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Abstract

The ~260-Ma Emeishan large igneous province (ELIP) in SW China and northern Vietnam includes high-Ti and low-Ti
volcanic rocks and coeval mafic—ultramafic plutons. In the Jinping (SW China)-Song Da (northern Vietnam) district, the
southernmost part of the ELIP, basalts and gabbros of the high-Ti series displays a narrow range of eNd(¢) values (+0.5 to +1.1)
and low primitive mantle-normalized Th/Nb ratios (~ 1.4), similar to those of an OIB-like enriched mantle source. The rocks have
chondrite-normalized REE patterns enriched in LREE and depleted in HREE. This feature, together with low Al,O5/TiO, ratios
(~4), indicates that the primary melts were generated by small degrees of partial melting at garnet stable depths. The low-Ti series
includes LREE-depleted and LREE-enriched picrites, basalts, olivine gabbros and gabbros. The LREE-depleted picrites have
chondrite-normalized Ce/Yb ratios of 0.4—-0.5, very positive eNd(¢) values (+7.0), and very negative Th anomalies in primitive
mantle-normalized trace element patterns. They were formed by high degrees of partial melting of a strongly depleted mantle
source at relatively shallow mantle depths. The LREE-enriched picrites have very negative éNd(¢) values (—7.8) that indicate a
mantle source locally modified by subducted oceanic crust. Highly variable chemical compositions and eNd(z) values (+6.4 to
—10.2) of the low-Ti basalts and gabbros are attributed to variable degrees of upper crustal contamination of the picritic parental
magmas. Therefore, the extrusive and intrusive rocks in this region clearly formed from heterogeneous mantle sources. Crustal
contamination triggered S-saturation of some low-Ti magmas and resulted in segregation of immiscible sulfide melts and
generation of magmatic Ni—-Cu—(PGE) sulfide deposits in this region. Eruption of magmas after sulfide segregation formed PGE-
depleted low-Ti basalts.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction with mafic—ultramafic intrusions, some of which may
have been the magma chambers and/or the conduits that

As major constituents of large igneous provinces fed the overlying basalts (Pirajno, 2000). They are
(LIPs), continental flood basalts are commonly associated commonly interpreted as the products of mantle plumes
(Campbell and Griffiths, 1990; White and McKenzie,

* Corresponding author. Fax: +852 2517 6912. 1995). Geochemical features of the flood basalts and
E-mail address: wangyan2002@graduate.hku.hk (C.Y. Wang). mafic—ultramafic intrusions have been used to investigate
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Fig. 1. Geological map of the Emeishan Large Igneous Province in SW China and northern Vietnam showing the distribution of flood basalts and
mafic—ultramafic intrusions (after 1:1,000,000 Yunnan Geological Map and Vietnamese Geological Map). The major blocks shown in inset (a) are
SIB, Siberia; MONG, Mongolia; NCB, North China Block; YB, Yangtze Block; INC, Indochina Block; TAR, Tarim; KAZ, Kazakhstan; TP, Tibetan

Plateau; SGT, Songpan—Ganze terrane; ST, Simao terrane.

the generation and geodynamic setting of LIPs and
formation of associated ore deposits (Ernst et al., 2005). It
has been documented that there are links between sulfide
mineralization hosted in mafic—ultramafic sills and
overlying flood basalts in the Noril’sk region of the
Siberia Traps (Lightfoot and Keays, 2005), West Green-
land (Keays and Lightfoot, 2007), and the Yangliuping

area of the Emeishan large igneous province (ELIP) (Song
et al., 2006).

The ~260-Ma ELIP in SW China and northern
Vietnam includes voluminous continental flood basalts
that are believed to have formed from an upwelling
mantle plume (Chung and Jahn, 1995; Xu et al., 2001,
2004; Zhou et al., 2006). The role of mantle plumes in
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generating such basaltic magmas is not clear, and the
involvement of lithospheric mantle and continental crust
has not been satisfactorily evaluated (Xu et al., 2001,
Song et al., 2001; Xiao et al., 2004). Xu et al. (2001)
recognized high-Ti and low-Ti lavas in the ELIP on the
basis of TiO, contents and Ti/Y ratios of the rocks. They
proposed that both varieties originated from a mantle
plume, with more extensive crustal contamination in the
low-Ti basalts than in the high-Ti basalts. Song et al.
(2001) proposed that the original melts derived from the
mantle plume were contaminated through interaction at
shallow depths with an enriched lithospheric mantle.
Xiao et al. (2004) argued that the low-Ti melts formed
from an enriched continental lithospheric mantle at
relatively shallow depths, whereas the high-Ti magmas
formed from a deeper mantle source associated with a
plume.

Evolution of basaltic magmas and its relationship with
the formation of Ni—Cu—(PGE) sulfide deposits in the
ELIP have been addressed for the rocks in the Yangliuping
area, northernmost part of the ELIP (Song et al., 2006). The
flood basalts and mafic—ultramafic intrusions in the
Jinping—Song Da district mark the southernmost part of
the ELIP (Wu, 1993; Chung et al., 1997; Xiao et al., 2003).
The rocks include high-Ti and low-Ti varieties with
variable compositions. Some low-Ti picrites in the Song
Da area are particularly useful for characterizing mantle
sources because they may have been formed by high
degree of partial melting and preserved the trace element
ratios of the source area (Campbell, 1998). The diversity of
the rocks is thus ideal for examining some fundamental
questions regarding the ELIP: (1) mantle sources of the
high-Ti and low-Ti parental melts; (2) processes involved
in the evolution of these magmas; and (3) genetic
relationship, if any, between the flood basalts and mafic—
ultramafic intrusions in terms of crustal contamination and
sulfide mineralization.

Because platinum-group elements (PGE) partition into
sulfides much more readily than into silicates, they can
provide very robust constraints on the sulfide saturation
history of mafic magmas (Peach et al., 1994). Thus, PGE
concentrations, combined with major and trace element
and Sr—Nd isotopic data for the flood basalts and mafic
intrusions in the Jinping—Song Da district, will provide
important constraints on the diversity of rocks and ore
formation. This paper presents new geochemical dataset in
order to investigate the petrogenesis of the basaltic mag-
mas, from their formation in the mantle to their emplace-
ment at the surface or intrusion into the country rock. We
also discuss the associated processes leading to sulfide
saturation in the melts and the formation of the Ni—Cu—
(PGE) sulfide deposits in the Jinping—Song Da district.

2. Geological background

The ELIP in the western part of the Yangtze Block
and the eastern margin of the Tibetan Plateau is bounded
to the south by the Indochina Block (inset in Fig. 1). The
ELIP is mainly composed of flood basalts and mafic—
ultramafic intrusions. The flood basalts crop out chiefly
in Yunnan, Sichuan and Guizhou Provinces of China
and the Song Da region in the northern Vietnam. The
volcanic sequence ranges in thickness from several
hundred meters in the east to nearly 5 km in the west
(Chung and Jahn, 1995; Song et al., 2001; Xu et al.,
2001; Xiao et al., 2004). The lavas include picrites,
tholeiites and basaltic andesites, all of which are
believed to have formed by melting associated with
the Emeishan plume (Chung and Jahn, 1995; Xu et al.,
2001).

Permian flood basalts and associated mafic—ultra-
mafic intrusions form a narrow (<20 km), NW-trending
belt more than 350 km long in the Jinping—Song Da
district. The belt is bounded by the Ailao Shan—Red
River fault zone to the northeast and the Ailao Shan—
Song Ma suture to the southwest. The flood basalts that
crop out in the belt represent the southernmost part of
the ELIP (Chung et al., 1997; Xiao et al., 2003) (Fig. 1).
The flood basalts unconformably overlie the early
Permian limestones, and are concordantly overlain by
the early Triassic limestone and shale with coal
measures (YBGMR, 2000; Glotov et al., 2001). Folded
Triassic sedimentary rocks are unconformably overlain
by Cretaceous conglomerates, sandstones and pelites
(Lacassin et al., 1998).

The flood basalts crop out in the Nam Muoi River
area (>30 km long and ~3 km wide), the Ta Khoa area
(60 km long and 10 km wide) and the Jinping area
(~150 km?). The total thicknesses of the lava pile range
from about 1100 to 4600 m (1:200,000 Geological Map
of the Socialist Republic of Vietnam, 1978; YBGMR,
2000). The low-Ti volcanic sequence includes volcanic
breccias, basaltic tuffs and massive basalt flows (Xiao
et al., 2003). Low-Ti picrites occur mainly in the Nam
Muoi River area (Polyakov et al., 1991; Hanski et al.,
2004). The high-Ti basalts are associated with trachy-
dacite, trachyrhyolite and minor high-Ti picrite and
andesite (Polyakov et al., 1991, 1998).

Numerous mafic—ultramafic plutons, including differ-
entiated and undifferentiated bodies, intruded Ordovician
and Devonian strata in the Jinping—Song Da district. Near
the town of Jinping, more than 100 mafic dykes occur in
an area of ~20 km?. They typically range from tens of
centimeters to several hundred meters in width and up to
tens of kilometers in length. In the Baimazhai area, there
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Table 1
Major and trace elements of the flood basalts in the Jinping—Song Da district

Samples HK-11 HK-13 HK-14 HK-22 HK-24 HK-35 HK-36 HK-37 HK-38 HK-39 HK-42 HK-43 HK-44 HK-46 HK-52
Sites F F F B B B-C BC B-C BC BC B-C B-C B-C B-C B-C

Rock types High-Ti basalt
Major oxides (wt.%)

Si0, 4829 51.62 4824 51.64 4794 47.15 4639 46.84 47.60 4649 4930 49.62 46.83 48.10 47.56
TiO, 2.84 288 3.45 3.52 3.54 2.56 2.50 2.72 2.76 2.28 3.88 3.89 4.11 2.55 2.69
Al O4 1323  11.85 12.10 1232 1324 13.43 12.66 13.00 13.00 13.82 1293 12.86 13.59 13.65 13.31
Fe,05(7) 1274 12.04 1391 1341 13.09 1282 13.71 1324 1246 12.19 13.64 1345 1419 13.15 1321
MnO 0.22 0.20 0.23 0.15 0.14 0.23 0.17 0.23 0.25 0.18 0.14 0.13 0.20 0.21 0.23
MgO 4.79 5.02 5.59 3.83 4.50 6.17 5.46 7.04 6.88 6.33 3.54 3.48 4.63 5.95 6.03
CaO 9.11 6.29 7.91 4.80 7.44 7.89 8.05 6.93 6.53 9.34 5.82 5.89 5.17 7.82 7.32
Na,O 2.59 4.21 2.86 4.60 3.52 433 1.48 3.82 3.87 3.35 4.46 4.54 4.77 4.13 443
K,0 1.62 0.79 0.95 1.09 2.30 0.26 4.79 0.75 1.12 0.72 243 2.45 1.01 0.48 0.43
P,0s 0.43 0.47 0.54 0.55 0.48 0.37 0.30 0.38 0.38 0.29 0.59 0.59 0.61 0.32 0.40
LOI 2.68 3.39 2.94 2.86 2.41 3.57 3.15 3.93 3.75 3.59 2.30 1.97 3.53 2.54 3.26
Total 98.56 9876 98.71 98.77 98.60 98.78 98.66 98.89 98.60 9858 99.03 98.88 98.64 9891 98.88
Mgt 40.1 42.6 41.8 33.7 38.0 46.1 41.5 48.7 49.6 48.1 31.6 315 36.8 44.6 44.8

Trace elements (ppm)

Li 12.6 10.9 14.6 5.92 4.84 11.9 6.94 10.4 12.2 11.6 7.74 7.61 6.95 3.63 12.2
Be 1.44 1.82 1.52 3.88 2.45 1.19 1.39 0.97 0.90 1.20 3.13 3.12 3.09 1.56 1.68
Sc 26.8 25.6 29.9 18.7 239 27.9 24.6 28.6 293 29.3 23.0 22.8 23.6 339 28.4
\% 302 293 312 295 321 299 312 304 323 310 318 316 338 356 258
Cr 110 65.7 81.7 6.83 58.1 108 115 124 133 144 9.65 9.85 7.88 76.5 114
Co 37.7 34.6 43.9 309 40.4 40.9 39.6 432 415 43.6 34.4 325 35.7 438 41.6
Ni 61.3 494 66.2 25.1 49.6 67.7 72.1 75.0 78.8 85.0 254 24.5 24.7 58.7 65.2
Cu 108 26.7 61.4 243 103 127 142 156 111 148 114 113 50.7 205 144
Zn 231 274 157 202 163 125 127 128 102 131 140 135 155 136 146
Ga 222 19.4 19.2 234 25.1 22.7 18.1 214 21.7 21.9 24.0 229 30.0 22.0 22.0
Rb 50.5 20.2 27.3 19.0 70.0 9.41 90.1 23.7 26.8 19.2 37.5 375 16.7 11.9 10.8
Sr 304 61.9 228 133 630 441 212 413 357 369 212 186 132 297 377
Ba 456 307 201 269 688 101 986 263 567 190 531 485 229 81.3 144
Y 33.0 323 36.8 41.6 34.6 309 26.8 28.8 29.9 273 40.1 39.2 40.8 30.8 304
Zr 188 169 210 411 309 197 168 181 181 172 388 380 404 191 187
Hf 5.12 4.74 5.85 11.3 8.55 5.53 4.71 5.13 5.07 4.89 10.5 10.2 11.1 5.33 5.37
Nb 23.6 22.0 26.9 51.9 41.8 23.7 18.9 20.5 20.7 20.0 51.6 50.3 54.1 21.8 21.4
Ta 1.69 1.64 2.00 3.75 3.09 1.7 1.42 1.52 1.56 1.49 3.82 3.69 3.97 1.6l 1.62
Cs 0.89 1.18 0.96 0.18 0.056 0.27 0.26 0.51 0.39 0.25 0.12 0.13 0.045 0.45 0.25
Pb 14.2 6.72 2.39 10.0 7.90 2.24 4.45 2.61 2.12 3.58 7.15 6.99 6.77 2.15 3.02
Th 4.17 3.68 4.71 11.9 8.48 3.96 3.41 351 3.47 3.33 9.31 9.27 10.1 3.65 3.86
U 0.98 0.72 1.09 2.49 1.73 1.10 0.74 0.89 0.82 0.76 1.95 1.95 2.14 0.85 0.94
La 28.7 25.7 322 62.7 48.2 27.4 233 22.6 213 23.7 65.7 65.9 68.7 25.1 27.1
Ce 63.0 57.2 71.2 136 105 61.4 532 53.7 51.6 52.8 138 137 144 57.0 59.1
Pr 8.25 7.60 9.48 17.4 13.4 8.53 7.16 7.43 7.18 6.94 17.4 17.3 18.1 7.52 8.00
Nd 34.8 31.8 39.9 67.9 543 36.1 30.2 31.7 315 29.0 68.5 67.4 71.4 31.4 344
Sm 7.72 7.39 8.97 13.2 10.7 8.55 6.75 7.41 7.47 6.58 13.0 13.1 13.6 7.10 7.95
Eu 2.51 2.37 2.57 3.66 3.10 2.56 2.21 2.43 2.24 2.17 3.72 3.68 3.87 2.11 2.68
Gd 6.75 6.45 7.77 10.9 9.01 6.92 6.02 6.27 6.36 5.67 10.7 10.7 11.1 6.26 6.83
Tb 1.13 1.10 1.32 1.67 1.36 1.18 0.98 1.06 1.10 0.98 1.63 1.61 1.72 1.10 1.15
Dy 6.79 6.38 7.69 9.05 7.67 6.79 5.73 6.25 6.40 5.76 8.77 8.56 9.19 6.56 6.48
Ho 1.33 1.28 1.53 1.72 1.41 1.30 1.12 1.22 1.24 1.14 1.64 1.65 1.74 1.30 1.28
Er 3.51 3.34 4.02 4.42 3.71 3.37 2.97 3.19 3.30 2.98 4.34 4.23 4.49 3.44 3.38
Tm 0.46 0.44 0.52 0.55 0.47 0.43 0.38 0.41 0.42 0.39 0.53 0.52 0.56 0.45 0.43
Yb 3.01 2.81 3.36 3.52 2.98 2.83 2.47 2.68 2.73 2.63 3.48 3.45 3.67 2.98 2.78

Lu 0.41 0.38 0.47 0.47 0.40 0.42 0.34 0.39 0.38 0.36 0.48 0.47 0.49 0.41 0.39
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HK-53 HK-60 HK-61 HK-62 HK-63 HK-64 HK-65 HK-5 HK-40 HK-41 HK-92 HK-1 HK-2 HK-4 HK-6 HK-17
B-C C C C C C C E B-C B-C D E E E E B

Low-Ti picrites Low-Ti basalts

47.68 4339 4552 4510 4528  46.22 4552 4621 4396 4396 46775 48.65 49.05 4938 47.58 47.20
2.77 3.25 3.29 3.33 3.30 3.46 3.31 0.84  0.67 0.74 0.59 092 171 076 0.84 054
13.10 1391 1385 1454 14.10 1244 13.63 1024 1128 11.21 1339 1392 1444 1245 11.69 12.40
13.15 1482 1522 1476 1383 1477 1400 10.64 1129 1137 11.10 1045 12.04 9.79 10.19 10.12
0.20 0.27 0.25 0.21 0.26 0.23 0.23 0.16  0.17 0.17 0.16 0.14 019 0.18 0.16 0.14
6.23 5.72 4.70 4.45 4.73 4.98 4.51 1480 16.71 16.06 1345 887 6.00 10.56 11.94 887
7.51 9.70 9.47 10.60  11.04 7.84 9.35 936 945 9.81 8.39 6.70  9.77 843 9.5 13.90
437 2.88 2.77 2.66 2.44 3.51 2.63 170 1.06 1.06 2.12 370 219 322 268 245
0.34 0.89 1.26 1.20 1.26 1.18 1.78 028  0.05 0.05 0.11 1.64 154 039 036 0.07
0.39 0.72 0.71 0.67 0.63 0.74 0.70 0.15  0.05 0.06 0.04 0.19 019 0.12 0.17 0.03
3.04 3.20 1.75 1.54 1.96 3.18 3.06 515  4.07 4.54 3.06 346 268 336 392 394
98.78  98.75 98.79 99.07 98.82 9855 9872 99.53 9875 99.01 99.16 98.64 99.80 98.64 98.67 99.68
45.8 40.8 355 35.0 37.9 37.5 36.5 713 725 71.6 68.3 602 47.0 658 676 61.0
11.7 6.36 8.26 7.12 9.40 8.54 11.7 155 482 4.71 11.0 134 872 105 145 219
1.13 0.92 1.24 1.17 1.17 1.62 1.56 092 0.14 0.16 0.24 144 094 100 1.07 0.12
28.2 27.5 253 27.3 26.2 24.8 24.7 353 325 32.7 42.1 359 348 366 344 36.6
299 260 282 268 253 257 311 211 229 251 253 221 238 214 218 163
116 71.2 443 49.2 47.6 18.6 389 993 999 981 711 380 219 816 781 527
429 50.0 48.0 474 433 40.1 39.5 657  76.1 74.1 64.5 51.6 425 564 568 473
68.7 75.9 455 47.5 45.6 26.6 39.6 371 548 526 355 211 84.5 280 270 229
135 129 95.1 93.6 95.9 110 106 88.1 114 125 479 102 195 580 893 423
133 147 152 153 140 163 167 832 819 84.1 86.9 99.6 110 82.7 103 58.3
20.0 21.8 21.6 23.7 22.5 21.7 23.3 12.1 131 13.1 14.1 174 21.1 155 147 128
9.4 22.6 17.9 12.7 12.8 18.8 25.4 642 273 2.15 2.52 60.2  65.1 143  11.0 144
316 463 515 529 556 357 827 52.0 56.7 72.2 79.6 167 203 210 166 110
130 530 750 707 677 369 1204 487 7.0 10.0 28.4 379 170 119 943 153
29.1 26.9 29.5 29.4 29.2 40.6 38.0 153 155 17.0 15.0 251 289 203 187 151
185 153 163 162 163 220 204 599 294 359 20.9 121 116 90.4 904 208
5.28 431 4.65 4.63 4.61 6.09 5.73 1.82  1.00 1.17 0.74 3.50 337 257 266 0.3
21.7 22.4 243 23.8 23.7 33.8 30.8 598  0.66 0.76 0.87 169 7.04 793 713 037
1.61 1.68 1.79 1.76 1.77 2.45 2.24 042  0.060 0.066 0078 1.1l 052 060 054 0.039
0.15 0.32 0.28 0.29 0.98 0.21 0.27 134 1.20 1.03 0053 112 127 139 1.00 0.12
2.15 3.02 3.12 2.94 2.80 2.87 2.48 274 0.57 0.63 1.32 633 295 405 494 0.64
3.82 3.47 3.52 3.43 3.43 5.54 5.15 284 0.046 0.11 0.20 6.04 265 464 4064 0.033
0.91 0.62 0.89 0.85 0.82 1.33 1.17 045 0.012 0.015 0044 129 0.71 081 0.78 0.006
252 30.8 34.4 32.6 33.2 45.0 46.3 594  0.76 0.87 1.05 19.7  9.62 135 11.6  0.60
58.4 68.6 76.4 73.4 74.1 103 100 13.8 250 2.82 2.83 40.6 222 284 248 1.78
7.90 9.43 10.3 10.0 10.1 14.0 13.6 1.81  0.49 0.56 0.47 484 310 344 299 035
34.1 40.9 45.1 434 435 59.3 57.9 776 3.09 3.57 2.67 181 144 132 118 228
7.69 8.47 9.31 9.05 9.16 12.5 11.7 2.04 148 1.67 1.10 401 427 291 286 1.12
2.62 3.40 3.43 3.51 3.61 3.62 3.91 051 0.64 0.70 0.53 091 145 087 073 057
6.59 6.98 7.81 7.54 7.49 10.2 9.78 209 1.81 1.97 1.50 3.80 431 288 273 143
1.10 1.10 1.21 1.18 1.17 1.63 1.53 043  0.40 0.45 0.34 071 085 054 052 035
6.40 6.17 6.65 6.55 6.53 9.12 8.63 289 290 3.22 2.62 458 553 3.63 345 263
1.24 1.18 1.28 1.26 1.25 1.75 1.65 0.63  0.64 0.71 0.61 1.00 1.14 077 075 0.60
3.23 3.00 3.27 3.23 3.25 4.51 421 1.75 178 1.97 1.71 284 3.08 222 211 1.65
0.42 0.38 0.41 0.42 0.41 0.57 0.53 025 0.25 0.27 0.24 040 041 031 030 024
2.74 243 2.64 2.57 2.68 3.68 3.46 .73 1.70 1.84 1.69 280 273 221 208 1.63
0.37 0.33 0.38 0.36 0.36 0.51 0.47 026 0.24 0.26 0.24 039 039 033 031 023

(continued on next page)
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Samples HK-30 HK-47 HK-48 HK-49 HK-50 HK-51 HK-59 HK-85 HK-87 HK-89 HK-90 HK-93 HK-94 HK-95
Sites B B-C B-C B-C B-C B-C B-C D D D D D D D
Rock types Low-Ti basalts

Major oxides (wt.%)

SiO, 46.45 50.36  50.23 51.08 51.02 5036 46.78 47.15 4745 4744 4850 4845 51.07 4930
TiO, 2.12 1.02 1.03 1.00 1.00 1.00 2.36 1.26 1.30 1.37 1.22 0.75 0.77 1.47
AlLO4 13.60 15.86 1553 1525 1551 1532 1442 1503 13.60 1371 1574 11.89  11.00  13.56
Fe,05(1) 1328 9.94 9.76 9.64 9.70 9.85 12.48 1133 1053 1097 1138  9.55 9.35 11.24
MnO 0.19 0.15 0.16 0.16 0.15 0.16 0.17 0.16 0.17 0.17 0.20 0.15 0.17 0.15
MgO 5.79 5.85 5.81 5.74 5.87 5.80 5.95 7.69 8.06 6.07 5.98 10.69  10.58  7.53
CaO 1030 6.26 6.87 6.27 6.59 7.39 8.87 10.83 12,62 1322 8.72 11.82 1220 856
Na,O 3.49 4.84 4.78 4.78 5.11 4.43 3.35 1.18 1.43 222 3.90 2.94 3.17 2.40
K,0 0.21 0.59 0.37 0.88 0.30 0.70 1.28 0.92 0.31 0.45 0.39 0.03 0.02 2.24
P,0s 0.20 0.11 0.11 0.11 0.11 0.11 0.32 0.14 0.10 0.15 0.16 0.17 0.17 0.36
LOI 3.02 3.79 3.84 3.64 3.69 3.93 2.82 291 3.17 3.02 2.76 2.85 2.39 2.97
Total 98.64  98.78 9851 9854 99.06 99.06 98.80 98.60 98.73 9878  98.96 99.28 10090 99.78
Mgt 43.7 51.2 51.5 51.5 51.9 51.2 46.0 54.8 57.7 49.7 48.4 66.6 66.8 54.4
Trace elements (ppm)

Li 7.98 2.95 2.54 2.33 225 2.87 9.71 18.7 16.0 224 10.1 4.77 4.62 8.71
Be 1.44 1.54 1.26 1.24 1.30 1.32 1.51 1.10 0.74 1.20 1.50 1.07 1.47 1.13
Sc 352 36.8 37.8 36.5 37.8 373 272 37.6 35.6 28.0 32.7 41.3 38.8 33.0
\% 310 225 230 223 222 228 281 297 289 258 270 258 233 246
Cr 166 250 243 246 242 246 172 170 84.0 45.0 82.3 534 543 254
Co 45.0 28.8 29.1 28.1 28.6 28.5 425 39.3 45.1 342 39.9 52.1 51.1 454
Ni 64.4 5.89 5.45 6.00 6.49 5.67 89.8 35.6 47.7 17.9 52.1 219 235 60.2
Cu 218 16.7 406 242 20.6 91.4 147 37.7 41.8 14.7 62.2 189 107 63.7
Zn 131 81.6 80.9 88.8 85.6 83.5 131 107 79.1 80.8 114 84.6 71.5 118
Ga 20.1 17.6 18.6 18.2 18.0 19.2 21.5 20.4 17.5 18.6 19.5 13.8 10.7 16.6
Rb 4.86 22.8 14.6 27.4 12.3 21.7 41.5 34.1 8.75 19.0 8.84 0.72 0.70 21.9
Sr 364 178 149 137 155 147 518 211 265 237 116 138 71.5 365
Ba 87.8 86.8 50.8 154 459 178 226 155 77.9 89.5 123 76.3 47.6 816
Y 30.4 26.0 26.6 25.4 25.4 25.7 29.1 23.1 18.5 235 27.4 14.2 14.0 18.9
Zr 157 111 114 109 110 111 191 89.8 66.9 96.1 122 355 37.5 100
Hf 4.39 3.38 3.43 3.30 3.35 3.43 5.38 2.66 1.97 2.83 3.50 1.15 1.17 2.96
Nb 15.2 8.03 8.11 7.87 7.96 7.91 22.3 8.96 7.26 9.52 10.7 5.68 5.68 18.2
Ta 1.10 0.69 0.70 0.68 0.70 0.70 1.68 0.63 0.51 0.70 0.74 0.36 0.37 1.18
Cs 0.046  0.33 0.17 0.22 0.22 0.28 0.37 1.16 0.43 1.65 0.044  0.15 0.15 0.18
Pb 4.65 3.68 3.13 3.44 4.04 2.78 3.48 3.77 2.93 3.68 3.71 1.89 1.40 1.84
Th 3.43 6.82 7.26 6.98 7.04 7.42 422 2.67 1.79 3.01 3.66 1.01 1.04 2.15
U 0.82 1.17 1.23 1.13 1.17 1.31 1.04 0.62 0.56 0.77 0.66 0.23 0.23 0.58
La 23.9 20.3 19.7 19.0 19.8 19.9 26.5 14.8 9.22 13.5 20.0 3.85 3.82 18.3
Ce 49.1 42.1 41.9 40.2 41.3 41.0 59.1 29.4 19.6 28.2 40.5 7.90 7.99 38.4
Pr 6.34 4.98 5.10 4.86 4.97 4.92 7.77 3.68 2.50 3.68 4.93 1.15 1.12 4.83
Nd 26.0 19.4 19.9 19.1 19.3 19.4 329 159 10.6 154 19.9 5.06 4.85 20.1
Sm 5.88 4.43 4.55 434 4.36 4.45 7.30 4.11 2.90 3.81 4.62 1.54 1.54 4.75
Eu 1.91 1.20 1.15 1.13 1.16 1.18 2.25 1.13 1.06 1.22 1.42 0.62 0.44 1.52
Gd 5.37 422 4.36 4.14 4.20 4.20 6.25 3.86 2.83 3.68 431 1.75 1.71 4.20
Tb 0.98 0.77 0.80 0.77 0.77 0.77 1.06 0.73 0.57 0.71 0.81 0.37 0.37 0.70
Dy 6.13 5.00 5.18 4.98 5.03 5.01 6.42 4.56 3.69 4.48 5.18 2.63 2.63 4.12
Ho 1.25 1.06 1.09 1.06 1.07 1.07 1.25 0.92 0.75 0.96 1.10 0.59 0.55 0.77
Er 3.39 2.98 3.11 2.97 2.99 3.05 3.26 2.58 1.99 2.58 3.03 1.69 1.56 2.05
Tm 0.46 0.42 0.44 0.41 0.42 0.42 0.44 0.35 0.28 0.36 0.44 0.24 0.23 0.28
Yb 3.12 2.86 2.96 2.82 2.89 2.87 2.81 2.24 1.86 2.34 2.96 1.66 1.52 1.86
Lu 0.43 0.42 0.43 0.41 0.41 0.41 0.40 0.31 0.26 0.33 0.42 0.23 0.23 0.26
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HK-96 HK-97 HK-98 HK-99 JP-3 JP-4 JP-5 JP-6 JP-7 JP-8§8 JP9 JP-10 JP-16 JP-19 JP-21-1 JP-21-2 JP-22
D D D D A A A A A A A A A A A A A

4643  50.82 5257 5118  50.66 49.87 50.38 4793 47.71 48.08 49.54 4641 4548 5223 5043 50.92 48.21
1.60 1.16 1.01 1.26 219 245 246 245 176 188 144 120 1.87 1.69 146 1.41 1.33
1534 1249 1395 1250 11.61 1246 1238 1221 1398 1259 13.61 14.17 13.83 1520 14.57 14.51 15.22
11.76 ~ 10.84 10.04 11.85 16.04 11.28 11.08 16.60 12.78 14.70 11.30 11.75 13.21 10.46 10.37 10.34 10.14
0.18 0.17 0.15 0.17 0.16 0.15 0.15 023 0.18 022 0.17 020 0.19 0.18 0.17 0.16 0.16
7.10 8.57 6.54 9.66 383 687 699 522 742 643 8.16 828 726 549 572 5.69 5.48
1044 1213 1051  9.46 632 849 771 996 6.61 805 6.59 11.09 1097 5.11  8.28 6.58 11.64
2.77 1.47 2.47 1.80 542 336 390 239 439 418 439 240 247 476 412 3.80 2.96
0.75 0.20 0.10 0.49 1.00 146 088 054 070 055 0.55 072 111 071 0.46 2.28 0.43
0.21 0.16 0.19 0.15 030 029 029 031 026 030 0.16 0.15 035 024 023 0.22 0.22
2.61 245 3.72 1.95 1.66 3.02 351 19 404 275 418 334 309 344 355 3.14 3.57
99.19 100.46 101.25 100.45 99.18 99.72 99.73 99.80 99.82 99.72 100.11 99.71 99.83 99.50 99.36 99.06 99.35
51.8 58.5 53.7 59.2 299 521 529 359 509 438 563 557 495 483 496 49.5 49.1

11.6 434 3.04 5.11 6.40 11.7 152 122 169 114 115 155 9.68 6.71 822 7.92 10.9
1.38 0.99 1.52 0.87 130 1.57 125 099 112 093 0.5 0.65 1.09 1.61 096 0.82 1.13
333 32.8 283 324 337 304 313 349 317 339 295 403 30.6 292 293 28.5 27.8
303 253 226 250 310 279 289 442 332 373 229 283 372 272 234 230 231
159 381 110 349 220 2068 272 234 129 60.0 440 258 781 104 333 350 338
44.7 50.6 39.7 54.3 347 414 399 509 438 529 487 533 509 362 374 379 37.2
74.3 42.8 19.6 88.6 437 349 291 421 747 579 479 120 83.6 384 162 14.0 18.2
80.2 57.9 35.1 62.8 424 489 485 313 397 624 550 237 204 258 79 7.6 14.4
117 95.1 87.9 111 772 112 106 149 250 124 106 889 120 93.0 849 94.7 84.6
23.7 19.3 18.7 17.9 13.0 207 205 21.7 209 149 173 159 189 22.0 187 15.0 21.2
15.7 4.93 2.28 12.1 113 282 141 918 7.71 9.07 8.74 20.7 30.0 203 109 64.2 9.52
206 427 413 206 453 284 215 215 958 280 859 312 227 315 91 213 71.7
158 107 48.2 180 66.2 613 348 185 166 245 120 202 36l 194 104 1391 116
28.4 18.4 18.7 21.1 324 303 30.1 367 271 274 174 21.1  23.6 289 240 232 22.0
139 84.2 121 107 139 220 223 160 111 111 92.5 675 965 215 125 120 115
4.06 2.50 3.41 3.16 372 541 567 418 287 293 245 191 270 562 342 3.22 3.11
11.4 6.90 10.6 7.85 140 212 217 155 106 1.7 6.85 895 II.1 151 115 11.1 10.1
0.83 0.52 0.73 0.57 083 135 139 093 0.64 069 047 055 0.68 1.03 0.72 0.70 0.65
0.10 0.28 0.073  0.27 022 063 030 066 026 050 037 0.68 225 085 0.64 1.25 0.46
5.50 4.10 6.39 3.61 201 256 205 290 444 450 249 560 245 351 0.80 0.87 2.09
5.08 1.71 3.61 3.25 1.58 588 597 180 125 124 1.63 .13 091 790 342 3.26 3.08
1.27 0.39 0.84 0.71 026 140 1.53 052 031 030 039 022 022 182 0.71 0.69 0.64
19.1 11.6 16.1 15.6 1.1 319 338 139 104 9.18 9.0 853 827 273 159 15.2 14.9
40.9 23.8 334 31.6 279 696 71.7 328 234 226 229 176 194 564 346 33.0 325
5.23 3.11 4.08 4.01 397 878 9.06 459 326 328 3.8 228 283 697 452 4.30 4.13
21.4 13.3 16.2 16.7 183 37.0 372 214 152 150 141 102 134 282 192 18.4 17.4
5.48 3.42 3.63 4.03 497 772 785 574 407 4.07 334 285 3.80 620 451 4.38 422
1.68 1.22 1.15 1.18 1.e7 211 217 192 139 142 1.17 1.04 144 172 155 1.34 1.43
5.09 3.20 3.37 3.78 526 690 699 599 433 445 336 320 420 584 453 4.48 4.29
0.92 0.57 0.60 0.69 .01 115 116 113 083 086 0.60 063 0.79 1.00 0.84 0.79 0.76
5.75 3.65 3.66 4.24 6.06 605 621 691 510 522 349 398 472 557 480 4.62 4.45
1.17 0.73 0.75 0.87 126 1.18 120 143 1.05 1.09 0.72 0.83 095 1.13 0098 0.92 0.90
3.15 2.00 2.07 2.37 346 3.19 320 399 297 303 195 240 259 3.09 2.64 2.53 2.49
0.44 0.26 0.29 0.31 049 044 044 057 042 044 027 034 037 044 037 0.34 0.34
2.83 1.82 1.94 2.06 3.08 257 260 350 252 271 166 2,12 214 272 227 2.19 2.06
0.41 0.26 0.27 0.30 045 038 038 052 039 041 025 033 033 041 033 0.33 0.32
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Table 2

Major and trace elements of the mafic intrusions in the Jinping—Song Da district

Samples JP-11 JP-12 JP-13 JP-14 HK-67 HK-69 HK-70 HK-72 HK-73 HK-76 HK-80
Sites A A A A D D D D D D C-D
Rock types High-Ti gabbro Low-Ti olivine gabbro

Major oxides (wt.%)

SiO, 47.13 48.39 46.44 46.66 43.45 45.77 44.37 45.59 46.27 48.07 41.94
TiO, 3.70 3.53 3.70 3.86 0.57 0.76 0.69 0.73 0.77 0.74 0.87
ALO; 13.65 14.24 13.44 13.97 6.73 8.37 8.49 8.30 8.44 8.92 8.93
Fe,05(t) 13.12 13.17 14.36 13.76 11.41 11.38 12.06 10.99 10.46 10.48 13.18
MnO 0.19 0.19 0.19 0.20 0.17 0.19 0.18 0.17 0.16 0.17 0.20
MgO 5.52 4.89 5.40 5.27 26.63 19.46 21.64 19.71 19.11 15.23 20.63
CaO 9.30 9.03 8.53 8.68 7.04 10.45 8.86 10.72 11.22 14.05 7.78
Na,O 241 2.64 2.99 2.86 0.69 0.85 0.93 0.87 0.98 0.94 0.22
K,0 1.60 1.84 1.82 1.93 0.32 0.40 0.24 0.30 0.32 0.29 0.07
P,0s5 0.42 0.45 0.46 0.40 0.07 0.08 0.07 0.07 0.08 0.06 0.14
LOI 2.14 1.68 2.30 2.02 1.62 1.38 1.02 1.26 0.93 0.44 4.79
Total 99.17 100.05 99.65 99.62 98.72 99.08 98.53 98.72 98.75 99.40 98.75
Mg# 429 39.8 40.1 40.6 80.6 75.3 76.2 76.2 76.5 72.1 73.6
Trace elements (ppm)

Li 7.83 6.78 10.9 7.82 14.4 8.76 7.47 134 12.4 6.91 9.36
Be 1.75 1.94 1.90 1.70 0.39 0.40 0.32 0.37 0.47 0.28 0.64
Sc 273 24.9 26.4 26.8 23.6 35.0 28.5 34.6 39.8 52.3 19.0
A% 376 340 397 383 152 219 197 214 244 285 183
Cr 128 99.4 455 93.7 1865 1356 1712 1362 1481 2128 1386
Co 45.8 42.1 47.5 45.1 102 82.7 95.8 80.1 81.9 67.2 92.4
Ni 85.7 73.5 61.6 75.0 1022 643 748 612 629 380 868
Cu 225 245 261 210 543 71.8 78.0 55.5 74.1 67.9 610
Zn 134 137 138 134 92.6 105 96.3 90.3 84.6 83.8 106
Ga 21.8 23.2 22.6 21.9 9.35 11.3 11.4 10.9 11.8 11.7 12.2
Rb 35.1 415 49.1 46.5 10.6 14.7 6.86 9.35 10.2 11.0 0.80
Sr 540 562 499 518 92.5 98.6 90.7 108 106 94.2 37.7
Ba 453 496 715 510 83.7 104 57.8 98.2 82.5 79.9 7.13
Y 27.5 29.8 29.5 26.6 10.2 12.8 12.1 12.1 13.7 13.6 13.2
Zr 276 312 292 266 42.9 42.8 40.1 39.0 48.8 389 51.3
Hf 6.78 7.63 7.18 6.56 1.29 1.33 1.25 1.24 1.55 1.28 1.52
Nb 37.9 40.1 38.7 35.8 3.34 3.36 3.04 3.12 3.82 2.74 3.62
Ta 243 2.68 2.57 2.36 0.24 0.25 0.22 0.22 0.26 0.20 0.26
Cs 0.48 0.56 0.72 0.63 0.64 1.54 0.75 1.05 0.63 0.86 0.25
Pb 4.98 6.94 5.25 4.22 3.10 3.73 2.30 5.10 3.80 6.52 1.38
Th 4.74 5.47 4.98 4.48 1.38 1.12 0.89 0.96 1.32 0.91 0.82
0] 1.17 1.36 1.19 1.08 0.33 0.27 0.23 0.22 0.30 0.22 0.20
La 39.8 44.4 44.0 38.0 5.14 5.00 4.12 4.47 5.73 427 4.17
Ce 85.3 93.5 94.4 82.1 11.0 10.9 9.18 9.73 12.5 9.58 10.1
Pr 10.7 12.0 11.6 10.2 1.44 1.47 1.28 1.33 1.68 1.34 1.47
Nd 43.8 479 47.3 41.8 6.24 6.73 5.81 6.20 7.39 6.37 6.89
Sm 8.30 8.92 9.04 8.03 1.60 1.91 1.76 1.77 2.16 1.95 2.19
Eu 2.51 2.68 2.84 2.50 0.53 0.67 0.62 0.64 0.73 0.65 0.71
Gd 7.23 7.75 7.87 6.92 1.61 1.92 1.81 1.77 2.08 2.06 2.04
Tb 1.14 1.22 1.22 1.06 0.31 0.39 0.36 0.36 0.42 0.38 0.40
Dy 591 6.44 6.40 5.72 2.03 2.53 2.36 2.48 2.73 2.64 2.66
Ho 1.14 1.21 1.23 1.09 0.43 0.54 0.50 0.52 0.59 0.56 0.55
Er 3.07 3.25 3.19 2.92 1.16 1.48 1.40 1.40 1.59 1.54 1.57
Tm 0.40 0.45 0.44 0.39 0.17 0.20 0.19 0.19 0.21 0.21 0.21
Yb 2.49 2.69 2.62 2.39 1.07 1.32 1.26 1.27 1.45 1.38 1.35
Lu 0.36 0.40 0.39 0.35 0.16 0.19 0.18 0.18 0.21 0.20 0.20
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HK-81 HK-84 HK-71 HK-74 HK-77 HK-86 JP-25 JP-26 JP-27 JP-28
C-D C-D D D D D A A A A

Low-Ti gabbro

42.72 42.95 46.91 47.84 48.92 47.81 45.86 47.39 47.49 48.07
0.71 0.82 1.00 0.97 1.54 0.94 0.66 1.81 0.93 0.56
8.07 8.17 12.37 12.05 14.47 13.49 12.00 13.76 13.28 10.03
12.22 15.01 11.07 11.36 13.42 10.41 10.26 12.79 9.28 9.77
0.15 0.21 0.25 0.18 0.22 0.16 0.16 0.15 0.14 0.14
21.64 22.24 10.84 12.25 6.31 9.72 14.29 9.85 11.51 15.21
6.78 5.66 12.77 12.69 9.96 10.70 11.70 6.59 11.82 12.97
0.18 0.17 1.35 1.44 2.08 0.83 0.89 0.33 1.91 0.97
0.05 0.04 0.53 0.32 0.90 0.79 0.58 0.30 0.89 0.40
0.10 0.12 0.10 0.09 0.18 0.09 0.09 0.40 0.14 0.12
6.56 3.27 1.49 0.36 0.79 4.08 2.50 6.32 2.59 1.40
99.18 98.67 98.69 99.56 98.80 99.01 98.98 99.69 99.99 99.65
75.9 72.5 63.6 65.8 45.6 62.5 71.3 57.8 68.9 73.5
5.66 5.26 36.6 8.09 13.3 17.4 18.1 62.4 239 15.4
0.81 0.57 0.50 0.46 1.24 0.75 0.38 1.31 0.62 0.64
20.4 20.7 39.2 38.4 372 322 34.0 213 38.7 39.9
167 157 270 265 268 237 236 176 295 275
1596 1626 755 869 79.1 129 204 314 422 174
77.2 85.3 57.6 62.3 49.2 46.8 60.6 50.9 41.4 66.7
820 1187 230 283 22.0 59.1 99.5 196.2 43.1 67.3
18.1 113 102 105 35.1 29.7 86.7 45.0 33.7 229
89.9 95.4 108 100 134 125 75.2 98.2 51.8 67.7
12.1 12.0 16.5 15.3 22.3 16.5 12.3 19.4 16.3 11.7
0.45 0.38 22.3 10.0 342 24.7 21.6 11.6 63.0 12.8
30.6 26.1 233 132 163 181 281 772 371 232
2.52 2.24 158 82.4 202 160 136 238 162 135
12.1 14.8 17.9 16.7 34.6 17.2 11.3 20.7 15.4 17.7
42.6 40.2 57.1 522 147 68.4 41 115 60.0 85.1
1.25 1.20 1.77 1.67 4.17 2.08 1.17 2.77 1.67 2.35
291 3.40 4.40 4.10 10.3 6.54 332 19.2 4.99 5.75
0.21 0.21 0.33 0.30 0.76 0.49 0.21 1.07 0.31 0.34
0.14 0.16 0.80 0.60 1.18 0.67 2.20 0.54 6.61 1.53
0.95 0.94 9.91 4.87 5.39 3.43 1.66 3.77 5.10 2.25
0.74 0.59 1.29 1.13 4.52 2.05 0.97 1.62 1.39 2.17
0.26 0.24 0.36 0.27 0.83 0.46 0.23 0.43 0.41 0.49
1.82 222 6.34 5.31 18.5 8.27 6.76 18.5 9.59 13.0
5.78 6.47 13.7 12.1 40.0 18.0 14.0 355 20.8 28.6
0.95 1.06 1.89 1.70 5.03 2.38 1.88 4.56 2.72 3.62
4.92 5.42 8.75 7.76 20.5 10.2 8.44 19.9 12.2 15.1
1.67 1.93 2.75 2.30 5.28 2.63 2.03 4.68 2.98 3.50
0.64 0.57 0.97 0.86 1.62 0.86 0.84 1.78 1.14 0.81
1.74 1.98 2.70 2.43 5.13 2.64 2.07 4.63 2.93 3.36
0.36 0.43 0.54 0.50 0.99 0.50 0.38 0.79 0.51 0.61
2.37 2.89 3.55 3.29 6.47 3.23 222 430 3.06 3.51
0.51 0.61 0.76 0.70 1.38 0.70 0.45 0.81 0.64 0.70
1.40 1.69 2.07 1.85 3.97 1.91 1.23 2.10 1.72 1.96
0.19 0.23 0.28 0.25 0.55 0.26 0.18 0.27 0.24 0.29
1.29 1.53 1.92 1.76 3.79 1.76 1.06 1.62 1.48 1.68

0.18 0.21 0.27 0.24 0.54 0.25 0.16 0.23 0.22 0.26
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Fig. 2. Total alkalis—silica (TAS) diagram comparing the geochemical characteristics in the high-Ti and low-Ti basalts and mafic intrusions. The bold
dashed line distinguishes tholeiitic from alkaline basalts (from MacDonald and Katsura, 1964).

are 36 small differentiated mafic—ultramafic intrusions
with a total exposure area of ~1.5 km?. The largest
intrusion has a surface exposure of about 0.25 km? (Wang
etal.,2006). In the Ta Khoa and Nam Muoi River regions,
there are mafic—ultramafic dykes and lenticular to stock-
like intrusions. The Baimazhai intrusion in Jinping and
the Ban Phuc intrusion in northern Vietnam host Ni—-Cu—
(PGE) sulfide ore deposits (Glotov et al., 2001; Wang
et al., 2006; Wang and Zhou, 2006).

The Baimazhai intrusion was dated at 258.5+3.5 Ma
(Wang et al., 2006). Basaltic rocks in the Nam Muoi
region have a Rb—Sr isochron age of 257+24 Ma
(Polyakov et al., 1998). These ages are comparable to
other published ages for the ELIP (Zhou et al., 2002;
Guo et al., 2004; Zhou et al., 2005, 2006) and suggest
that all these rocks were produced by a major event that
formed the ELIP.

3. Petrography

According to the classification of Xu et al. (2001),
the rocks of the ELIP in the Jinping—Song Da district
belong to either the high-Ti or low-Ti series. The high-Ti
series (TiO,>2.5 wt.% and Ti/Y >500) includes high-Ti
basalts and gabbros, whereas the low-Ti series (TiO,-
2.5 wt.% and Ti/Y <500) comprises low-Ti picrites,
basalts, olivine gabbros and gabbros.

The high-Ti basalts are composed of plagioclase (55—
65%), clinopyroxene (30—-35%), magnetite+ilmenite
(5-10%) and biotite (<5%). They typically have

intergranular to intersertal textures, depending on the
grain size. Most of lavas are aphyric but a few have
sparse plagioclase phenocrysts. Interstitial material in
the groundmass consists of variable proportions of
deep brown glass (partly devitrified), fine-grained
magnetite and small clots of clinopyroxene. Needle-
like grains of ilmenite are associated with magnetite in
some samples.

The high-Ti gabbros are composed of plagioclase
(~55%), clinopyroxene (~35%), magnetite+ilmenite
(<10%), and minor biotite and apatite (<3%). Abundant
acicular grains of ilmenite (>10%) are present in a few
samples. Most of the gabbros have subophitic textures, in
which the plagioclase is partly or completely enclosed by
clinopyroxene.

The low-Ti picrites are porphyritic and commonly
amygdaloidal. Olivine phenocrysts are granular to
elongate, with length/width ratios up to 9:1. All olivine
grains are Mg-rich, generally ranging from Fog, to Fogs
(our unpublished data), with some grains up to Fog,
(Hanski et al., 2004). Clinopyroxene phenocrysts are
commonly elongated. The groundmass is typically
holocrystalline, consisting mainly of clinopyroxene
and plagioclase, some of which form subophitic inter-
growths. In a few samples, the groundmass consists of
devitrified glass with minute needles of clinopyroxene.

Most of the low-Ti basalts are porphyritic, with
phenocrysts of clinopyroxene (20%), olivine (<10%)
and minor plagioclase. The fine-grained groundmass
has intergranular to intersertal textures, and is composed
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—60%), clinopyroxene (15-30%),

basaltic glass (20—-45%), and minor magnetite (<5%).
Some olivine-rich basalts also contain minor spinel.
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The low-Ti gabbros and olivine gabbros are coarse-
grained with granular textures. The olivine gabbros
consist of olivine (~ 10%), clinopyroxene (~50%) and
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plagioclase (~40%). Tabular plagioclase is aligned sub-
parallel and partly enclosed by clinopyroxene. The
gabbros are composed mostly of clinopyroxene (~45%)
and plagioclase (~55%).

4. Analytical methods
4.1. Major and trace element analyses

Sixty-two basalts and 21 gabbros from the Jinping—
Song Da district (sampling locations shown in Fig. 1)
were analyzed for major and trace elements. Samples
were powdered in agate mortars in order to minimize
potential contamination. Major elements were deter-
mined on fused glass beads using a Philips PW2400 X-
ray fluorescence spectrometer at the University of Hong
Kong. Trace elements were determined by a VG
Plasma-Quad Excell inductively coupled plasma mass
spectrometry (ICP-MS) at the University of Hong Kong
after a two-day closed-beaker digestion using a mixture
of HF and HNOs acids in high-pressure bombs (Qi et al.,
2000). Pure elemental standard solutions were used for

external calibration and AMH-1 (andesite), BHVO-1
(basalt), OH-6 (slate) and GBPG-1 (garnet—biotite
plagiogneiss) were used as reference materials. The
accuracies of the XRF analyses are estimated to be +2%
(relative) for major elements present in concentrations
greater than 0.5 wt.% and +5% (relative) for minor
elements present in concentrations greater than 0.1%
(Appendix A). The accuracies of the ICP-MS analyses
are estimated to be better than £10% (relative) for most
elements (Appendix B).

4.2. PGE analyses

PGE analyses were carried out using a newly designed
Carius tube method (Qi et al., in press). Twelve grams of
sample were digested with 30 ml aqua regia in a 75-ml
Carius tube, which was placed in a custom-made, high-
pressure autoclave. After heating for about 10 h at 300 °C,
the solution was cooled and the PGEs were concentrated
by Te-coprecipitation. The total procedural blank was
lower than 0.003 ppb for Ru, Rh and Ir, 0.020 ppb for Pd,
and 0.011 ppb for Pt. The analytical results for two
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reference materials, WGB-1 (gabbro) and TDB-1 (dia-
base) with low PGE contents, by the new method in this
study are in good agreement with the certified and
published values for these two standards (Meisel and
Moser, 2004; Qi et al., 2004) (Table 3).

4.3. Rb—Sr and Sm—Nd isotopic analyses

Rb—Sr and Sm—Nd isotopic analyses were performed
on a VG-354 thermal ionization magnetic sector mass
spectrometer at the Institute of Geology and Geophysics,
Chinese Academy of Sciences, Beijing. The chemical
separation and isotopic measurement procedures are
described in Zhang et al. (2001). Procedural blanks
were <100 pg for Sm and Nd and <500 pg for Rb and Sr.
Mass fractionation corrections for Sr and Nd isotopic
ratios were based on values of *°Sr/**Sr=0.1194 and
'*Nd/'**Nd=0.7219. Uncertainties in Rb/Sr and Sm/Nd
ratios are less than +2% and +0.5% (relative), respec-
tively. The measured value for Ames Nd was 0.512139+
15 (20, n=8) and for NBS 987 Sr was 0.710237+25
(20, n=28) during the period of data acquisition. The result

for Ames Nd is comparable with the published data of
0.512125+10 (Chen et al., 2002). The measured results
for USGS standard BCR-1 were Rb 45.49 ppm, Sr
340.0 ppm, *’Sr/*°Sr 0.704995+25 (2¢) and Sm

10
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Fig. 6. Chondrite-normalized PGE patterns of (a) high-Ti basalts, (b)
low-Ti basalts and (c) mafic intrusions. Average values are used for
each group of the rocks. Normalization values are from Anders and
Grevesse (1989).
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Table 3
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PGE compositions of the flood basalts and mafic intrusions in the

Jinping—Song Da district

Ni Ir Ru Rh Pt Pd Cu
(ppm) (ppb) (ppb) (ppb) (ppb) (ppb) (ppm)

High-Ti basalts
HK-14 66.2 0.15 0.07 0.02 078 1.66 614
HK-38 78.8 023 0.18 0.07 748 571 111
HK-52 652 029 022 0.19 605 4.05 144
HK-62 47.5 0.06 0.06 0.03 0.69 1.03 93.6
High-Ti gabbro
JP-11 857 034 024 0.17 841 17.63 225
Picrites
HK-05 371 030 2.05 0.32 1342 1221 88.1
HK-41 526 0.66 274 031 11.70 9.99 125
Low-Ti basalts
HK-17 229 034 140 0.11 14.11 1629 423
JP-9 479 0.06 001 0.01 026 0.78 55
HK-49 6.00 0.04 0.04 0.05 0.80 4.14 242
HK-98 19.6 026 0.07 0.06 045 044 35.1
JP-4 349 030 0.02 0.03 048 1.02 489
JP-6 42.1 0.17 0.09 0.11 7.06 10.61 313
JP-16 83.6 0.18 027 026 693 12.77 204
JP-19 384 0.07 0.05 0.01 041 045 258
JP-21-1 16.2 0.04 0.01 0.01 041 024 79
Low-Ti olivine gabbros
HK-69 643 0.69 284 021 16.72 1484 71.8
HK-73 629 0.51 2.08 0.30 14.62 13.39 74.1
HK-81 820 0.44 1.02 024 13.40 10.44 18.1
Low-Ti gabbros
HK-77 22 0.05 003 0.01 048 056 351
JP-25 99.5 0.11 0.03 0.01 0.07 038 86.7
JP-26 196.2 0.15 0.04 0.02 0.86 0.51 45
Standards
UMT-1 734 115 896 140 111

(this study)
UMT-1 8.8 109 95 128 106

(expected)
WPR-1 155 228 129 297 247

(this study)
WPR-1 135 22 134 285 235

(expected)
WGB-1 0.17 0.13 022 629 132

(this study)
WGB-1 0211 0.144 0234 639 139

(Meisel and

Moser, 2004)
WGB-1 023 0.16 0.19 574 120

(Qi et al., 2004)
TDB-1 0.083 0.21 049 518 234

(this study)
TDB-1 0.075 0.179 0471 501 243

(Meisel and
Moser, 2004)

Table 3 (continued)

Ni Ir Ru Rh Pt Pd Cu
(ppm) (ppb) (ppb) (ppb) (ppb) (ppb) (ppm)
TDB-1 0.10 020 035 4.69 209
(Qi et al., 2004)
Blank 0.0025 0.0017 0.0026 0.018 0.037
Detection 0.002 0.002 0.002 0.013 0.022
limits

6.540 ppm, Nd 28.18 ppm and '*Nd/"**Nd 0.512634+
16 (20), which are comparable with the published data
of Rb 46.54 ppm, Sr 329.5 ppm, *’Rb/**Sr 0.705027+ 74
(20) and Sm 6.676 ppm, Nd 28.77 ppm and '*Nd/'**Nd
0.512633+35 (20) (Chen et al., in press).

5. Analytical results
5.1. Major and trace elements

Both high-Ti series and low-Ti series have distinct
chemical compositions. The high-Ti basalts have high
total alkalis (Na,O+K,0) (Tables 1 and 2) and plot in the
alkaline field on the total alkalis—silica (TAS) diagram
(Fig. 2). The low-Ti basalts plot in both the alkaline and
tholeiitic fields (Fig. 2). The low-Ti picrites also plot in the
tholeiitic field on the TAS diagram but are distinguished
from the low-Ti basalts by their high MgO (>12 wt.%),
low SiO, (<47 wt.%) and low total alkalis (<3 wt.%).

Rocks of the high-Ti series have narrow ranges of
MgO (3.5 to 7.0 wt.%), and generally have high P,Os,
La, Nb and Zr and low Cr relative to those of the low-Ti
series (Tables 1 and 2, Fig. 3). They have higher Sm/Yb
and lower Al,O3/TiO, ratios than the low-Ti rocks.
Rocks of the low-Ti series have up to ~ 12 wt.% MgO,
which generally correlates negatively with P,Os, SiO,
and Al,Os (Tables 1 and 2, Fig. 3a,c,e).

The high-Ti basalts and gabbros are strongly
enriched in light REE (LREE) relative to heavy REE
(HREE) and display moderately sloping HREE on
chondrite-normalized patterns (Fig. 4a and d), with (Sm/
Yb)y ratios of ~3.5 to 3.8. Low-Ti basalts show LREE
enrichment patterns (Fig. 4c). All but one of the picrites
(HK-5) and one high-Mg basalt (HK-17) are strongly
depleted in LREE relative to HREE with (Ce/Yb)y
ratios of 0.3 to 0.5 (Fig. 4b—c). The olivine gabbros are
slightly depleted to enriched in LREE with (Sm/Yb)y
ratios of ~1.6 (1.4 to 1.8), whereas the low-Ti gabbros
have LREE-enriched patterns with (Sm/Yb)y ratios of
~2.0 (1.5 to 3.2) (Fig. 4d).

The high-Ti basalts have very negative Sr anomalies
and slightly negative Nb and Ti anomalies on primitive
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mantle-normalized trace element patterns (Fig. 5a). The
high-Ti gabbros have patterns similar to the high-Ti
basalts (Fig. 5d). Low-Ti basalts have smaller negative
Sr anomalies and larger negative Nb and Ti anomalies
than those for the high-Ti basalts (Fig. 5c). The LREE-
depleted picrites and high-Mg basalt show positive Sr
anomalies and pronounced Th depletion, whereas the
LREE-enriched picrites show negative Sr anomalies and
positive Th anomalies (Fig. Sb—c). The low-Ti gabbros
show patterns similar to those of the low-Ti basalts, but
have both positive and negative Sr anomalies (Fig. 5d).

5.2. Platinum-group elements

All rocks exhibit similar chondrite-normalized chalco-
phile elemental patterns enriched in Ni and Cu but
depleted in Ir and Ru (Fig. 6, Table 3). However, picrites
and low-Ti olivine gabbros with relatively high PGE
contents show slightly negative Ir and Rh anomalies and
positive Ru anomalies (Fig. 6). Low-Ti basalts display
two distinct patterns; one type with low Th/YDb ratios and
high Pt and Pd abundances and the other with high Th/Yb
ratios and low Pt and Pd abundances (Fig. 7a). The low-Ti

plutons also fall into two distinct groups; low-Ti olivine
gabbros with high MgO, Pt and Pd abundances, whereas
low-Ti gabbros with low MgO, Pt and Pd abundances
(Fig. 7b). The picrites, low-Ti basalts with low Th/Yb
ratios, and olivine gabbros have Y/Pd and Cu/Pd ratios
lower than the low-Ti basalts with high Th/Yb ratios and
the low-Ti gabbros (Fig. 7c—d).

5.3. Sm—Nd and Rb—Sr isotopic compositions

The basalts in this region have isotopic compositions
similar to lavas elsewhere in the ELIP but are
characterized by a wider range of eéNd(f) values and
initial (*’Sr/*°Sr); ratios (Table 4 and Fig. 8). The
analyzed samples fall near the “mantle array” but have
distinctly high Sr ratios (Fig. 8), indicating some
modification of Sr isotopes by hydrothermal alteration.
The high-Ti series shows a limited range of eNd(7)
values (+0.5 to +1.1) and initial ®’St/*°Sr ratios (0.705
to 0.706). One picrite has the highest eNd(¢) value (+7.0)
and lowest initial ®’Sr/*°Sr ratio (0.704), indicating
formation from a depleted mantle source, whereas the
other picrite has a very negative eNd(¢) value (—7.8) and
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Table 4
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Sm—Nd and Rb—Sr isotopic compositions of the flood basalts and mafic intrusions in the Jinping—Song Da district

Samples Rb  Sr R4St VSrASr+26 (7StA%Sr); Sm Nd o "Sm/™Nd 'Nd/M**Nd+20 (MBNJ/MNd);  eNd(h)
High-Ti basalts

HK-14 264 219 0.3468 0.706614+12  0.7053 8.52 384 0.1343 0.512571+11 0.5123 +0.8
HK-38 263 364 0.2217 0.706669+13  0.7058 723 29.8 0.1468 0.512578+9 0.5123 +0.5
HK-52 11.6 359  0.0933 0.706331+9  0.7060 7.16 31.6 0.1373 0.512593+13 0.5124 +1.1
HK-62 122 515  0.0681 0.705514+£12  0.7053 8.15 394 0.1252 0.512554+11 0.5123 +0.7
High-Ti gabbro

JP-11 482 560  0.2489 0.706561+19  0.7056 8.86 435 0.1230 0.512538+13 0.5123 +0.5
Picrites

HK-05 6.62 639 0.2974 0.714255+14  0.7132 239 8.81 0.1639 0.512182+17 0.5119 -7.8
HK-41 225 102 0.0636 0.704362+14  0.7041 2.07 440 0.2854 0.513146+13 0.5127 +7.0
Low-Ti basalts

HK-17 1.34 107  0.0362 0.705549+15  0.7054 1.20 242 0.3011 0.513143+22 0.5126 +6.4
HK-49 274 133 0.5957 0.714976+13  0.7128 4.87 20.6 0.1434 0.512023+11 0.5118 -10.2
HK-98 247 419  0.0169 0.708546+14  0.7085 377 163  0.1404 0.512018+8 0.5118 -10.2
HK-98* 2.13 408 0.0152 0.708525+13  0.7085 3.67 16.0 0.1386 0.512021+12 0.5118 —10.1
JP-4 29.8 286 0.3016 0.707572+20  0.7065 821 364 0.1364 0.512399+12 0.5122 =27
JP-6 12.7 222 0.1647 0.705555+23  0.7049 598 21.1 0.1715 0.512760+15 0.5125 +3.2
JP-9 12.3 88 0.4034 0.707658+20  0.7062 354 13.8 0.1556 0.512521+11 0.5123 -0.9
JP-16 312 232 0.3888 0.706220+19  0.7048 4.00 132 0.1838 0.512890+20 0.5126 +53
JP-19 224 327  0.1982 0.708348+18  0.7076 6.12 265 0.1395 0.512232+14 0.5120 -6.0
JP-21-1 112 938 0.3468 0.708788+20  0.7075 4.68 187 0.1512 0.512344+10 0.5121 —4.2
Low-Ti olivine gabbros

HK-69 154 150  0.2952 0.709801+13  0.7087 2.19 7.50 0.1766 0.512443+10 0.5121 -3.1
HK-73 10.1 126  0.2312 0.708168+14  0.7073 231 799 0.1746 0.512386+12 0.5121 —4.2
HK-81 035 30.6 0.0332 0.708806+14  0.7087 1.58 449 0.2124 0.512679+8 0.5123 +0.3
Low-Ti gabbros

HK-77 333 152 0.6310 0.714534+14  0.7122 4.81 187 0.1553 0.512189+9 0.5119 -7.4
JP-25 232 293 0.2292 0.707539+16  0.7067 2.07 8.13 0.1542 0.512412+8 0.5121 -3.0
JP-26 14.0 831  0.0487 0.706353+£20  0.7062 479 194 0.1492 0.512764+8 0.5125 +4.0

Note: 2 (Rb)=1.42x10""" y ' 1 (**Sm)=6.54x10""2 y . ¢Nd values were calculated relative to present-day chondrite values of
IBNd/M**Nd=0.512638, Y7Sm/"**Nd=0.1967, 87Sr/*°Sr=0.7045 and ’Rb/*°Sr=0.0827. Initial ratios were calculated assuming age of 260 Ma.

? This is a duplicate analysis for sample HK-98.

the highest initial ’Sr/*®Sr ratio (0.713) of all the rocks.
The low-Ti basalts have ¢Nd(7) values ranging from
+6.4 to —10.2 and (*’Sr/*°Sr); ratios from 0.705 to
0.713, similar to those of the low-Ti gabbros, which have
eNd(#) values ranging from +4.0 to —7.4 and (*”Sr/*°Sr),
ratios from 0.706 to 0.712. In general, the (*”Sr/*Sr);
ratios of the low-Ti series correlate negatively with the
eNd(¢) values and show a trend from the picrites toward
enriched mantle IT (EMII) (Fig. 8).

6. Discussion
6.1. Effects of alteration

The Emeishan flood basalts and associated mafic—
ultramafic intrusions have been variably metamor-

phosed and altered following their eruption and burial.
Alteration may have significantly changed the concen-
trations of many mobile elements, such as Cs, Rb, Ba, K
and Sr, which scatter broadly and incoherently when
plotted on variation diagrams. The flattening of some of
the chondrite-normalized patterns from Pt to Pd (Fig. 6)
could be an artifact of alteration (Ely and Neal, 2003),
because Pd can be preferentially mobilized relative to
the other PGEs by hydrothermal alteration (Barnes et al.,
1985).

However, both REE and high field strength elements
(HFSE, such as Nb, Ta and Ti) remain immobile during
metamorphism or hydrothermal alteration (e.g., Staudi-
gel and Hart, 1983) because they have high valences and
electronegativities, small radii, and strong chemical
bonds in both primary and secondary minerals. Thus,
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the ratios between these elements remain constant. Good
linear correlations between La and other REE and
HFSEs, indicate that the REE and HFSEs are immobile
during the greenschist metamorphism and hydrothermal
alteration that affected the rocks (e.g., Fig. 3f-h).
Therefore, we conclude that the eNd(¢) values and the
concentrations of PGEs, HFSE, REEs, Th, Cr and Al
reported in this study are primary and can be used to
examine the petrogenesis.

6.2. Nature of mantle sources and parental magmas

The generation of continental flood basalts has been
debated on the nature and relative contribution of the
asthenospheric and lithospheric mantle. Although most
agreed a deeper asthenospheric mantle plume source for
the high-Ti basalts (e.g., Lightfoot et al., 1993), many
workers attributed the large variation in the composition
of the low-Ti basalts to a metasomatized sub-continental

lithospheric mantle (e.g., Hergt et al., 1989; Lightfoot
et al.,, 1993; Spédth et al., 2001; Larsen et al., 2003).
However, the lithospheric mantle was not considered to
give rise to magmas with diverse chemical character-
istics because it is the coldest part of the mantle, which
melts only if its solidus is depressed by the presence of
volatiles (Arndt et al., 1998; Kieffer et al., 2004). The
geochemical signatures of the low-Ti series in this study
support its derivation from a depleted mantle source
with substantially crustal contamination.

6.2.1. High-Ti basalts

The high-Ti basalts in the Jinping—Song Da district
display trace element patterns similar to OIB (Fig. 5a).
Their eNd(?) values varying from +0.5 to +1.1 are also
typical of an OIB mantle source (Fig. 8), suggesting
derivation from the same plume source as the high-Ti
flood basalts elsewhere in the ELIP (e.g., Xu et al,
2001; Xiao et al., 2004).
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The obviously negative Sr anomalies of the high-Ti
basalts may have been related to extensive fractionation
of plagioclase from high-Ti magmas. Their moderately
sloping chondrite-normalized HREE patterns (Fig. 4a)
and relatively high (Gd/Yb)py ratios (1.7 to 2.6)
indicate the presence of residual garnet during partial
melting because garnet has high partition coefficients
for HREE (e.g., Jenner et al., 1990; Green, 1994). In
addition, these lavas have relatively high Tb/YD ratios,
which generally increase with increasing Sm (Fig. 9b).
Such high Tb/Yb ratios also suggest garnet in the partial
melting residue, a feature of melting at greater depths.

Ytterbium is compatible with garnet but not with
clinopyroxene, thus the plot of Sm versus Sm/Yb
diagram can be used to model the source characteristics
in terms of mineralogy (Aldanmaz et al., 2000)
(Fig. 9d). Partial melts from a spinel-lherzolite source
have Sm/Yb ratios similar to that of the mantle and thus
form a horizontal melting trend that lies within, or close
to, a mantle array defined by depleted-MORB mantle
(DMM) and primitive mantle (PM) compositions,
whereas partial melts from a garnet-lherzolite source
(with garnet residue) will have significantly higher Sm/
Yb ratios than the mantle source (Aldanmaz et al.,
2000). The rocks of the high-Ti series are displaced from
the mantle array (= spinel-lherzolite melting trend) to
higher Sm/Yb ratios and plot between the melting
trajectories for garnet- and garnet+spinel-lherzolite,
indicating that the high-Ti series was derived from a
garnet+spinel-bearing mantle with more garnet than
spinel, suggesting the formation at a depth of approx-
imately 200 to 400 km (after Wyllie, 1981).

The degree of partial melting to form the high-Ti
basalts is constrained by the high concentrations of
incompatible elements of the rocks. The relatively low
Al,O5/TiO; ratios (~4 compared with ~20 in primitive
mantle) and high (Sm/Yb)py ratios (2.6 to 4.2) (Fig. 9¢)
of the high-Ti basalts indicate small degrees of partial
melting of a relatively deep mantle source. The degree
of partial melting was probably less than ~8% for the
parental magmas of the high-Ti basalts on the basis of
Sm versus Sm/YDb ratios (Fig. 9d). The variable Sm/Nd
ratios and constant eNd(7) values of the high-Ti basalts
are consistent with a fractional crystallization (FC) trend
(Fig. 10a).

6.2.2. Low-Ti series

6.2.2.1. LREE-depleted picrites. ~ Although the LREE-
depleted picrites in northern Vietnam were described as
komatiites by Hanski et al. (2004), they do not have
typical spenifix texture. The picrites with high positive

eNd(?) values (+7) and low (Ce/Yb)y ratios (0.3 to
0.5) indicate a long-term depletion of the mantle source
in LREE, which is similar to N-MORB but exceptional
in LIPs (e.g., Carlson, 1991). In general, rocks having
the greatest degree of depletion are found among the
most primitive lavas. Examples include picrites from the
North Atlantic Igneous Province (Saunders et al., 1997)
and Horingbaai intrusions in the coastal region of
Namibia (Thompson and Gibson, 2000). Therefore, the
picrites in the Song Da region may belong to the rare
examples of LIP-related magmas retaining clear evi-
dence for a strongly chemical and isotopic depleted
mantle source (Hanski et al., 2004).

The compositions of the picrites provide tight
constraints on the conditions of melting and composi-
tions of mantle sources. The picritic liquids had an Mg#
of ~90 based on olivine compositions with high Ni
(~1000 ppm) and Cr (~2000 ppm) contents (Hanski
et al., 2004). The concentrations of some incompatible
trace elements of the picrites are very low. For example,
Ta concentrations are only 1.5-10 times the primitive
mantle value. The picrites have remarkably high Al,O5/
TiO, ratios (~17) (Fig. 9¢) and highly depleted LREE
relative to HREE with (Sm/Yb), ratios of 0.7 to 1.3 and
(Tb/YDb)y ratios of 0.9 to 1.1. The high concentrations of
MgO, Ni and Cr in the picrites suggest that the source
contained olivine and had a dominantly peridotitic,
rather than pyroxenitic or eclogitic (Arndt et al., 1998).
The picrites have compositions similar to those of
meymechites in Siberia, which are presumed to have
been produced by near-solidus melting of dry mantle
peridotite at very high pressures (8—10 GPa),
corresponding to a depth of 250-300 km (Arndt et al.,
1998). Picrites in Song Da were also thought to have
formed from a dry parental magma with extremely low
water contents (<0.03 wt.%) (Hanski et al., 2004).
However, they contain incompatible trace elements
much lower than the meymechites in Siberia. On the
basis of the equations of Herzberg and Zhang (1996),
the high ALO; (~11.5 wt.%) and MgO (15 wt.%)
contents and high Al,O3/TiO, ratios (16.7) of the
picrites correspond to high-degree partial melting of dry
mantle peridotite at pressures of 2.8-3.8 GPa
(corresponding to a depth of 100—120 km). The degree
of partial melting was probably ~20% for the picritic
magmas on the basis of Sm versus Sm/YDb ratios of the
rocks (Fig. 9d). Therefore, the picritic magma could
have formed by high-temperature anhydrous melting at
relatively shallow levels in the upper mantle.

06.2.2.2. LREE-enriched picrites. One LREE-enriched
picrite has a very negative eNd(#) value (<—7), and high
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(*’St/*Sr); ratio (>0.712) (Fig. 8), Th, Zr and LREE
(Table 1). This feature cannot be explained by crustal
contamination of the parental picritic magmas, because
in this case high degrees of crustal contamination
(~50%) are required (Fig. 8). Such high degrees are
impossible and would have severely modified the major
element composition of the magmas. For example, SiO,
contents would have been significantly increased such
that the rocks should contain much higher SiO, than the
picrite (Table 1). In contrast, preferential leaching of
volatiles and more mobile large-ion lithophile elements
(LILE), such as Rb, Sr, Ba and U, from subducted slab
may fractionate them from less mobile elements such
as Th, Nb, Ta and LREE, resulting in the observed
geochemical signatures (Fig. 5b). Thus, our favored
interpretation is that the LILE-enriched geochemical
signature of the picrite was generated by interaction
between depleted asthenospheric melts and metasoma-
tized lithospheric mantle, which may have been
modified by previous subduction. Previous subduction
in this region was likely related to subduction of the

Lancangjiang—Changning—Menglian ocean during the
Devonian—Carboniferous and the subduction of the
Jinshajiang—Ailaoshan—Song Ma back-arc basin which
was initiated in the early Permian (Wang et al., 2000).
However, such modification of the depleted mantle
source is assumed to have occurred locally as only a few
samples show such LILE-enriched geochemical
signatures.

6.2.2.3. Low-Ti basalts. Most of the low-Ti basalts
have low MgO (5-7.6 wt.%) and Mg# (<55) and high
Si0,, generally highly evolved relative to the picrites,
although a few have higher MgO and lower SiO,. The
least-contaminated low-Ti basalts and the picrites have
similar chondrite-normalized REE and trace element
patterns (Fig. 5b—c), Sm/Nd and Th/YD ratios, and eNd(?)
values (Figs. 8 and 10a). These similarities suggest that
the low-Ti tholeiitic magmas may have formed from
picritic parental magmas and probably experienced
fractionation of olivine and clinopyroxene (£plagioclase)
because they are the dominant phenocrysts of the picrites.
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6.3. Crustal contamination

Relatively high (Nb/La)py, ratios (~0.8), low (Th/
Nb)pym ratios (~1.4) and slightly negative Nb (Ta)
anomalies of the high-Ti basalts indicate that crustal
contamination was not significant (Fig. 10b).

On a plot of eNd(?) versus '*’Sm/"**Nd (Fig. 10a),
the low-Ti basalts with positive eNd(¢) values define a
horizontal trend produced by a combination of partial
melting and fractional crystallization, whereas the others
with negative eNd(¢) values define an inclined trend,
which reflects binary mixing between a mantle source
component and the continental crust, as indicated by
high (Th/Nb)py ratios of the rocks (Fig. 10b). On the
eNd(7) versus (¥’Sr/*°Sr); diagram (Fig. 8), the low-Ti
lavas follow a bulk mixing trend between a picritic melt,
as represented by the most depleted picrite in this region,
and the Yangtze upper/middle crust with a maximum of
~25% contamination. Therefore, the low-Ti basalts
were probably derived from primary picritic magmas
that underwent crystal fractionation and acquired their

8
6k Partial melting and . o
O fractional crystallization
4t A =€
(o]
2}
i X
§- Lithospheric mantle or
Z 2 o M crustal contamination
w | e
® High-Ti basalts
-6t A High-Ti gabbros
st OLow-Ti picrites
OLow-Ti basalts
-10 [o)) ALow-Ti olivine gabbros
12 . ) ALDW-TiI gabbros a
0.12 0.17 0.22 0.27 032
""Sm/""'Nd
5
Garnet
m residue
L]
4 ‘.o

T p#
O Crustal

contamination

(Sm/Yb),,,

% o QP B oo
1 .;[.Q
PM ©
5 . : . b
0 2 4 6 8 10
(Th/Nb),,,

Fig. 10. "7Sm/"*Nd versus eNd(7) values (a) and (Th/Nb)pys versus
(Sm/YDb)py, ratios (b) in the flood basalts and mafic intrusion. Primitive
mantle values are from Sun and McDonough (1989).

2 High-Ti basal
@ High-Ti basalts
Trend due 10 i
sli]ﬁ(k-lmsallualcd 4 High-Ti gabbros
o fractionation @Low-T picrites
400 | OLow-Ti basalts
ALow-Th olivine gabbros
ALow-Ti gabbros
T 300}
o
&
3
200 f
Trend due 1o
dilution by
A mereased
100 | Ilie]!.ilg of
% olivine A
X A p a
Trend due to
0 sulfide-saturated 10 20 30
fractionation
MgO (w1.%0)
900
800
Fe-Ti oxide
700 | cumulation
600
2
= S00f
400 f
300
200 f A
Clinopyroxene fractionation b
100 . . -
15 25 35 45 55
Sc (ppm)

Fig. 11. MgO versus Cu (a) and Sc versus Ti/Y (b) of the flood basalts
and mafic intrusions showing the genetic relationship of the flood
basalts and mafic intrusions.

significant crustal signature through interaction with
country rocks (cf., Arndt and Christensen, 1992;
Wooden et al., 1993; Griselin and Arndt, 1996). This
model is consistent with the crude correlation between
trace element ratios and eNd(¢) values of the low-Ti
lavas (Fig. 10a) and the highly evolved nature of the
low-Ti basalts.

6.4. Sulfide segregation

The diversity of the ELIP rocks in the Jinping—Song
Da district may have resulted from distinct mantle
sources, different fractional crystallization processes
and variable degrees of crustal contamination. These
processes resulted in variable sulfide segregation in
different rocks.

6.4.1. No sulfide segregation in the high-Ti series
The high-Ti series defines a trend of increasing Cu
with nearly constant MgO (Fig. 11a). The very low Ni/
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Cu ratios (<1) are consistent with crystallization of
olivine and, to a lesser extent, orthopyroxene which
remove Ni from magmas and leave Pd, Pt and Cu in the
residual magma under S-undersaturated conditions
(Keays, 1995; Naldrett, 2004). The high and variable
Ti/Y ratios (490 to 871) of the high-Ti series with
constant Sc contents are indicative of Fe—Ti oxide
accumulation (Fig. 11b), consistent with abundant
magnetite and ilmenite in these rocks. This is also
supported by the low (Ni/Ir)py ratios of ~0.7 (from 0.4
to 1.4). Because PGEs partition strongly into sulfide
liquids, the removal of sulfide by equilibrium fraction-
ation will deplete the magmas in PGEs, such that the Cu/
Pd and Ni/Ir ratios of the magmas rise dramatically
(Barnes and Maier, 1999). Thus, the low (Ni/Ir)py ratios
indicate removal of olivine/orthopyroxene from S-
undersaturated magmas rather than the removal of
sulfide from S-oversaturation magmas. This suggests
that the evolution of the high-Ti series was controlled by
silicate fractionation rather than sulfide saturation.
Rocks of the high-Ti series have Cu/Pd ratios ~5.6
(1.8 to 13) times the primitive mantle and low Cu/Zr
ratios (0.13 to 1.07) relative to the picrites (Cu/Zr>1).
Because of higher partition coefficient of PGE into
sulfide than Cu, the high Cu/Pd ratios and low Cu/Zr
ratios are consistent with sulfide fractionation: either in
the mantle or during the evolution of the magmas. The
relatively constant PGE contents of the high-Ti rocks do
not support S-saturated differentiation in the magma,
because such differentiation would have resulted in
highly variable PGE contents of the rocks. It has been
suggested that the low degrees of partial melting
produce S-saturated magmas and leave behind sulfide
melts in the mantle (Keays, 1995). Thus, relatively
constant but poor PGE contents of the high-Ti rocks are
supportive of low degrees of partial melting.

6.4.2. Variable sulfide segregation of the low-Ti series
S-undersaturated basaltic magmas usually have (Y/
Pd)py ratios close to 1 due to similar incompatibilities of
two elements, but segregation of a sulfide melt will be
accompanied by large depletions of Pt and Pd relative to
Y in the remaining silicate melt (Briigmann et al., 1993).
Thus, Y/Pd ratios are useful indicators of sulfide
saturation in magmas. The picrites have (Y/Pd)py, ratios
close to 1 (1.1 to 1.5), relatively high MgO and low Cu
contents (Fig. 11a), and Cu/Zr>1, indicating that the
picritic magmas were S-undersaturated, which have
been produced by large degrees of partial melting of a S-
undersaturated upper mantle source (Keays, 1995).
The low-Ti basalts display either S-undersaturated or
S-oversaturated trend on the Cu versus MgO plot

(Fig. 11a) (cf., Andersen et al., 2002). The one with a S-
undersaturated trend shows a dramatic increase in Cu
with decreasing of MgO. The other with a S-over-
saturated trend shows a decrease Cu with decreasing of
MgO. On the same diagram, the low-Ti olivine gabbros
show a decrease of Cu with increasing of MgO,
indicating the formation from S-undersaturated magmas
by high-degree partial melting (>20-25%, Barnes and
Picard, 1993), whereas the low-Ti gabbros show a
similar S-oversaturated trend to that for the low-Ti
basalts.

The low-Ti basalts with a S-undersaturated trend are
characterized by positive eNd(f) values (+3.2 to +5.3),
relatively high Pt and Pd contents and Cu/Zr ratios of
>1. They also have low (Y/Pd)pp; (0.8 to 3.0) (Fig. 7c),
Th/Yb (~0.6), and (Cu/Pd)py ratios (0.2 to ~3)
(Fig. 7d). The positive eNd(#) values and low Th/Yb
ratios of these basalts indicate minor crustal contami-
nation, whereas their high Cu/Zr and low Y/Pd and Cu/
Pd ratios indicate S-undersaturation of the magmas (cf.,
Keays, 1995; Kerr, 2003). The olivine gabbros have
compositions similar to those of the PGE-rich, low-Ti
basalts. The trend of decreasing Cu with increasing
MgO of the olivine gabbros indicates that the Cu
contents of the magmas were diluted by increasing
degrees of partial melting largely involving olivine, and
the magmas were thus S-undersaturated.

The low-Ti basalts and gabbros with a S-over-
saturated trend (Fig. 11a) have identical compositions
and are characterized by high (Y/Pd)pys (5.4 to 86.8) and
low Cu/Zr ratios (<1) and low Pt and Pd contents. The
low Cu/Zr ratios generally resulted from the removal of
sulfide which affects Cu, but not Zr (e.g., Lightfoot
et al.,, 1994; Kerr, 2003). The very negative eNd(f)
values (—0.9 to —10.2) and relatively high Th/YD ratios
(~2) of the low-Ti basalts are indicative of extensive
crustal contamination. Their high Cu/Pd ratios (Fig. 7d)
likely reflect segregation of large amounts of sulfide
somewhere at depth prior to the eruption.

Economically important Ni—Cu—(PGE) sulfide
mineralization could have formed when the low-Ti
magmas with high degrees of crustal contamination
reached S-oversaturation and produced immiscible
sulfide melts. Emplacement of the magmas contain-
ing the sulfide melts probably formed the mafic—
ultramafic intrusions hosting Ni—Cu—(PGE) sulfide
deposits, such as the Baimazhai and Ban Phuc
intrusions in this region (Glotov et al., 2001; Wang
and Zhou, 2006). On the other hand, the residual
melts after sulfide segregation would have been
depleted in PGE and would have intruded elsewhere
to form PGE-depleted, low-Ti gabbroic bodies or
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have been erupted to form the low-Ti basaltic lavas.
A similar relationship has also been recognized in the
Siberian Traps (Lightfoot and Keays, 2005), the
Coppermine River flood basalts and the Keweenawan
Oslar volcanic Group in Canada (Lightfoot et al.,
1991). In Siberia, there is a clear spatial and genetic
link between Ni-, Cu- and PGE-depleted flood basalts
and the ore deposits (Lightfoot and Keays, 2005), and
the lavas with the lowest Ni and Cu concentrations
show the most extensive crustal contamination
(Lightfoot and Hawkesworth, 1997).

6.5. An integrated model

We propose that the Emeishan mantle plume gave
rise to magmas with distinct compositions. The high-Ti
magmas probably formed first at depths of ~200 to
400 km during initial upwelling by low degrees of
partial melting of enriched mantle material. The high-Ti
magmas were probably volatile-rich, as evidenced by
the presence of primary biotite in these rocks (Xu et al.,
2001). The relatively light and volatile-rich high-Ti
magmas could have ascended rapidly to the surface,
such that they escaped crustal contamination. In
contrast, the low-Ti and LREE-depleted picritic magmas
were produced later at shallower depths (100—120 km)
by high degrees of partial melting of a warm, depleted
mantle source. The depleted mantle source may have
been locally modified by subducted oceanic crust so as
to generate an enriched mantle source from which minor
LREE-enriched picrites formed. This scenario envisages
the presence of two very different, coeval plumbing
systems during the evolution of the ELIP. The low-Ti
basalts may have evolved from the picritic parental
magmas by an AFC process, and extensive crustal
contamination was the major control on S-oversatura-
tion and sulfide segregation in some of the low-Ti
basaltic magmas. The heterogeneous compositions of
these rocks may reflect an absence of steady state
conditions in the crustal magma chambers or that the
residual magmas were not in equilibrium with the
crystallized phases, such as olivine, clinopyroxene and
plagioclase (cf., Wooden et al., 1993).

Thus, our model accounts for the several kinds of
mafic—ultramafic intrusions in the ELIP: (1) high-Ti
gabbroic intrusions equivalent to the high-Ti basalts,
which are unrelated to sulfide mineralization; (2) low-
Ti PGE-rich olivine gabbroic intrusions, equivalent to
the PGE-enriched low-Ti basalts in composition,
which formed from S-undersaturated magmas; (3)
low-Ti PGE-depleted gabbroic intrusions, equivalent
to PGE-depleted low-Ti basalts, which formed from

magmas that underwent sulfide saturation due to
extensive crustal contamination; and (4) low-Ti
mafic—ultramafic intrusions hosting Ni—Cu—(PGE)
sulfide deposits.

7. Conclusions

High-Ti and low-Ti series of the ~260-Ma ELIP
in the Jinping—Song Da district show distinctly
geochemical characteristics, reflecting different com-
positions of mantle sources and parental magmas,
degree of partial melting, fractional crystallization
and assimilation of crustal materials. The primary
high-Ti magmas were derived from an enriched and
deep mantle source, and may have undergone
fractional crystallization of clinopyroxene+ plagioclase
without crustal contamination. The LREE-depleted
picrites were derived from a strongly depleted mantle
source and formed by high degrees of anhydrous
melting at relatively shallow mantle depths, whereas
the LREE-enriched picrite indicates a mantle source
locally modified by subducted oceanic crust. The low-
Ti basalts formed from picritic melts by AFC pro-
cesses. Extensive crustal contamination may have
resulted in S-oversaturation and sulfide segregation in
some of the low-Ti basaltic magmas. Those low-Ti
basalts with relatively high PGE contents and positive
eNd(7) values formed from weakly contaminated
magmas and did not experience significant sulfide
segregation. Those formed from highly contaminated
magmas have low PGE contents and very negative
eNd(#r) values and experienced substantial sulfide
segregation.

Acknowledgments

This study was substantially supported by a research
grant from the Research Grants Council of Hong Kong,
China (HKU7057/05P) and an outstanding researcher
award from Chinese Academy of Sciences (2005-2-21).
Dr. Danping Yan from Chinese University of Geosciences
and Drs. Chi Cung Thuong and Hoang Huu Thanh from
the Institute of Geological Sciences, Vietnam, are thanked
for their field assistance in northern Vietnam. We also
thank Ms. Xiao Fu for help with sample analyses and Dr.
Junhong Zhao for helpful discussions. On the authors’
request, Profs. Paul T. Robinson, Ian H. Campbell and
Catherine Chauvel and Dr. Rebbeca Sproule provided
comments on an early draft of this paper. Official reviews
by Dr. Peter C. Lightfoot and Prof. Sun-Lin Chung and
editorial handling by Prof. S. Goldstein are gratefully
acknowledged.



C.Y. Wang et al. / Chemical Geology 243 (2007) 317-343

339

Appendix A. Measured major oxide compositions (wt.%) of the standards used for XRF analyses

Standards  BHVO-2 (basalt) GSP-2 (granodiorite) BCR-2 (basalt)

This study  Expected  Accuracy (%)  This study  Expected  Accuracy (%)  This study  Expected  Accuracy (%)
SiO, 49.99 49.90 -0.18 66.75 66.60 -0.23 54.52 54.10 -0.77
TiO, 2.73 2.73 -0.17 0.67 0.66 —1.46 2.29 2.26 -1.25
ALO; 13.56 13.50 —-0.45 14.86 14.90 0.28 13.51 13.50 —-0.08
Fe,O5T 12.35 12.30 —0.43 4.94 4.90 -0.79 13.88 13.80 —0.55
MnO 0.17 0.04 0.20 0.20 —3.45
MgO 7.45 7.23 —3.06 0.96 0.96 —-0.38 3.66 3.59 -1.91
CaO 11.58 11.40 -1.56 2.13 2.10 —1.53 7.28 7.12 -2.21
Na,O 227 222 -2.21 2.65 2.78 4.57 3.10 3.16 1.99
K,0 0.52 0.52 0.38 5.46 5.38 -1.49 1.80 1.79 -0.77
P,0s5 0.27 0.27 —1.14 0.30 0.29 =2.77 0.37 0.35 —4.57
LOI —0.40 —0.40 0.00 0.65 0.65 0.00 0.12 0.12 0.00
Total 101.17 99.82 101.09

Appendix B. Measured trace

element compositions (ppm) of the standards used for ICP-MS analyses

BHVO-1 (basalt)

AMH-1 (andesite)

GBPG-1(garnet—biotite-

OU-6 (slate)

plagiogneiss)

Expected This Accuracy  Expected  This Accuracy  Expected  This Accuracy  Expected  This Accuracy

(1 work (%) 2) study (%) 3) study (%) “4) study (%)
Sc 31.8 28.1 11.7 13.5 14.9 —10.5 13.9 15.1 -8.6 22.1 22.1 —-0.1
v o 317 3217 -15 106 112 =53 96.5 96.7 -0.2 129 119 7.6
Cr 289 289.6  —0.2 40.9 42.0 -2.8 181 172 5.0 70.8 67.4 4.7
Co 45 46.3 -29 18.7 19.2 -2.8 19.5 19.4 0.3 29.1 28.3 2.9
Ni 121 119 2.0 32.4 33.0 -2.0 59.6 49.9 16.3 39.8 40.5 -1.7
Cu 136 134 1.2 30.2 325 -7.7 30.0 31.9 -6.2 39.6 41.1 -3.8
Zn 105 106 -0.6 66.9 71.3 —6.6 80.3 79.3 1.3 111 111 0.1
Rb 11 9.66 12.2 18.3 18.4 -0.5 56.2 56.7 -0.9 120 117 2.7
Sr 403 394 2.2 545 559 =25 364 369 -1.6 131 134 -2.6
Ba 139 125 10.0 322 327 -1.3 908 905 0.4 477 480 -0.6
Y 276 26.6 3.6 16.4 15.2 7.4 18.0 18.6 -3.2 27.4 26.6 2.9
Zr 179 170 5.1 146 149 -23 232 239 -3.1 174 178 -23
Hf 4.38 4.35 0.6 3.70 3.86 -43 6.07 6.37 -5.0 4.70 5.05 =74
Nb 19 18.3 3.7 8.32 7.97 42 9.93 9.90 0.3 14.8 14.2 3.7
Ta 123 1.25 -1.7 0.64 0.64 -0.5 0.40 0.43 =72 1.06 1.05 1.3
Cs 0.13 0.12 6.9 0.24 0.25 =59 0.32 0.35 -84 8.02 8.30 =35
Pb 2.6 2.15 17.5 9.85 9.27 5.9 14.1 13.3 6.0 28.2 29.7 =52
Th 1.08 1.19 -104 2.64 2.70 -22 11.2 12.3 -9.2 11.5 12.0 -4.2
U 042 0.42 1.0 0.89 0.89 0.4 0.90 0.95 -5.9 1.96 2.01 -24
La 158 15.0 5.1 15.9 16.9 -6.2 53.0 52.5 0.8 33.0 34.1 =32
Ce 39 36.9 5.3 33.0 35.1 —6.4 103 102 0.9 74.4 78.4 -54
Pr 5.7 5.24 8.1 4.21 4.51 -7.1 11.5 12.0 -4.5 7.80 8.36 -7.1
Nd 252 23.7 5.8 17.7 18.1 -23 433 42.7 1.5 29.0 31.1 -7.1
Sm 6.2 591 4.7 3.68 3.86 -5.0 6.79 6.68 1.7 5.92 6.22 -5.1
Eu 2.06 2.12 =29 1.16 1.19 -2.6 1.79 1.81 -1.1 1.36 1.42 -4.7
Gd 64 6.02 5.9 3.34 3.23 33 4.74 5.23 -10.4 5.27 5.42 -2.8
Tb 0.96 0.94 2.5 0.51 0.53 -34 0.60 0.64 -6.9 0.85 0.86 -13
Dy 52 5.15 0.9 2.84 2.93 =33 3.26 3.34 =25 4.99 5.11 -23
Ho 0.99 0.97 2.0 0.57 0.59 —4.4 0.69 0.72 -3.6 1.01 1.06 -4.7
Er 24 2.47 -2.8 1.52 1.55 -1.9 2.01 2.19 -9.1 2.98 3.01 -1.2
Tm 0.33 0.32 1.7 0.21 0.22 -3.6 0.30 0.31 -2.7 0.44 0.43 3.2
Yb 2.02 1.98 22 1.37 1.41 =3.1 2.03 2.21 -8.9 3.00 3.02 -0.6
Lu 0.291 0.28 32 0.21 0.21 -1.2 0.31 0.34 -10.5 0.45 0.44 2.4

Note: expected values for standards: (1) from Govindaraju (1994); (2) from Thompson et al. (2000); (3) from Potts et al. (2000); (4) from Potts and

Kane (2005).



340 C.Y. Wang et al. / Chemical Geology 243 (2007) 317-343

Appendix C. GPS locations of samples

Sample no. GPS location Sample no. GPS location

HK-01 20°48.85'N, 105°19.88’E HK-73 21°16.33'N, 104°14.90'E
HK-02 20°48.89'N, 105°19.64'E HK-74 21°16.33'N, 104°14.90'E
HK-04 20°48.89'N, 105°19.64'E HK-76 21°16.49'N, 104°14.81'E
HK-05 20°48.89'N, 105°19.64'E HK-77 21°16.49'N, 104°14.81'E
HK-06 20°48.89'N, 105°19.64'E HK-80 21°14.87'N, 104°13.77E
HK-11 20°45.60'N,105°20.03'E HK-81 21°14.87'N, 104°13.77'E
HK-13 20°45.60’'N, 105°20.03’E HK-84 21°14.87'N, 104°13.77E
HK-14 20°45.60’N, 105°20.03'E HK-85 21°13.43'N, 104°11.14'E
HK-17 21°40.11'N, 103°37.97’E HK-86 21°13.43'N, 104°11.14’E
HK-22 21°40.32'N, 103°37.46'E HK-87 21°13.43'N, 104°11.14'E
HK-24 21°40.32'N, 103°37.46'E HK-89 21°13.43'N, 104°11.14’E
HK-30 21°39.94'N, 103°37.68'E HK-90 21°13.16'N, 104°11.03'E
HK-35 21°31.14'N, 103°43.35'E HK-92 21°13.26'N, 104°10.81'E
HK-36 21°31.14'N, 103°43.35'E HK-93 21°13.66'N, 104°10.04'E
HK-37 21°31.14'N, 103°43.35'E HK-94 21°11.13'N, 104°12.26'E
HK-38 21°31.14'N, 103°43.35'E HK-95 21°11.13'N, 104°12.26'E
HK-39 21°31.14'N, 103°43.35'E HK-96 21°11.13'N, 104°12.26'E
HK-40 21°29.24'N, 103°46.97'E HK-97 21°11.10'N, 104°12.62'E
HK-41 21°29.24'N, 103°46.97'E HK-98 21°11.10'N, 104°12.62'E
HK-42 21°29.32'N, 103°46.72'E HK-99 21°10.86'N, 104°12.98'E
HK-43 21°29.32'N, 103°46.72'E JP-3 22°41.35'N, 103°08.85'E
HK-44 21°29.32'N, 103°46.72'E JP-4 22°41.41'N, 103°08.84'E
HK-46 21°29.79'N, 103°46.31'E JP-5 22°41.41'N, 103°08.84'E
HK-47 21°30.30'N, 103°45.27'E JP-6 22°41.43'N, 103°08.87'E
HK-48 21°30.30’N, 103°45.27'E JP-7 22°41.88'N, 103°09.25'E
HK-49 21°30.34'N, 103°45.19’E JP-8 22°42.15'N, 103°09.73'E
HK-50 21°30.34’N, 103°45.19’E JP-9 22°42.25'N, 103°09.62'E
HK-51 21°30.34'N, 103°45.19'E JP-10 22°42.35'N, 103°09.53'E
HK-52 21°31.26'N, 103°43.27'E JP-11 22°42.70'N, 103°09.77'E
HK-53 21°31.26'N, 103°43.27'E JP-12 22°42.70'N, 103°09.77'E
HK-59 21°30.89'N, 103°43.53'E Jp-13 22°42.70'N, 103°09.77'E
HK-60 21°22.78'N, 103°46.74'E JP-14 22°42.70'N, 103°09.77'E
HK-61 21°22.61'N, 103°46.83’E JP-16 22°43.25'N, 103°10.09'E
HK-62 21°22.61'N, 103°46.83’E JP-19 22°42.68'N, 103°10.80'E
HK-63 21°20.44'N, 103°52.52’E JP-21-1 22°42.88'N, 103°10.99'E
HK-64 21°20.02'N, 103°52.91'E JP-21-2 22°42.88'N, 103°10.99'E
HK-65 21°20.02'N, 103°52.91'E JP-22 22°42.88'N, 103°10.99'E
HK-67 21°16.33'N, 104°14.90'E JP-25 22°47.19'N, 103°12.17E
HK-69 21°16.33'N, 104°14.90'E JP-26 22°47.19'N, 103°12.17E
HK-70 21°16.33'N, 104°14.90'E JP-27 22°47.12'N, 103°12.32'E
HK-71 21°16.33'N, 104°14.90'E JP-28 22°47.12'N, 103°12.32'E
HK-72 21°16.33'N, 104°14.90'E
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