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Abstract

Although the mantle plume model has been increasingly adopted for generation of the Emeishan
basalts, doubts have been cast on the viability of this model because of the relatively small dimen-
sions of this large igneous province (LIP) compared with typical LIPs. The Emeishan LIP was tradi-
tionally thought to be bounded on the southwest by the Ailaoshan-Red River (ASRR) fault zone.
However, pre-Cretaceous strata in the Jinping area, southwest of the ASRR fault zone, are compara-
ble to those at Binchuan in the western margin of the Emeishan LIP. This correlation is reinforced
by similar chemostratigraphic variation of Upper Permian basalts from these spatially separated
regions. Therefore, the Jinping basalts, which crop out ~500 km southeast of the Binchuan counter-
part, are interpreted as a dismembered part of the Emeishan basalts that were displaced to the
present location by mid-Tertiary sinistral movement along the ASRR fault. We suggest that the
ASRR fault does not bound the Emeishan LIP. Thus, this LIP has a much larger extent, and its
western sector may have extended toward the Paleo-Tethyan ocean, and may have been destroyed by

closure in the Triassic.

Introduction

THE EMEISHAN FLOOD BASALTS in southwestern
China, one of the oldest Phanerozoic Large Igneous
Provinces (LIPs), have recently received much
attention, because of the possible connection
between flood volcanism and mass extinctions
around the Permian—Triassic boundary (e.g., Chung
et al., 1998; Wignall, 2001; Lo et al., 2002; Zhou et
al., 2002). It has been proposed that the Emeishan
basalts were generated by a plume arising from the
deep mantle that reached the base of the Yangtze
craton during Late Permian time (Chung and Jahn,
1995; Chung et al., 1998; Song et al., 2001; Xu et
al., 2001). Although the plume model is consistent
with petrologic and geochemical signatures of these
basalts (Xu and Chung, 2001; Xu et al., 2001), and
is supported by crustal doming immediately preced-
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ing eruption (He et al., 2003), doubts have been
raised about the viability of this model by some
workers in view of the relatively small exposure
(~250,000 km? in comparison with 1,000,000 km?
typical of other LIPs; Coffin and Eldholm, 1994) and
relatively few volcanic cycles of the Emeishan lavas
(e.g., Thompson et al., 2001). The low number of
volcanic cycles proposed by Thompson et al. (2001)
may be attributable to their observing unrepresenta-
tive outcrops. Lava sequences more than 5000 m
thick exist in the western Emeishan LIP (i.e., Bin-
chuan; Xu et al., 2001). On the other hand, the
Emeishan basalts are remnants of an igneous prov-
ince that was subjected to intensive destruction and
erosion, so the currently accepted surface exposure
value of ~250, 000 km? is only a minimum estimate.

The Ailao Shan—Red River (ASRR) fault zone is
generally considered to represent the western
boundary of the Emeishan LIP (Lin, 1985; Zhang et
al., 1988). Both petrologic and sedimentary studies,
however, suggest that the center of the postulated
mantle plume that generated the Emeishan flood
basalts was located in western Yunnan Province,
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i.e., in the western part of the Emeishan LIP (Xu et
al., 2001; He et al., 2003). The distribution of
plume-derived basalts is expected to be symmetric
around the locus of the plume (e.g., Campbell and
Griffiths, 1990). The asymmetric distribution of the
Emeishan basalts (Fig. 1) implies that its western
sector may have been cut off during post-eruptional
tectonic movements (Chung et al., 1998). It is possi-
ble that Upper Permian basalts and mafic com-
plexes exposed at Jinping (southwestern Yunnan
province) and in northern Vietnam (Glotov and Poly-
akov, 2001) constitute a westerly extension of the
Emeishan LIP. Disruption of these members from
the former Emeishan LIP may be related to mid-Ter-
tiary continental extrusion of Indochina relative to
South China along the ASRR fault zone (Tapponnier
et al., 1990; Wu, 1993; Chung et al., 1997).

This idea can be tested via stratigraphic compar-
ison of lava successions occurring on either side of
the ASRR fault zone. For this purpose, a series of
stratigraphic horizons for volcanic successions at
Binchuan and Jinping in Yunnan Province (Fig. 1)
have been sampled. These localities were chosen
because both lava sections are thick (> 4000 m), and
more importantly, previous studies revealed a con-
siderable compositional diversity at Binchuan (Xu
et al., 2001). Hence, this would ensure the suitabil-
ity of applying the chemostratigraphic approach to
relate two spatially separated distal sections. This
paper presents new geochemical and chemostrati-
graphic data from these rocks. It will be shown that
the Jinping basalts are well correlated with those at
Binchuan in terms of rock types and stratigraphic
variation. Although located outside of the Emeishan
LIP, the Jinping basalts are an intrinsic member of
the Emeishan basalts. The identification of Emeis-
han basalts to the west of the ASRR fault zone
implies a significantly larger field for the former
Emeishan LIP. The fate of this west sector was
closely linked with the evolution of the Paleo-

Tethyan ocean, which separated the Yangtze craton
from the Indochina block.

Geological Setting and Stratigraphic
Sequences at Jinping and Binchuan

The Emeishan LIP is located in Yunnan,
Sichuan, and Guizhou provinces, southwestern
China. The thickest volcanic succession crops out at
Binchuan, western Yunnan Province (Fig. 1); it con-
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sists of a range of rock types, including low-Ti and
high-Ti basalts, picrites, and rhyolites (Huang et al.,
1988; Xu et al., 2001). The Upper Permian basalts
also occur west of the ASRR fault zone, particularly
at Jinping, southwestern Yunnan Province (Fig. 1),
located about 500 km southeast of the Binchuan
area. The Jinping basalts cover an area of more than
400 km?, with a lava thickness of up to 4536 m
(Yunnan, 1990). However, petrological and
geochemical investigations have not yet been car-
ried out on this massive basaltic province, except for
a few analyses reported by Chung et al. (1997). As at
Binchuan, the Jinping basalts unconformably over-
lie the upper Middle Permian Maokou Formation,
and are in turn overlain by Lower Triassic sedimen-
tary clastic rocks.

Further insight into the geological features at
Binchuan and Jinping can be gained from Figure 2,
which summarizes the Pre-Cambrian to Quaternary
stratigraphic sequences at the two localities. The
strata at Pingbian are also included in Figure 2
because this locality is spatially close to Jinping but
is situated east of the ASRR fault zone (Fig. 1). It is
clear that the pre-Cretaceous stratigraphy of the
Jinping area matches that of the Binchuan area very
well, despite the large distance between the two
localities. Similar observations have been made in
earlier studies (Yunnan, 1990; Luo and Zhang,
1992). In contrast, a considerable difference in
stratigraphic variation is noted at Jinping and Ping-
bian, although these locations are close to one
another. Specifically, the most prominent difference
is the absence of Upper Permian basalts at Pinbian.
These stratigraphic relationships suggest that the
Jinping area was spatially connected with the
Binchuan area during most of its geological history.
At Jinping and Binchuan, the Paleogene and
younger strata are different, indicating that their
separation took place some time between Late Cre-
taceous and Paleogene time. This separation is most
likely related to Cenozoic sinistral movement of
the Indochina block along the ASRR fault zone
(Tapponnier et al., 1990; Chung et al., 1997). The
good correlation of Pre-Cretaceous strata at Bin-
chuan and Jinping provides evidence for a possible
genetic link between the Jinping basalts and the
Emeishan basalts. A more rigorous assessment of
their relationship can be made through direct com-
parison of the two lava successions themselves, in
terms of petrological and geochemical criteria.



EMEISHAN LARGE IGNEOUS PROVINCE 755

100°E 105 E
I = T~ I N | A | B
o /)
g e R Ailao Mt
Bacsin g e 0 . 200kn ar
£ '~
,.\_'- © CHENDU BN }
30N o N
4 “ Jdson A ,Shuanggou% Yangtz Craton
f Qoo : e e Z\RASRR
P R ?‘_{’0 ]
" MNanwengiacQ e I
s AMojiang T -1
P -~

= South Chinal
Block

Binchuafi ;
L1 I s 4
O

25°N

A

’c
et 5 e —
SC

® Dinbian

2oy 26700 103°00

2550 x ANV, einenadq
| T Counly
T P Prcan
bERE ST
2540
L2440
Xiaggan City Var 7 vl"femam
100700 100'15" 100730 10300 1035’

Triassic sediments (I g;iz\;'g:g:gfmems [[*] Proterozoic granite

Upper Permian flood basalts Jurassic granite [T] Diabase

Carboniferous and Lower . ; ; ;
: : M i
= Permian limestone [+] esozologranite [#] Sampling section

FIG. 1. A. Schematic map showing the distribution of the Late Permian volcanic successions (grey and black areas
show HT basalts and LT + HT basalts, respectively) in the Emeishan LIP (modified after Xu et al., 2001). B. Tectonic
framework in Jinping area (modified after Luo and Zhang, 1992; Mo et al., 1998; Zhong, 1998). Local geology and
sampling locations are shown in (C) for Binchuan and (D) for Jinping, respectively. Major terranes: SC = South China
block; YZ = Yangtze craton; SG = Songpan-Ganze accretionary complex; QT = Qiangtang; STM = San-Thai-Malay; IC =
Indochina; WB = West Burma; HI = Himalayan; LS = Lhasa; QD = Qaidam; TAR = Tarim; KAZ = Kazkhstan; MON =
Mongolia; NCB = North China block). P2-1, P2-2, P2-3, P2-4, P2-5, and P2-6 in Figure 1C are subunits of the Emeishan
flood basalts. The star shows the postulated center of the Emeishan mantle plume impact. Arrows indicate the sampling
localities. The fine dotted line and dashed line illustrate the previously defined (Lin et al., 1986; Huang et al., 1988) and
currently postulated areas of the Emeishan LIP, respectively. The Jinping terrain was initially located near the Dali
(Binchuan) area. It was dismembered by sinistral movement along the marginal Ailao Shan—Red River fault zone during
Cenozoic time.
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Chemostratigraphic Comparison of
Permian Basalts at Jinping and Binchuan

As the thickest lava succession in the Emeishan
LIP, the Binchuan section serves as a reference for
comparison with other basalt members. We will first
deal with the rock classification of the Binchuan
section and the petrographic and geochemical
description of the different rock types. Secondly, the
same classification scheme will be applied at Jin-
ping to unravel the petrologic and compositional
diversity of the basalts from this locality. Finally, the
different rock types, especially their stratigraphic
variations, will be compared in the two sections.

The Binchuan basalts

Classification and geochemical characteristics.
The measured Binchuan section exceeds 5000 m,
and comprises dominantly basaltic lava flows with
subordinate trachytic and rhyolitic rocks in the
uppermost sequence (Fig. 3). Sixty basaltic samples
were collected from this section and were analyzed
for major and trace elements, using ICP-AES and
ICP-MS, respectively. All the measurements were
carried out in the Guangzhou Institute of Geochem-
istry, Chinese Academy of Sciences. Analytical
uncertainties are 1-2% for major elements, 5% for
rare-earth elements, and 5-10% for trace elements.
Details of the analytical procedures are given in Liu
et al. (1996) and Xu (2002). Representative analyses
are listed in Table 1.

Two rock types, namely high-Ti and low-Ti
basalts, have been classified for the Emeishan
basalts on the basis of a small number of analyses for
the samples from Binchuan and Ertan (Xu et al.,
2001). The high-Ti group (HT) generally has higher
Ti/Y (>500) and TiO, (>3.7 wt%) than the low-Ti
group (LT) (Ti/Y <500, TiO, <2.5 wt%). This classi-
fication scheme is confirmed by the large database
for the Binchuan basalts obtained in this study (Fig.
4). Moreover, available data permit a further subdi-
vision of the low-Ti group into LT1 and LT2 types on
the basis of trace element characteristics.

In general, the LT1 basalts have higher Mg#
(0.67-0.61) than the LT2 basalts (Mg# = 0.54-0.48)
(Table 1). A more evolved nature characterizes the
HT basalts, for which Mg# varies between 0.53 and
0.44 (Fig. 4A). Distinction between the LT1 and LT2
lavas is also clear in the plot of Th/Nb and Sm/Yhb
versus Ti/Y, which highlights the high contents of
highly incompatible elements in the LT1 lavas (Figs.
4B and 4C). LT1 lavas have Sm/Yb (3>Sm/Yb>2)
ratios higher than LT2 (<2) and lower than the HT
lavas (>3), and higher Th/Nb (>0.17) ratios than the
LT2 and HT basalts (Th/Nb <0.17).

Differences between these three groups are also
easily recognized in a comparison of their REE pat-
terns and multiple-element spidergrams (Fig. 5).
Among the three groups, the HT magmas show the
highest LREE concentrations, with (La/Yb) \ rang-
ing from 14 to 17 (Table 1; Fig. 5A). In the primitive
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FIG. 3. Composite stratigraphy of Upper Permian basalts from Binchuan and Jinping.

mantle— normalized spidergrams, the HT lavas are
characterized by depletion of Rb and Ba relative to
Th, and by marked negative Sr anomalies (Fig. 5B).
No significant negative Nb anomaly is noted in the
samples of this group. Much lower contents of LREE
are observed in the low-Ti lavas. Specifically, the
LT2 basalts show lower LREE contents [(La/Yb)y =
2-4.8] than the LT1 basalts [(La/Yb)y = ~5-8]
(Table 1). Weak negative Eu anomalies are noted in
the LT1 lavas, but are not observed in the LT2 sam-
ples (Fig. 5C). Significant differences between the
LT1 and LT2 basalts is also evident in the spider
diagrams (Figs. 5D-5F). The LT1 basalts show pro-
nounced negative Nb and Ta anomalies. In contrast,
no anomalies for Nb and Ta are associated with the
LT2 basalts. Although variable, positive Sr anoma-
lies are present in some LT2 lavas, in contrast to the
weak negative Sr anomalies in the LT1 samples.

Petrography. The rock types classified on the
basis of compositional criteria show distinct petro-
graphic features in terms of phenocryst and ground-
mass compositions. The LT1 lavas are mainly
aphyric and subordinately phyric. Phenocrysts in
phyric rocks are plagioclase (5-10%), olivine (2—
8%), and clinopyroxene (2—6%). The groundmass is
comprised of plagioclase (25-60 %), basaltic glass
(20-45%), and minor magnetite (3—5%). The LT2
type is characterized by clinopyroxene and plagio-
clace phenocryst-dominated phyric basalts, which
are locally interbedded with aphyric basalts. Phe-
nocrysts in the phyric rocks are plagioclase (2—6%)
and clinopyroxene (1-7%). The mineral assemblage
in the groundmass is similar to that of the LT1
basalts. The HT basalts are phyric, with plagioclase
as the dominant phenocryst (10-20%). Clinopyrox-
ene phenocrysts are minor (1-2%).
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TABLE 1. Representative Major Oxides and Trace-Element Abundances of Late Permian Basalts
from the Jinping and Binchuan Areas

Jinping
LT1 LT2
Sample jp-17 jp-18  jp-19  jp-20  jp-21  jp-3 jp-4 ip-7 jp-8 jip-9  jp-11 jp-12 jp-13 jp-15
wt%
Sio, 5598 53.28 53.82 55.890 50.81 4925 47.33 4771 4768 4756 4854 5040 4841 55.49
TiO, 153 139 137 187 192 2290 234 209 215 196 228 214 149 1.6l
Al 0, 14.39 1504 1471 11.67 1290 13.10 1349 1442 1357 1260 1238 1458 1390 14.23
Fe, 0, 153 136 152 154 163 229 238 229 232 219 247 214 1.67 156
FeO 783 694 776 7.84 830 11.67 1213 1167 11.81 11.18 1259 1089 852  7.96
MnO 015 0.3 015 015 015 025 024 024 027 024 032 038  0.14  0.14
MgO 566 572 695 527 792 627 627 499 761 629 555 611 748  5.30
Ca0 505 874 858 856 1063 633 596 911 690 1015 926 440 1197 5.0
Na,0 247 242 200 317 188 376 503 446 3.66 343 319 295 251 233
K,0 285 153 143 071 041 1.84 035 006 028 006 125 1.14 131 203
P,0, 021 013 018 016 017 020 025 023 019 022 022 010 022  0.20
LOI 331 3.82 230 265 390 287 372 363 363 368 108 400 238 296
Total 100.97 100.52 100.80 99.50 100.66 100.14 9953 100.92 100.12 9961 99.14 99.27 100.03 99.34
Mgi#! 051 057 060 049 062 041 040 035 047 043 035 043  0.60  0.48
ppm

Ba 689.70 298.70 358.80 112.20 7590 731.60 10550 11.90 4590 17.80 44440 371.90 466.30 467.00
Rb 10540 40.88 71.39 16,50 1038 4824 389 055  6.87 099 3427 3241 2959 2941
Sr 425.80 149.30 416.20 128.70 100.60 284.80 10040 82.60 42640 67.20 389.40 31820 337.90 340.00
Y 31.17 28.30 3246 2834 2926 3562 3649 2911 3092 3454 3655 3357 2305 23.09
Ir 19040 183.90 187.60 179.90 114.00 153.30 158.60 134.20 135.50 133.00 142.20 214.30 124.90 125.80
Nb 1698 14.53 1396 17.39 1680 1592 1599 14.28 14.70 1426 1572 2643 14.38 14.34
Th 748 711  6.75 465 426 1.70  1.74 230 151 1.64 160 404 166  1.63
Ga 1831 2242 2158 1743 2259 20838 21.61 3378 1911 2197 21.17 2251 19.18 19.07
Ni 4.55 39.08 6357 8140 8364 8328 5254 7970 67.09 9955 50.39 66.50 116.50 116.50
\% 241.0 2157 2314 2520 2752 4160 361.2 3574 4112 3999 4725 2634 2587 259.8
Cr 1275 2702 3322 1941 3239 463 526 489 389 443 241 725 3253 3272
Hf 465 435 436 420 329 389 378 317 326 323 358 476 3.06 295
Cs 237 054 092 069 066 080 021 013 090 022 038 130 0.64  0.65
Se 2960 27.61 29.12 2732 3094 39.18 3856 2579 4036 4224 3956 3296 3049 30.26
Ta 1.07 090 088 108 106 096 091 085 087 084 093 149 0.81 0.8l
Co 31.62 3193 39.69 39.11 43.85 48.60 5210 4249 5225 53.39 5449 4898 4646 46.44
U 152 156 149 111 073 041 036 045 029 035 037 0.68 042 040
La 2719 2549 2509 2047 22.08 1229 1074 1517 991 1269 1043 1935 11.00 10.89
Ce 54.25 50.06 50.04 42.65 4575 2659 2592 30.16 23.08 27.13 2430 41.00 2390 23.71
Pr 704 632 645 582 613 385 391 454 333 385 362 558 337 335
Nd 28.70  25.02 2649 2420 2649 18.14 1851 20.17 1520 17.36 17.22 2354 1538 15.01
Sm 6.03 525 573 534 583 480 507 475 405 450 478 539 383  3.79
Eu 1.57 145 151 159 185 1.73 1.71 1.63 147 156 175 164 138 135
Gd 639 552 586 546 606 600 600 536 497 557 601 600 446  4.35
Th 098 0.86 098 089 094 102 101 087 086 093 1.02  1.00 071  0.69
Dy 555  4.89 556 498 522 614 613 491 517 564 618 591 411  4.02
Ho 1.05 092 104 092 094 119 121 093 1.03 1.13 123 115 079  0.77
Er 2.86 248 295 249 256 328 326 260 278 307 338 312 210 208
Tm 042 037 042 036 036 050 048 036 042 045 051 046 032 0.1
Yb 264 232 271 220 223 312 296 228 265 287 324 291 1.96  1.96
Lu 042 038 041 035 035 050 046 035 043 046 051 046  0.31  0.30
Ti/Y 335 332 395 438 459 422 404 480 443 379 414 419 444 445

REE 1450 131.3 1352 117.7 1268 891 873 940 753 872 841 1175 736 726
Th/Nb 044 049 048 027 025 011 011 016 010 012 010 015 012 0.1
(La/Yb)n 7.4 788  6.65 667 712 282 260 274 219 317 231 478 463 398
Sm/Yb 036 036 041 031 035 030 032 033 028 032 030 020 027 0.26
Nb/U 11 9 9 15 23 39 44 31 50 41 42 38 34 35

Zr/Nb 11.2 126 134 103 6.7 9.6 9.9 9.4 9.2 9.3 9.0 8.1 8.6 8.7
La/Nb 1.60 175 180 118 131 077 067 106 067 089 066 073 076 0.76
Ba/Nb 40.62 2056 2570  6.45 452 4595  6.60 083  3.12 1.25 2827 14.07 3243 32.57

(Table continues)
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TABLE 1. Continued

Binchuan
LT1 LT2 — HT —
Sample  sc-2 sc-3 wl-6  wl-10  wl-12  wl-14  wl-22  wl-25 wl-26 wl-28 wl-29  wl-33  ry-2 ry-5 ry-8

wt%
Si0, 4991 5144 52.10 47.46 47.70 49.84 51.61 4826 46.41 50.46 46.08 52.60 48.11 48.34 45.68
TiO, 1.59 1.38 1.31 1.42 1.45 1.46 1.70 1.53 1.54 1.65 1.56 1.60  4.48 4.34  4.50
Al0, 13.65 14.37 12.88 12.61 12.60 14.25 12.38 14.80 14.03 14.54 14.39 13.39 13.46 13.25 14.93
Fe,0, 1.68 1.50 1.47 1.57 1.63 1.54  2.04 2.01 1.92 1.87 1.83 1.82  2.18 2.15 213
FeO 8.57  7.67 7.52 8.88  8.31 7.86 10.39 1026 10.12 9.54  9.33 9.30 11.11 1095 10.88
MnO 0.16  0.14  0.13 0.15 0.15 0.14 0.18 0.21 0.18 017 019 0.15 0.19 0.16  0.23
MgO 8.21 698 640 8.75 9.17  6.93 6.23 578 6.68 556 4.79 5.06 5.12 4.86  6.88
Ca0 10.64 873 11.45 11.82 11.24 945 8.18 11.04 11.12 538 13.18 6.76  8.54 8.06  5.50
Na,O 2.19  3.85 1.93 1.63 1.94 387 4.5 2.94 1.49 479 3.09 4.60 3.62 3.45  4.74
K,0 0.62 0.75 037 0.26 0.73 0.33 0.96 1.24 1.35 030 057 245 0.17 2.28  0.33
P,0, 0.17 0.16 0.10 0.12 0.13 0.16  0.19 0.18 0.25 045 043 0.42  0.44 0.42 0.41
LOI 2.09  3.33 4.85  4.83 5.12 336  2.89 1.72 499 439 431 1.96  3.02 1.92 3.94
Total 99.50 100.34 100.55 99.51 100.20 99.21 100.93 100.00 99.03 99.16 99.79 100.11 100.47 100.20 100.19
Mg#! 0.63 0.62 0.61 0.64 0.67  0.61 0.52 0.50  0.54  0.51 048  0.50 045 0.44  0.53
ppm

Ba 217.50 176.70 85.12 66.80 175.40 83.65 477.80 291.70 246.40 73.54 175.30 646.80 67.85 851.70 122.20
Rb 2227 1843 937 698 17.76 920 2295 3323 2427 825 1658 50.84 3.46 6990 5.64
Sr 464.20 357.40 170.30 132.40 180.40 264.70 379.00 219.30 252.80 540.40 291.40 409.20 892.40 468.60 336.60
Y 25.69 2928 2191 23.56 23.38 2622 30.38 30.83 23.69 24.89 24.37 2213 46.99 40.60 38.44
Zr 150.60 179.50 108.10 122.90 123.80 141.10 105.30 125.80 106.20 112.90 106.70 103.20 414.80 402.70 415.90
Nb 12.85 12.73 9.76 11.17 11.11 11.21 11.39 11.11 13.70 17.65 1698 1645 53.06 5148 52.62
Th 329  6.22 1.86 246 2.60 3.58 1.10 2.00 1.41 1.69 1.67 1.40  5.94 6.11 6.21
Ga 19.18 21.38 20.17 20.59 18.05 18.07 14.53 20.81 2247 19.21 2250 11.72 2243 19.54 27.16
Ni 117.6 90.2 120.0 173.5 182.4  34.1 71.7 76.4 79.7 674 609 575 57.0 65.0 78.4

A% 290.3 217.5 260.1 289.9 296.0 286.6 368.6 306.6 286.7 3234 319.5 296.9 388.1 382.7 382.0

Cr 371.70 355.50 265.80 465.90 471.00 141.40 7091 59.55 61.46 41.03 41.03 27.65 71.58 94.32 104.40
Hf 3.51 4.19 254  2.88 296 336  2.62 296  2.51 2.65  2.52 2.62  8.75 8.72 8.99
Cs 239 007 028 0.64 0.61 0.05 044 036 0.66 038 096 0.27 0.57 12.11 2.14
Sc 36.57 26.76 27.40 34.26 34.89 33.51 40.51 33.31 26.55 24.24 23.17 2285 29.92 3028 31.14
Ta 0.77  0.82 0.58  0.69 0.70  0.71 0.67 0.66  0.72 0.92 0.85 090 3.23 3.17  3.25
Co 46.30 38.74 38.80 47.38 49.00 42.85 50.20 4794 45.62 44.75 41.59 41.31 3990 36.80 46.58
U 0.74 1.39 046  0.59 0.63 090  0.24 0.54  0.34 041 0.41 0.30 1.45 1.29 093
La 15.38  21.01 11.32 12.85 12.62 14.71 8.05 9.69  8.79 10.94 10.81 9.92 47.22 41.14 42.44
Ce 32.80 43.10 23.35 26.73 26.02 31.05 1852 21.13 19.61 23.65 23.09 21.43 104.20 93.48 91.28
Pr 449 558 330 3.65 3.57 4.33 2.90 3.07 2381 3.32 324  3.04 14.08 12.74 12.03
Nd 19.42 22.70 14.41 1593 16.02 19.00 13.83 14.45 1296 15.00 14.63 14.14 57.81 53.45 51.35
Sm 4.55 507 350  3.89 385 446  3.82 392 344 370 359  3.60 11.48 10.63 10.22
Eu 1.48 1.58 1.25 1.31 1.26 1.33 1.30 1.39 1.22 1.29 1.44 1.23  3.30 3.10 3.18
Gd 4.93 526 395 4.42 444 494 471 4.95 4.16  4.32 4.23 4.34  10.61 9.56  9.03
Th 0.77 085 0.64 070 0.71 0.79  0.83 0.83 0.68 0.71 0.68  0.68 1.57 1.44 1.35
Dy 4.35 491 3.65  4.03 4.04  4.51 4.90 5.06  3.99 4.13 396  4.00 8.12 7.55 7.18
Ho 0.82 095 0.70  0.75 0.76  0.85  0.99 1.01 0.78 080 078  0.77 1.48 1.35 1.29
Er 2.19 2,58 1.84  2.01 214 239  2.69 2.87  2.07 213 2.08 213 3.1 3.47  3.29
Tm 0.31 0.39 027 029 030 0.33 0.40 0.41 0.31 0.32 0.30  0.31 0.53 0.48  0.46
Yb 1.93 2.37 1.63 1.79 1.85 210 249 2.64 1.87 1.95 1.86 1.93  3.16 290 2.78
Lu 0.30 038 026 029 028 0.33 0.40 0.41 0.30  0.31 0.30  0.30  0.50 0.46 043

Ti/Y 421 281 372 428 395 362 389 314 456 446 446 459 617 703 769
REE 93.7 116.7 70.0 78.6 77.8 91.1 65.8 71.8 63.0 72.5 70.9 67.8 267.8 241.7 2363
Th/Nb 0.26 0.49 0.19 0.22 0.23 0.32 0.10 0.18 0.10 0.10 0.10 0.09  0.11 0.12 0.12
(La/Yb)n  5.72 6.36 497 5.6 5.02 4.88 232 2.63 3.37 3.06 4.18 3.68 14.97 16.54 16.26
Sm/Yb 2.36 2.14 2.14 2.18 2.09 2.12 1.54 1.48 1.84 1.89 1.93 1.86  3.64 3.67 3.68
Nb/U 17 9 21 18 17 12 47 20 40 42 41 54 36 39 56
Zr/Nb 11.72 14.10 11.08 11.00 11.14 12.59 924 11.32 775 6.40 6.28 6.27 7.82 7.82 7.90
La/Nb 1.20 1.65 1.16 1.15 1.14 1.31 0.71 0.87  0.64  0.62 0.64 0.60  0.89 0.80 0.81
Ba/Nb 16.9 13.8 8.7 5.9 15.7 7.4 41.9 26.2 17.9 4.1 10.3 39.3 1.2 16.5 2.3

Mg# = 100Mg/(Mg + Fe).
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FIG. 4. Plots of Ti/Y versus Mg#, Sm/Yb, and Th/Nb for
basalts from the Binchuan and Jinping areas. LT1 and LT2
basalts from Jinping overlap the LT1 and LT2 samples from
Binchuan.

The Jinping basalts

When the same classification scheme is applied
to the Jinping case, it becomes apparent that the Jin-
ping lava succession consists of LT1 and LT2 basalts
(Fig. 3). The Jinping samples are comparable to the
respective rock types from Binchuan in terms of
major- and trace-element composition (Figs. 4-6).
The Jinping LT1 basalts are mainly aphyric,

XIAO ET AL.

whereas the T2 samples are mainly phyric. These
petrographic features are essentially similar to those
for the corresponding types at Binchuan. However,
no HT type rocks occur at Jinping.

Chemo-stratigraphic variation

As discussed above, the Jinping basalts display
petrographic and geochemical characteristics simi-
lar to typical Emeishan basalts of the Binchuan
area. This provides the basis for further comparison
of stratigraphic variations at the two localities. Mg#,
Ti/Y, Th/Nb, and Sm/Yb are suitable criteria for dis-
tinguishing the different rock types at Binchuan and
Jinping (Fig. 3). Accordingly, these parameters for a
given sample are plotted against stratigraphic level
in Figure 6. This approach helps to illustrate the
changes that occur in volcanic rock types. It is clear
from these plots that different rock types occur at
certain stratigraphic positions. In the Binchuan
case, the LT1 basalts occur at the lowermost part of
the lava succession. LT1 basalts are overlain by LT2
lavas, which are in turn are covered by HT basalts.
Field observations suggest that the basaltic
sequence at Binchuan is capped by silicic magmas
of rhyolitic composition. Such a stratigraphic varia-
tion is essentially similar to that previously
described by Xu et al. (2001).

Only the LT1 and LT2 types are documented in
the Jinping area. Nevertheless, available data show
that at Jinping, the LT1 basalts are also overlain by
LT2 lavas. It can be concluded that the Jinping
basalts show the same evolutionary pattern as the
Binchuan basalts, although the collected samples
from the Jinping section may only correspond to the
middle to lower part of the Bingchuan section (Figs.
2 and 3). The absence of HT lavas in the Jinping
section may be due to incomplete sampling or, alter-
natively, may be related to tectonic destruction dur-
ing sinistral movements (see next section).

Discussion

The Jinping basalts—a dismembered part of the
Emeishan LIP

As one of the thickest lava successions, the Bin-
chuan section is representative of the volcanic
sequences of the west Emeishan LIP and thus serves
as a reference for comparison. Petrologic and
geochemical investigations allow classification of
the Bingchuan basalts into three rock types, namely
LT1, LT2, and HT basalts. These rock types display
significantly different petrologic and geochemical
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signatures, reflecting different petrogenetic pro-
cesses. Petrogenetic models for some of these rocks
have been discussed by Xu et al. (2001) as part of a
reconnaissance study; a more detailed petrogenetic
evaluation will be given elsewhere (Xiao et al.,
2003). What is emphasized in this study is the
stratigraphic relationship between these rocks. As
seen in Figures 3 and 5, the LT2 basalts at Binchuan
are sandwiched between the LT1 and HT basalts (at
the bottom and top, respectively). Thus, in addition
to the overall stratigraphic comparison (Fig. 2), the
peculiar basaltic rock types and characteristic
stratigraphic order between them provide a more
precise means of stratigraphic correlation.

The Jinping basalts show similar rock types
(except for HT) and, more importantly, the same
stratigraphic relationship between the different rock
types as seen at Binchuan (Fig. 6). Along with their
sedimentary stratigraphic similarities (Fig. 2), these
two areas may have been closely associated spatially

during a large part of geologic time, but were sepa-
rated by later tectonic movements. Thus, the Jinping
basalts may represent a dismembered part of the
Emeishan LIP. Despite the proximal location of Jin-
ping and Pingbian, the strata at the two localities
show considerable differences and cannot be corre-
lated over most of the geologic record. Since Jinping
and Pingbian are separated by the ASRR fault zone,
it is possible that at least one of them is “exotic” and
was displaced from other unrelated terrains. The
pre-Cretaceous stratigraphic sequences at Jinping,
in fact, can be well correlated with those at Bin-
chuan, despite the fact that the two localities are
separated by more than 450 km. On a small scale,
the Upper Permian basalts in the two localities are
also comparable, strongly suggesting that the Jin-
ping terrain may have been originally located near
Binchuan. The strata at Binchuan and Jinping differ
since Early Paleogene time (Fig. 2). This observa-
tion implies that their separation took place at some
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time between the Late Cretaceous and Early Paleo-
gene. Therefore, the Cenozoic sinistral movement of
the Indochina block along the ASRR fault zone
(Tapponnier et al., 1990; Chung et al., 1997) may be
the mechanism responsible for the dismemberment
of the Emeishan LIP, leading to the occurrence of
the Emeishan-type flood basalts in southern Yunnan
as well as northern Vietnam.

On the basis of the current distance between
Binchuan and Jinping, a minimum of 450 km can be
estimated for sinistral displacement along the
ASRR fault zone. The actual left-lateral movement
could have been greater than 450 km because there
was a significant right-lateral movement afterwards
(Leloup et al., 1993; Ren and Jin, 1996). In fact, the
original position of the Jinping section cannot be
precisely constrained because the strata at Lijiang,
150 km north to Binchuan, is also broadly compara-
ble to that at Jinping (Wu, 1993). This represents
another source of uncertainty in the displacement
estimate.

Constraints on the western boundary

of the Emeishan LIP

The close affinity between the Jinping basalts
and the Emeishan basalts also has some implica-
tions for the western boundary of the Emeishan LIP.
Relocation of the Jinping section to the region
proximal to Binchuan suggests that the Jinping
basalts may represent the western extension of the
Emeishan LIP. This suggests that the ASRR fault
zone is not the western boundary of the Emeishan

basalts, as previously thought (Huang et al., 1988;
Zhang et al., 1988). The thickness of the Emeishan
basalts varies from over 5000 m in the west (i.e., in
western Yunnan Province) to several hundred
meters in the east (i.e., in Guizhou Province) over an
area 800 km in diameter. If the distribution of the
plume-derived basalts is roughly symmetric around
the impact site of the plume head, as proposed by
Campbell and Griffiths (1990), and the center of the
Emeishan plume was located in western Yunnan
Province (Xu et al., 2001; He et al., 2003), the rem-
nant Emeishan basalts may only correspond to the
core and eastern sector of the original igneous prov-
ince, and the western sector may have been
destroyed during later geologic evolution.
Paleomagnetic studies and plate reconstruction
suggest that in the Permian, the western Yangtze
craton was a passive continental margin (Huang et
al., 1992; Yin and Nie, 1996), and to its west was the
paleo-Tethyan ocean (Zhong, 1998). It is therefore
highly likely that the basalts in the western sector of
the Emeishan LIP were erupted into that oceanic
realm. This interpretation is supported by the obser-
vation of Upper Permian marine basalts exposed in
the Zhongzha terrain and adjacent areas in northern
Yunnan Province (Xiao et al., 2003). Preliminary
analyses show that these basalts have geochemical
features similar to the Emeishan basalts. It is there-
fore likely that the initial western boundary of the
Emeishan LIP occurred somewhere within that
ocean (Fig. 7). However, the reconstruction of the
Emeishan LIP is difficult to define because closure
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of the Paleo-Tethyan ocean must have completely
dismembered and destroyed the western sector of
the former Emeishan province.

Implication for the boundary between the Yangize
and Indochina plates

Many geologists regard the ASRR fault zone as a
suture separating the Yangtze craton from the
Indochina block (Tapponnier et al., 1986; Leloup et
al., 1995; Wang et al., 2000). The main evidence for
this interpretation is the occurrence of some dis-
membered mafic to ultramafic rocks (interpreted as
ophiolitic fragments) along the fault zone (Zhang et
al., 1994; Wang et al., 2000; Zhang and Zhou,
2000). The identification of Emeishan basalts at

Jinping, however, casts considerable doubt on this
proposition. Accretion of the Indochina block to the
Yangtze craton took place during the Triassic (Yin
and Nie, 1986). The close spatial association
between the Jinping and Binchuan basalts in the
Late Permian (see discussion above) suggests that
Jinping belonged to the Yangtze craton, rather than
the Indochina block. This is also supported by the
similarity of the stratigraphic sequences in the two
localities over a prolonged geologic time. The ASRR
fault zone is therefore not a suture, but more likely a
marginal fault of the Yangtze craton. A similar con-
clusion was reached by Chung et al. (1997) and
Wang et al. (1998), who suggested that the Shuang-
gou ophiolite could be connected with the Song Da
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ophiolite zone in Vietnam. These authors postulated
that the actual suture may be along the Mojiang—
Lixianjiang—Song Da belt, a few tens of kilometers
south of the ASRR fault zone. While concurring
with this interpretation, we would also suggest that
the suspected suture zone southern Yunnan Prov-
ince may have been located east of Lixianjiang,
somewhere between Luchuan and Jinping (Figs. 1C
and 7). Support for this argument comes from the
presence of Upper Permian calc-alkaline volcanic-
arc rocks at Pinghe, in Luchun County (Wei and
Shen, 1997; Mo et al., 1998), which may belong to
the volcanic arc belt between the Simao basin and
the suspected suture zone.

Conclusions

The pre-Cretaceous strata at Jinping, an area
distal from the Emeishan LIP, are comparable with
those in the Binchuan area, where typical Emeishan
lava successions are preserved. Comparison on a
small scale suggests that the Upper Permian basal-
tic sequences in the two spatially separated regions
are correlated in terms of chemostratigraphic varia-
tion. Three rock types (namely LT1, LT2 and HT
basalts), occur successively from the bottom to the
top of the lava section at Binchuan. Although HT
basalts are absent, both L'T1 and LT2 units are rec-
ognized at Jinping, with the LT1 basalts underlying
the LT2 lavas. These observations suggest that the
Jinping terrain belonged to the Yangtze craton, and
the Jinping basalts represent a dismembered part of
the Emeishan basalts. Separation of the Jinping
basalts from the Emeishan LIP is interpreted as due
to Cenozoic sinistral movement of the Indochina
block and a part of the western Yangtze craton along
the ASRR fault zone (Tapponnier et al., 1990; Har-
rison et al., 1996; Chung et al., 1997). Identification
of the Emeishan basalts to the west of the ASRR
fault suggests that the ASRR fault zone does not
represent the western boundary of the Emeishan
LIP. The asymmetric distribution of the remnant
Emeishan basalts around the postulated center of
the mantle plume in western Yunnan Province
implies that the extent of the Emeishan LIP is much
larger than currently believed. The western sector of
this LIP may have extended toward the paleo-
Tethyan ocean, and may have been destroyed by
closure in the Triassic.
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