-1-07 121 129 094  0.0622 0.0100 02416 0.0367  0.02864 0.00087 220 30 182 5
08GNO07-1-08 425 381 112 0.0474 0.0038  0.1945 0.0156  0.02941 0.00062 180 13 187 4
08GN07-1-09 277 332 0.83  0.0505 0.0053  0.2093 0.0219  0.02994 0.00063 193 18 190 4
08GNO07-1-10 117 126 093  0.0676 0.0109  0.2599 0.0401  0.02884 0.00094 235 32 183 6
08GN07-1-11* 260 441 059  0.0767 0.0050  1.6732 0.1053  0.15464 0.00269 998 40 927 15
08GNO07-1-12 109 128 085  0.0647 0.0089 02725 0.0365  0.02999 0.00097 245 29 191 6
08GN07-1-13 80 102 079  0.0586 00114  0.2254 0.0379  0.02952 0.00113 206 31 188 7
08GNO07-1-14 117 124 094  0.0882 0.0104 03684 0.0437  0.02988 0.00092 318 32 190 6
08GNO07-1-15 253 270 094  0.0638 0.0060 02515 0.0235  0.02815 0.00062 228 19 179 4
08GN07-1-16 78 103 076  0.0639 00111  0.2547 0.0416  0.02922 0.00085 230 34 186 5
08GN07-1-17 77 97 079  0.0618 0.0114  0.2463 0.0471  0.02788 0.00089 224 38 177 6
08GNO07-1-18 81 101 081  0.0572 0.0116  0.2329 0.0458  0.02975 0.00105 213 38 189 7
08GNO07-1-19 340 513 0.66  0.0520 0.0044 02291 0.0184  0.03151 0.00067 209 15 200 4
08GN07-1-20 89 111 0.80  0.0587 0.0101 02511 0.0446  0.02998 0.00118 227 36 190 7
08GNO07-1-21 70 99 071  0.0629 0.0137 02403 0.0502  0.02898 0.00110 219 41 184 7
08GNO07-1-22 64 90 071  0.0548 0.0089 02277 0.0378  0.03030 0.00093 208 31 192 6
08GN07-1-23 341 288 118 0.0470 0.0050  0.1981 0.0200  0.03052 0.00073 184 17 194 5
08GNO07-1-24 79 101 078  0.0892 0.0112 03504 0.0425  0.02972 0.00107 305 32 189 7
08GN07-1-25** 192 188 102 0.1560 0.0989 05702 03585  0.02727 0.00073 458 236 173 5
08GN32-1

08GN32.1-1 48 81 060  0.0772 0.0139 02916 0.0495  0.03033 0.00115 260 39 193 7
08GN32.1-2 114 269 042  0.0470 0.0054  0.1910 0.0207  0.03001 0.00067 177 18 191 4
08GN32.1-3 146 202 072  0.0695 0.0073 02982 0.0347  0.03009 0.00077 265 27 191 5
08GN32.1-4 313 262 119 0.0809 0.0104 03197 0.0403  0.02895 0.00073 282 31 184 5
08GN32.1-5 152 366 041  0.0869 0.0099 03760 0.0482  0.03019 0.00084 324 36 192 5
08GN32.1-6 113 228 049  0.0528 0.0060  0.2066 0.0221  0.02962 0.00083 191 19 188 5
08GN32.1-7 202 573 035  0.0472 0.0034  0.1949 0.0131  0.02994 0.00062 181 11 190 4
08GN32.1-8 172 437 039  0.0544 0.0046 0223 0.0189  0.02959 0.00065 204 16 188 4
08GN32.1-9 146 323 045  0.0731 0.0091 03018 0.0371  0.02993 0.00062 268 29 190 4
08GN32.1-10 92 115 0.80  0.0955 0.0142 03994 0.0648  0.02966 0.00109 341 47 188 7
08GN32.1-11 123 298 041  0.0377 0.0054  0.1544 0.0235  0.03000 0.00084 146 21 191 5
08GN32.1-12 136 374 036  0.0442 0.0047  0.1843 0.0199  0.03013 0.00066 172 17 191 4
08GN32.1-13* 32 46 069  0.1243 0.0192 05572 0.0865  0.03277 0.00128 450 56 208 8
08GN32.1-14 146 351 042  0.0407 0.0049  0.1685 0.0212  0.03005 0.00083 158 18 191 5
08GN32.1-15* 138 377 036  0.0368 0.0051  0.1696 0.0246  0.03323 0.00084 159 21 211 5
08GN32.1-16 124 456 027  0.0427 0.0049  0.182 0.0219  0.02992 0.00069 170 19 190 4
08GN32.1-17 104 150 070  0.0415 0.0071  0.168 0.0279  0.03002 0.00097 158 24 191 6
08GN32.1-18 108 271 040  0.0459 0.0052  0.1965 0.0231  0.02985 0.00082 182 20 190 5
08GN32.1-19* 150 205 073 0.2409 0.0205  1.1974 0.1046  0.03504 0.00100 799 48 222 6
08GN32.1-20 133 364 037  0.0466 0.0050  0.1990 0.0210  0.02991 0.00070 184 18 190 4
08GN32.1-21 166 333 050  0.0492 0.0046  0.2047 0.0188  0.03015 0.00059 189 16 191 4
08GN32.1-22 120 257 047  0.0634 0.0065 02561 0.0269  0.03045 0.00097 232 22 193 6
08GN32.1-23 141 342 041  0.0611 0.0057 02512 0.0237  0.02988 0.00067 228 19 190 4
08GN32.1-24 228 554 041  0.0493 0.0038  0.203 0.017 0.02988 0.00070 188 14 190 4
08GN32.1-25 192 603 032  0.0524 0.0038 02201 0.0175  0.03002 0.00064 202 15 191 4
08GN36-1

08GN36.1-1 110 239 046  0.0478 0.0050  0.2050 0.0196  0.03050 0.00079 189 17 194 5
08GN36.1-2 172 214 0.80  0.0513 0.0046 02225 0.0205  0.03081 0.00071 204 17 196 4
08GN36.1-3 221 311 071 0.0466 0.0041  0.1971 0.0169  0.03007 0.00062 183 14 191 4
08GN36.1-4 73 135 054  0.0622 0.0065  0.2564 0.0289  0.02912 0.00080 232 23 185 5
08GN36.1-5 107 272 039  0.0528 0.0054  0.2200 0.0232  0.02944 0.00060 202 19 187 4
08GN36.1-6 72 155 046  0.0571 0.0060  0.2289 0.0236  0.03040 0.00090 209 20 193 6
08GN36.1-7 117 209 056  0.0501 0.0057  0.2059 0.0238  0.03018 0.00076 190 20 192 5
08GN36.1-8 86 158 054  0.0476 0.0061  0.1901 0.0241  0.02952 0.00078 177 21 188 5
08GN36.1-9 126 192 0.66  0.0499 0.0049 02021 0.0191  0.02956 0.00075 187 16 188 5
08GN36.1-10 100 175 057  0.0489 0.0062  0.1958 0.0249  0.02948 0.00073 182 21 187 5
08GN36.1-11 118 310 038  0.0470 0.0049  0.1968 0.0199  0.02999 0.00069 182 17 190 4
08GN36.1-12* 102 312 033  0.0692 0.0043  1.1626 0.0688  0.11763 0.00240 783 32 717 14
08GN36.1-13 97 180 054  0.0619 0.0064  0.2544 0.0247  0.02929 0.00068 230 20 186 4
08GN36.1-14* 137 201 068  0.1865 0.0133  11.139 0.7300  0.41354 0.00891 2535 61 2231 41
08GN36.1-15 84 141 0.60  0.0564 0.0077  0.2394 0.0312  0.02959 0.00087 218 26 188 5
08GN36.1-16 90 154 059  0.0700 0.0084  0.2885 0.0330  0.02912 0.00091 257 26 185 6
08GN36.1-17 54 86 064  0.0509 0.0104  0.1973 0.0366  0.03012 0.00104 183 31 191 7
08GN36.1-18* 103 255 040  0.0784 0.0048 22936 0.1366  0.20429 0.00372 1210 42 1198 20
08GN36.1-19 113 176 064  0.0491 0.0058  0.2027 0.0238  0.02962 0.00078 187 20 188 5

(continued on next page)
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Appendix Table 1 (continued)

Analysis Th U Isotopic ratio Age (Ma)
(ppm)  (ppm)  Th/U  2°Pb/2%°Ph i+ 10 207ph235y  t 10 206ph/238y 10 207pp23By £ 10 2PbBU t 1o
08GN36-1
08GN36.1-20 96 266 0.36 0.0469 0.0043 0.1929 0.0179 0.02989 0.00074 179 15 190 5
08GN36.1-21 94 175 0.53 0.0435 0.0047  0.1818 0.0215  0.02960 0.00083 170 18 188 5
08GN36.1-22 84 144 0.58 0.0504 0.0063 0.1993 0.0250 0.02923 0.00091 184 21 186 6
08GN36.1-23* 100 164 0.61 0.1670 0.0205 0.9601 0.1540 0.03734 0.00129 683 80 236 8
08GN36.1-24 147 194 0.76 0.0471 0.0055 0.1899 0.0224 0.02991 0.00083 177 19 190 5
08GN36.1-25 70 133 0.53 0.0588 0.0083 0.2417 0.0356 0.02966 0.00087 220 29 188 5
Spots with one and two asterisks are inherited and Pb lost zircon grains, respectively. They are rejected during calculated average age.
Appendix Table 2
Trace elemental analysis results of standard samples and replicate.
Sample BHVO-2 (1 = 6) Recommended value AGV-2 (n = 6) Recommended value 08GN34-4 08GN34-4
(ppm) S.D. By USGS S.D. By USGS replicate
Sc 314 0.33 32 13.2 0.19 13 28.2 28.1
\Y 315 2.85 317 118 3.63 120 340 358
Cr 282 3.44 280 16.5 0.32 17 84.2 87.1
Mn 1295 16.9 1290 759 113 770 1376 1448
Co 44.5 0.55 45 15.8 0.22 16 424 433
Ni 117 2.73 119 18.7 0.55 19 19.7 27.6
Zn 107 7.95 103 88.8 1.56 86 134 124
Ga 21.2 0.37 21.7 20.7 0.27 20 24.8 22.6
Rb 9.20 0.18 9.8 66.9 122 68.6 8.18 8.27
Sr 381 121 389 650 8.57 658 309 316
Y 233 0.6 26 17.7 0.71 20 353 345
Zr 171 3.24 172 234 3.95 230 227 246
Nb 173 0.18 18 13.2 0.26 15 18.6 179
Cs - - - 1.18 0.02 1.16 0.67 0.72
Ba 130 3.94 130 1136 7.29 1140 184 189
La 14.9 033 15 374 0.73 38 28.2 274
Ce 36.9 0.94 38 69.1 1.28 68 59.4 57.6
Pr 5.37 0.13 531" 8.34 0.17 83 8.07 7.92
Nd 249 0.54 25 315 0.77 30 348 33.2
Sm 6.15 0.1 6.2 5.60 0.08 5.7 7.64 7.48
Eu 2.05 0.03 207" 1.52 0.02 1.54 241 2.28
Gd 5.89 0.12 6.3 4.71 0.1 4.69 741 7.31
Tb 0.94 0.02 0.9 0.64 0.01 0.64 1.20 1.18
Dy 5.23 0.09 531" 3.47 0.09 3.6 7.06 6.84
Ho 0.99 0.02 1.04 0.68 0.02 0.71 141 1.36
Er 243 0.05 254" 1.78 0.05 1.79 3.87 3.71
Tm 0.32 0.01 0.34" 0.25 0.01 0.26 0.56 0.54
Yb 1.93 0.05 2 1.60 0.06 1.6 3.47 3.32
Lu 0.28 0.01 0.28 0.25 0.01 0.25 0.53 0.49
Hf 4.56 0.09 41 539 0.12 5.08 5.75 6.20
Ta 1.16 0.02 14 0.84 0.01 0.89 1.28 1.28
Pb - - - 12.8 0.64 13 10.7 121
Th 1.22 0.03 1.21 6.17 0.04 6.1 6.73 7.02
u 0.42 0.01 - 1.88 0.01 1.88 1.12 1.18

Data with asterisk are from Raczek et al. (2001).
Reference:

Raczek, 1., Stoll, B., Hofmann, A.W., Jochum, K.P. 2001. High-precision trace element data for the USGS reference materials BCR-1, BCR-2, BHVO-1, BHVO-2, AGV-1, AGV-2, DTS-1, DTS-2,

GSP-1 and GSP-2 by ID-TIMS and MIC-SSMS. Geostandards Newsletter 25(1), 77-86.
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