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Abstract

The Emeishan continental flood basalt (ECFB) sequence in Dongchuan, SW China comprises a basal tephrite unit overlain by
an upper tholeiitic basalt unit. The upper basalts have high TiO2 contents (3.2–5.2 wt.%), relatively high rare-earth element (REE)
concentrations (40 to 60 ppm La, 12.5 to 16.5 ppm Sm, and 3 to 4 ppm Yb), moderate Zr/Nb and Nb/La ratios (9.3–10.2 and 0.6–
0.9, respectively) and relatively high ɛNd (t) values, ranging from −0.94 to 2.3, and are comparable to the high-Ti ECFB elsewhere.
The tephrites have relatively high P2O5 (1.3–2.0 wt.%), low REE concentrations (e.g., 17 to 23 ppm La, 4 to 5.3 ppm Sm, and 2 to
3 ppm Yb), high Nb/La (2.0–3.9) ratios, low Zr/Nb ratios (2.3–4.2), and extremely low ɛNd (t) values (mostly ranging from −10.6
to −11.1). The distinct compositional differences between the tephrites and the overlying tholeiitic basalts cannot be explained by
either fractional crystallization or crustal contamination of a common parental magma. The tholeiitic basalts formed by partial
melting of the Emeishan plume head at a depth where garnet was stable, perhaps N80 km. We propose that the tephrites were
derived from magmas formed when the base of the previously metasomatized, volatile-mineral bearing subcontinental lithospheric
mantle was heated by the upwelling mantle plume.
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1. Introduction

The geochemistry of continental flood basalts can
yield valuable information about the nature of the
mantle sources from which they were derived and about
the extent of plume–lithosphere interaction. The
voluminous lavas in typical flood basalt provinces are
generally considered to reflect asthenospheric melting
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Fig. 1. Distribution of the Emeishan continental flood basalts and related intrusions in the Emeishan large igneous province (A), in the Dongchuan
area (B), and (C) cross-section of the ECFB in Dongchuan.
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and decompressional melting of the associated mantle
plume, whereas small volumes of lithospheric mantle-
derived magmas may be generated when the lithosphere
is heated by the mantle plume (e.g. McKenzie and
Bickle, 1988; White and McKenzie, 1989; Arndt and
Christensen, 1992). However, other authors have argued
that a large proportion of the lavas may have originated
from metasomatically enriched subcontinental litho-
spheric mantle (SCLM) (e.g. Gallagher and Hawkes-
worth, 1992; Turner et al., 1996).

The ECFB, which consist dominantly of tholeiitic ba-
salts, cover an area over 5×105 km2 in southwest China
and northern Vietnam, and have been studied extensively
over the last decade (e.g. Chung and Jahn, 1995; Song
et al., 1998, 2001, 2004; Thompson et al., 2001; Xu et al.,
2001;Zhou et al., 2002a,b;Ali et al., 2002, 2005). They are
generally interpreted as the products of a Middle/Late
Permian mantle plume contaminated by the SCLM
beneath the Emeishan large igneous province (ELIP)
(Song et al., 2001; Xiao et al., 2003) or mixed with
lamproitic magmas from the SCLM (Chung and Jahn,
1995). However, the nature of the SCLMbeneath the ELIP
is not well constrained, and the degree of melting of the
SCLM, if any, during plume activity is not clear.
Fig. 2. Photos showing phenocrysts of clinopyroxene (A) and olivi
For the first time, we describe alkaline lavas associated
with the ECFB in a cross-section at Dongchuan, Yunnan
Province, SWChina.Newgeochemical andSr–Nd isotopic
data on the alkaline and tholeiitic basalts from Dongchuan
(Fig. 1) are used to investigate the relative contributions
of SCLM and mantle plume melts to the ECFB and to
determine the compositional nature of the SCLM source
beneath the ELIP. These new data suggest that the alkaline
basalts in theDongchuan area formed by partial melting of
metasomatised domains at the base of the SCLM, whereas
the overlying tholeiitic basalts were derived dominantly
by decompressional melting of the mantle plume.

2. Geological background

The Yangtze craton of southern China consists of a
Proterozoic crystalline basement uncomfortably over-
lain by Sinian to Middle Permian marine clastic rocks
and carbonates. The Middle/Late Permian ECFB over-
lies Middle Permian limestone and is unconformably
overlain by Late Permian–Cretaceous terrestrial clastic
sedimentary rocks (GMBY, 1978; GMBS, 1991).Mafic–
ultramafic intrusions associated with the ECFB have
been dated at 260 Ma (Fig. 1) (Zhou et al., 2002).
ne (B) and interstitial hornblende crystal (C) in the tephrites.



Table 1
Concentrations of major and trace elements of the Dongchuan ECFB

Lower Unit (tephrite)

YR04-1 YR04-2 YR04-3 YR04-4 YR04-5 YR04-6 YR04-7 YR04-8 YR04-9 YR04-10 YR04-11 YR04-12 YR04-13

Major oxides (wt.%)
SiO2 40.4 43.1 42.7 41.8 39.7 41.7 43.9 43.3 42.6 42.0 43.3 42.9 44.1
TiO2 1.7 2.1 2.0 1.9 2.0 1.9 1.9 1.9 1.9 1.9 1.9 2.0 1.9
Al2O3 11.3 11.8 11.0 11.1 12.0 7.0 12.9 12.9 11.8 12.5 13.2 12.4 13.9
Fe2O3 12.4 14.0 14.1 12.8 13.0 13.8 12.7 12.5 12.8 12.7 12.5 12.8 12.7
MnO 0.3 0.3 0.2 0.2 0.3 0.4 0.2 0.2 0.2 0.2 0.2 0.2 0.2
MgO 7.5 6.8 7.0 7.5 6.5 11.5 5.7 5.7 6.2 5.7 5.5 6.0 5.5
CaO 12.9 12.1 11.9 11.9 13.8 16.3 10.2 9.8 11.9 10.0 10.1 10.7 10.7
Na2O 4.1 2.5 3.0 3.9 3.4 1.8 4.4 5.6 3.7 5.2 4.9 4.9 3.2
K2O 0.7 3.0 2.2 0.8 0.8 0.6 2.5 2.3 2.9 2.2 2.1 1.8 2.7
P2O5 1.4 1.3 1.4 1.9 1.6 1.4 1.4 1.5 1.5 1.5 1.5 1.5 1.4
LOI 7.0 4.8 4.8 5.8 6.5 3.8 3.7 3.1 4.0 4.2 4.4 4.2 4.0
Total 99.7 101.8 100.3 99.6 99.6 100.2 99.5 98.8 99.5 98.1 99.6 99.4 100.3

Trace elements (ppm)
Sc 20.2 22.4 22.9 25.6 19.6 41.7 18.4 18.9 19.3 18.8 18.4 20.5 18.9
V 350 489 259 296 470 353 342 310 314 339 367 368 354
Cr 29.2 29.2 28.5 42.5 35.5 261.3 17.2 26.9 17.0 16.6 14.8 20.2 24.7
Co 42.4 48.2 51.3 46.5 47.0 55.2 42.9 42.2 43.6 44.2 40.8 43.6 41.7
Ni 23.2 28.4 32.1 32.1 30.0 73.6 18.8 20.6 19.9 20.7 20.2 21.7 21.0
La 17.0 20.5 19.9 18.6 15.2 18.8 22.3 21.5 22.9 21.5 22.5 22.8 22.1
Ce 31.4 36.2 34.9 33.3 27.0 33.6 40.5 39.7 41.5 40.3 41.5 42.2 40.4
Pr 4.04 4.64 4.45 4.32 3.58 4.31 5.20 5.03 5.30 5.02 5.25 5.38 5.14
Nd 16.9 19.0 18.3 17.7 15.5 17.6 21.2 20.4 21.8 21.0 21.5 22.3 20.5
Sm 4.34 4.88 4.58 4.47 4.42 4.18 5.07 4.90 5.19 4.99 5.12 5.33 4.86
Eu 1.26 1.36 1.85 1.25 1.29 1.22 1.63 1.48 1.88 1.55 1.53 1.60 1.50
Gd 4.11 4.58 4.72 4.29 4.62 3.92 4.72 4.51 5.21 4.60 4.49 4.89 4.44
Tb 0.675 0.727 0.703 0.686 0.762 0.609 0.713 0.679 0.727 0.697 0.704 0.726 0.696
Dy 4.13 4.44 4.34 4.13 4.90 3.69 4.31 4.18 4.40 4.20 4.35 4.36 4.10
Ho 0.800 0.883 0.822 0.797 0.975 0.703 0.844 0.824 0.851 0.797 0.827 0.859 0.828
Er 2.32 2.55 2.41 2.27 2.85 2.07 2.45 2.38 2.46 2.39 2.42 2.52 2.40
Tm 0.365 0.411 0.384 0.370 0.463 0.333 0.396 0.381 0.390 0.377 0.385 0.398 0.382
Yb 2.31 2.57 2.37 2.23 2.89 2.02 2.52 2.38 2.54 2.40 2.48 2.58 2.41
Lu 0.341 0.364 0.332 0.315 0.411 0.297 0.371 0.354 0.366 0.346 0.365 0.369 0.355
Rb 22.2 98.0 87.1 14.6 32.7 16.9 71.3 69.3 93.7 77.1 82.3 93.1 50.9
Sr 899 454 584 688 600 497 714 554 562 577 657 370 541
Ba 867 704 3653 662 632 382 894 708 2402 815 825 765 672
Y 21.6 24.3 22.0 21.4 26.9 19.1 22.6 22.0 22.7 21.9 22.6 23.2 21.8
Nb 61.0 81.9 76.7 65.7 55.5 56.4 46.5 47.7 48.0 47.1 51.2 46.9 48.1
Ta 3.14 4.31 4.09 3.74 2.93 3.06 2.67 2.96 2.75 2.85 3.97 2.65 2.71
Zr 125 182 166 136 123 130 195 178 195 180 195 188 180
Hf 3.19 4.77 4.45 4.02 3.28 3.70 4.64 4.59 4.59 4.33 4.63 4.68 4.57
Th 4.93 6.44 6.80 5.87 3.78 4.11 4.63 4.43 4.57 4.06 4.60 4.45 4.45
U 1.20 0.98 0.83 1.15 1.84 0.61 1.09 1.23 1.25 1.11 1.17 1.26 1.25
Pb 6.13 11.06 16.15 13.58 11.66 7.29 12.69 12.36 12.55 12.16 11.24 11.62 11.53

Ratios
Ta/La 0.18 0.21 0.21 0.20 0.19 0.16 0.12 0.14 0.12 0.13 0.18 0.12 0.12
Zr/Nb 2.1 2.2 2.2 2.1 2.2 2.3 4.2 3.7 4.1 3.8 3.8 4.0 3.7
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The ELIP can be divided into a central part and an
outer zone (Song et al., 2005a,b) (Fig. 1). Extensive
erosion and thinning of the Middle Permian limestone in
the central part of the ELIP indicates kilometer-scale
regional uplift linked to the rising plume prior to eruption
of the ECFB (He et al., 2003; Xu et al., 2004). The central
part is characterized by low-Ti basalts overlain by high-Ti
basalts, the presence of large layered intrusions hosting



Table 1
Upper Unit (alkaline and tholeiitic lavas)

YR04-14 YR04-15 YR04-16 YR04-17 YR04-18 YR04-19 YR04-20 YR04-21 YR04-22 YR04-23 YR04-24

Major oxides (wt.%)
48.8 51.9 49.3 48.6 52.0 51.6 51.8 51.7 47.3 51.3 48.3
3.8 3.5 4.2 4.2 3.5 3.8 3.8 3.8 4.3 3.5 4.2
13.6 13.5 13.4 13.2 13.1 12.6 12.6 12.6 13.3 13.3 13.1
13.4 13.1 13.7 13.6 12.6 13.8 13.9 14.1 14.6 13.7 13.9
0.2 0.2 0.1 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
4.9 4.1 4.5 4.4 3.8 3.3 3.2 3.4 4.0 3.9 4.5
6.5 7.8 9.0 9.0 8.3 8.1 8.3 8.1 8.1 8.7 9.2
3.8 2.0 2.4 2.1 2.1 2.0 2.1 2.1 2.4 2.3 2.0
0.9 2.0 1.3 1.6 1.4 1.6 1.6 1.4 2.3 1.2 1.4
0.4 0.4 0.4 0.4 0.4 0.5 0.5 0.5 0.5 0.4 0.4
3.1 1.8 1.5 2.6 1.8 1.9 1.8 2.0 2.8 2.0 2.8
99.4 100.3 99.8 99.9 99.2 99.4 99.8 99.9 99.8 100.5 100.0

Trace elements (ppm)
25.9 25.7 24.5 26.5 26.1 23.5 23.6 23.7 25.7 25.6 26.5
419 385 440 463 387 416 420 413 461 382 461
65.4 31.5 51.2 74.6 33.2 10.7 5.6 10.1 22.3 31.9 73.1
43.1 38.3 41.5 42.0 38.4 39.9 37.6 39.4 45.3 38.6 41.7
77.2 37.2 69.1 69.2 39.0 31.6 28.9 32.4 59.2 39.1 68.2
47.4 47.1 49.9 49.1 47.1 54.3 58.2 58.3 54.1 52.6 49.8
102.7 109.2 108.8 106.1 111.1 127.2 133.0 128.5 122.8 110.5 103.9
13.5 14.2 14.7 13.9 14.3 16.8 17.1 16.9 16.4 14.2 13.6
56.0 58.6 60.8 59.8 59.6 70.3 72.1 71.1 69.3 58.8 56.5
12.7 13.0 13.7 13.5 13.0 15.8 16.4 16.1 15.4 13.2 12.9
3.18 3.10 3.53 3.37 3.11 3.88 3.99 3.81 3.72 3.08 3.28
10.14 10.61 10.96 10.95 10.94 12.77 13.23 13.20 12.44 10.69 10.60
1.469 1.521 1.522 1.508 1.517 1.782 1.834 1.839 1.755 1.513 1.487
8.15 8.28 8.09 7.99 8.25 9.63 9.71 9.77 9.41 8.33 7.88
1.446 1.455 1.401 1.404 1.462 1.653 1.680 1.678 1.651 1.483 1.395
3.87 3.93 3.72 3.68 4.02 4.36 4.39 4.40 4.34 3.98 3.69
0.585 0.575 0.532 0.532 0.583 0.631 0.645 0.631 0.622 0.582 0.516
3.46 3.41 3.08 3.08 3.40 3.78 3.82 3.66 3.68 3.48 3.08
0.496 0.479 0.425 0.427 0.488 0.499 0.506 0.496 0.488 0.477 0.415
20.3 48.8 28.1 47.9 34.3 57.9 51.6 30.4 68.3 37.2 52.3
583 418 628 619 468 564 589 587 513 497 492
683 446 531 454 502 505 538 506 513 488 352
36.9 37.8 36.1 36.3 38.0 42.2 43.5 42.5 41.3 37.6 35.4
39.8 38.8 44.2 43.9 39.2 47.2 48.1 47.8 47.3 38.8 43.0
2.86 2.85 3.16 3.13 2.86 3.52 3.69 3.54 3.65 2.86 3.14

370 393 415 413 395 474 478 478 467 393 398
8.49 8.82 9.06 9.11 8.79 10.70 10.71 10.65 10.37 8.86 8.89
7.57 9.43 6.89 6.48 9.46 9.84 10.1 9.81 9.80 9.69 6.46
1.51 2.12 1.61 1.53 2.12 2.35 2.51 2.46 2.40 2.14 1.41
6.83 7.67 9.27 5.73 7.82 7.22 8.71 7.97 9.94 7.07 6.30

Ratios
0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.07 0.05 0.06
9.3 10.1 9.4 9.4 10.1 10.0 9.9 10.0 9.9 10.1 9.3

(continued on next page )
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giant V–Ti-magnetite deposits and numerous syenite and
alkaline granite plutons, whereas the outer zone consists
of high-Ti basalts (e.g. Zhang and Luo, 1988; Song et al.,
2005a,b, 2006). The ECFB volcanic sequence generally
decreases in thickness from the central part of the ELIP to
the edge (Xu et al., 2004; Song et al., 2004).

In the Dongchuan region, near the central ELIP
(Fig. 1A and B), the ECFB is divided into a Lower Unit



Table 1 (continued )

Upper Unit (alkaline and tholeiitic lavas)

YR04-25 YR04-26 YR04-27 YR04-28 YR04-29 YR04-30 YR04-31 YR04-32 YR04-33

Major oxides (wt.%)
SiO2 47.5 50.7 50.1 46.6 50.2 49.2 47.8 44.7 46.6
TiO2 4.4 3.6 3.5 3.9 4.2 3.9 4.3 4.6 4.9
Al2O3 14.3 13.5 13.7 13.6 13.0 13.0 12.4 13.4 14.0
Fe2O3 14.5 13.1 12.9 14.8 13.9 13.8 15.4 14.8 14.3
MnO 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.3
MgO 5.1 4.0 4.1 4.6 3.7 4.4 4.8 5.8 5.5
CaO 7.5 8.5 7.9 8.9 8.6 9.2 9.7 7.7 4.7
Na2O 3.7 2.0 1.9 2.3 2.1 1.9 2.0 3.3 3.5
K2O 1.4 1.7 2.1 2.0 1.4 1.1 0.8 0.7 0.2
P2O5 0.5 0.4 0.4 0.4 0.5 0.4 0.4 0.4 0.3
LOI 0.9 2.2 2.6 2.8 2.0 2.2 2.0 3.6 5.9
Total 100.0 99.9 99.4 100.1 99.8 99.3 99.8 99.2 100.2

Trace elements (ppm)
Sc 27.1 26.2 26.1 28.6 25.2 27.6 27.2 29.7 31.6
V 473 390 389 497 450 464 472 519 499
Cr 75.8 42.8 35.4 62.8 22.1 59.5 60.9 62.1 63.5
Co 41.9 40.4 38.1 44.4 41.5 45.2 45.7 48.3 50.7
Ni 67.4 41.3 40.2 57.9 47.1 65.1 71.2 64.3 65.3
La 52.7 53.6 57.0 41.3 56.5 44.6 44.6 45.9 51.2
Ce 109.0 109.5 112.2 89.2 118.8 91.0 91.2 97.4 109.5
Pr 14.2 14.2 14.7 12.1 15.8 12.6 12.7 13.2 14.8
Nd 59.2 58.5 59.4 52.7 65.6 53.4 54.2 55.7 63.2
Sm 13.5 13.1 13.2 12.6 14.8 13.1 13.3 13.4 14.5
Eu 3.38 2.98 3.21 3.18 3.56 3.22 3.26 3.40 3.49
Gd 11.03 10.62 11.24 10.73 12.19 10.51 11.07 11.64 11.72
Tb 1.545 1.517 1.564 1.518 1.701 1.544 1.590 1.695 1.662
Dy 8.31 8.22 8.54 8.38 9.14 8.43 8.83 9.02 8.91
Ho 1.443 1.473 1.506 1.467 1.593 1.486 1.475 1.567 1.569
Er 3.80 3.97 4.09 3.96 4.11 3.90 3.86 4.11 4.11
Tm 0.539 0.567 0.577 0.554 0.604 0.558 0.559 0.595 0.575
Yb 3.22 3.35 3.47 3.28 3.49 3.24 3.28 3.59 3.31
Lu 0.427 0.473 0.490 0.454 0.484 0.445 0.441 0.475 0.470
Rb 46.8 42.1 75.3 86.0 29.3 39.5 16.7 25.5 8.6
Sr 670 417 557 484 540 481 502 471 358
Ba 453 465 639 312 453 282 381 258 38
Y 35.6 38.2 38.3 37.9 39.9 36.8 38.9 38.8 40.9
Nb 44.4 39.5 39.9 36.1 45.0 36.4 39.6 41.7 44.3
Ta 3.28 3.04 3.22 2.62 3.33 2.88 2.99 3.32 3.29
Zr 413 397 399 364 445 371 378 402 423
Hf 8.92 8.86 9.00 8.34 9.96 8.53 8.45 8.53 9.31
Th 6.39 9.35 9.84 6.31 9.07 6.76 6.13 6.21 6.76
U 1.49 2.09 2.16 1.54 2.25 1.56 1.48 1.50 1.52
Pb 6.46 8.23 8.37 6.73 8.09 6.86 5.35 5.74 5.61

Ratios
Ta/La 0.06 0.06 0.06 0.06 0.06 0.06 0.07 0.07 0.06
Zr/Nb 9.3 10.1 10.0 10.1 9.9 10.2 9.5 9.6 9.6
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consisting dominantly of tephrites and an Upper Unit
consisting of tholeiitic basalt. The Lower Unit rests
uncomfortably on Middle Permian limestone and
consists of 8 lava flows with an aggregate thickness of
about 250 m. Individual flows range from 5 to 70 m
thick, and are typically porphyritic at the base and
amygdaloidal at the top (Fig. 1). Some are separated by
thin layers of volcaniclastic material.
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The tephrite flows are fresh to weakly or moderately
altered and contain variable proportions of augite,
nepheline, hornblende and olivine phenocrysts set in a
fine-grained groundmass composed of augite, nephe-
line, aphanitic material and sparse Fe-oxides. Stubby
prisms of augite, up to 1 cm in size, are the most
common phenocryst phase (Fig. 2A), and many are
compositionally zoned, increasing in Na2O, FeO and
TiO2 from core to rim (unpublished data). Olivine
phenocrysts (Fo78–82) are small and sparse (Fig. 2B).
Large, irregular phenocrysts of hornblende are scattered
through the rock, and many contain minute crystals of
augite, nepheline and Fe–Ti oxides along their margins
and in fractures (Fig. 2C). Because the hornblende
occurs only as a phenocryst phase, rather than rimming
or replacing pyroxene, it is considered to be primary in
origin. Nepheline phenocrysts occur only in the upper
lava flows, where they are locally altered to analcime.

The Upper Unit conformably overlies the Lower Unit
lavas, ranges from about 500 to 1000 m thick, and
consists predominately of weakly altered tholeiitic
basalt. More than 10 flows have been identified in this
sequence (BGMY, 1978). Individual flows are typically
massive and porphyritic at the base and amygdaloidal at
the top, and the proportion of amygdaloidal lava
increases upward in the section. Plagioclase is the only
common phenocryst in these lavas, although it may be
Fig. 3. Total alkalis vs silicate (TAS) diagram for volcanic rocks after Le Maitr
Baragar (1971).
accompanied locally by minor augite. The groundmass
of the tholeiitic basalts consists of fine-grained plagio-
clase, augite and minor Fe–Ti oxides.

The lavas of the Lower Unit are slightly more altered
than those of the Upper Unit (see section 4.1) but, except
for nepheline, most of the phenocryst phases in the
tephrites are relatively fresh. Although the contact
between the two units is not well exposed, the lavas
are conformable and no paleo-soil or erosional surface
has been observed at the boundary. Thus, we conclude
that the difference in age of the two units is small.

3. Analytical techniques

Only the freshest, massive portions of individual
flows were selected for chemical analysis, and the
samples were ground in an agate mill. Major oxides
were determined by X-ray fluorescence spectrometry
(XRF) on fused glass pellets at the Institute of
Geochemistry, Chinese Academy of Sciences. Trace
elements, including REE, were analyzed by Inductively
Coupled Plasma Mass Spectrometry (ICP-MS) at
Nanjing University. We used standard additions, pure
elemental standards for external calibration, and BHVO-
1 as a reference material. Accuracy and precision of the
XRF analyses are estimated to be 2% for major oxides
present in concentrations greater than 0.5 wt.% and 5%
e et al. (1989). The subdivision of alkaline and tholeiitic after Irvine and



Fig. 4. Chemostratigraphic columns of the Dongchuan lava sequence.
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Fig. 5. Variation diagrams ofmajor and trace elements againstMgO for theDongchuan lavas.Ol: olivine, Cpx: clinopyroxene, Pl: plagioclase,Ne: nepheline.
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for trace elements. Accuracy and precision of the ICP-
MS analyses are better than 5% (Zhou et al., 2000).

For Sm–Nd isotopic analyses, sample powders were
spiked with mixed isotope tracers, dissolved in Teflon
capsules with HF+HNO3 acid, and separated by conven-
tional cation-exchange techniques. Isotopic measurements
were performed on the VG-354 mass-spectrometer at the
Institute of Geology andGeophysics, ChineseAcademy of
Sciences. Themass fractionation corrections for Sr andNd
isotopic ratios were based on 86Sr/88Sr=0.1194 and
146Nd/144Nd=0.7219. Detailed sample preparation and
analytical procedures followed Zhang et al. (2001).
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4. Bulk-rock geochemistry

4.1. Influence of alteration on chemical composition

The tephrites of the lower unit were variably altered
and metamorphosed following their eruption and burial.
Secondary minerals, such as analcime and chlorite,
commonly replace nepheline and augite phenocrysts,
respectively. Loss on ignition (LOI) for the tephrites
ranges from 3.1 to 7.0 and averages 4.6 wt.% (Table 1).
Among the major oxides, normalized values of Al2O3

and P2O5 do not vary with LOI, whereas CaO, TiO2,
Fe2O3 and MgO increase slightly, and SiO2 decreases,
with increasing LOI. Mobile elements, such as Rb, Sr,
K, Ca, and Ba, show moderate degrees of scatter.

The upper tholeiitic basalts are generally fresher than
the tephrites and are characterized by the deposition of
chlorite, calcite, and opal in amygdules. LOI for these
lavas ranges from 0.9 to 5.9 and averages 2.4 wt.%.
Normalized values of TiO2, Fe2O3 and P2O5 show no
variation with LOI, whereas Al2O3 and MgO increase,
and SiO2 decreases, with increasing LOI. CaO generally
correlates positively with LOI except for sample YR04–
33, which has the highest LOI and is strongly depleted
in CaO. Again, mobile elements show variable degrees
Fig. 6. Chondrite-normalized REE patterns of the Dongchuan la
of scatter, thus in the following discussion, we focus on
REE and high field strength elements (HFSE), Nb, Ta,
Y, Al, P, and Ti (cf., Arndt et al., 1998).

4.2. Major oxides and transition metals

The major oxide concentrations of the Dongchuan
lavas are listed in Table 1. The values shown in Figs. 3, 4
and 5 have been recalculated to 100% on an anhydrous
basis, and these are the values discussed below.

Tephrites of the Lower Unit are characterized by low
SiO2 (42.6–45.86wt.%), high total alkalis (2.5–8.3wt.%)
(Fig. 3), extremely high P2O5 (1.3–2.0 wt.%), and
relatively low TiO2 (1.8 to 2.2 wt.%) (Figs. 4 and 5). In
contrast, the Upper Unit lavas have relatively high SiO2

(46.0 to 53.4 wt.%), generally low total alkalis (2.9–
5.1 wt.%) (Fig. 3), much lower P2O5 (0.32–0.52 wt.%)
and higher TiO2 (3.2–5.2 wt.%) (Figs. 4 and 5). Although
the Lower Unit lavas have higher MgO contents (5.48 to
11.5 wt.%) than the Upper Unit lavas (3.18 to 5.8 wt.%)
(Fig. 5), the Ni concentrations of the former (18 to
33 ppm, except for sample YR04–6) are generally lower
than those of the latter (40–77 ppm) (Table 1).

The different groups also show distinct trends on MgO
variation diagrams. In the lower lavas, TiO2 remains
vas. Chondrite values from Taylor and McLennan (1985).



Fig. 7. Primitive mantle-normalized diagrams of incompatible elements for the Dongchuan lavas. Primitive mantle values from Hofmann (1988).
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essentially constant as MgO decreases from 11.5 to 5.5 wt.
%, whereas in the upper lavas it decreases from
approximately 5.0 to 3.5 wt.% as MgO decreases (Fig.
5A). In both groups of lavas, P2O5 increases very slightly as
MgO decreases, but samples from the two units plot in
distinct fields (Fig. 25B). In general, lavas from both units
show positive correlations between CaO and MgO
although a few of the upper lavas are relatively depleted
in CaO (Fig. 5C). Alumina correlates negatively withMgO
in the Lower Unit lavas, but positively in the Upper Unit
(Fig. 5D), whereas K2O correlate negatively with MgO in
the lavas of both units (Fig. 5E). The Lower Unit tephrites
have relatively low Ni and Cr compared with the Upper
Unit lavas at similar MgO contents, but both groups have
similar trends (Fig. 5F and G). Rubidium generally
increases with decreasing MgO in all the lavas, but it
shows considerable scatter, suggesting minor alteration.
4.3. Incompatible elements

The lavas of the two units also have distinctive
incompatible element compositions. Lower Unit lavas
are marked by relatively low REE concentrations, e.g.
15.2–22.9 ppm La, 4.18–5.33 ppm Sm, and 2.02–
2.89 ppm Yb, compared with 41.3–58.3 ppm La, 12.6–
16.4 ppm Sm, and 3.08–3.82 ppm Yb in the Upper Unit
basalts (Table 1). On chondrite-normalized REE dia-
grams, all of the lavas from both units exhibit steeply
sloping patterns with distinct light rare-earth element
(LREE) enrichment and those from the Upper Unit show
the greatest enrichment (Fig. 6A, B and C). The Upper
Unit basalts have REE contents and chondrite-normal-
ized patterns similar to those of high-Ti basalts elsewhere
in the ELIP (Xu et al., 2001; Song et al., 2001; Xiao et al.,
2003; Zhou et al., 2006).



104 X.-Y. Song et al. / Lithos 100 (2008) 93–111
A striking geochemical feature of the Lower Unit
tephrites is their significantly low abundances of HFSE
except for Nb and Ta (e.g., 19.1–26.9 ppm Y, 123–
195 ppm Zr, 3.19–4.77 ppm Hf, and 3.78–6.44 ppm Th),
and high concentrations of low field strength elements
(LFSE) (e.g., 370–899 ppm Sr and 382–3653 ppm Ba
(Table 1). The Lower Unit lavas have low Zr/Nb ratios,
ranging from2.1 to 4.2, but highTa/La ratios of 0.12 to 0.21
and Nb/Ta ratios of 16 to 19 (Table 1 and Fig. 4), In
contrast, the Upper Unit lavas have high Zr/Nb ratios (9.3–
10.1) and low Ta/La ratios (0.05 to 0.07) (Table 1, Fig. 4).
Based on these ratios, the Lower Unit can be divided into
two subunits; one with low Zr/Nb ratios (2.1–2.3) and high
Nb/Y and Ta/La ratios (3.0–3.5 and 0.16–0.21, respec-
tively), and the other with higher Zr/Nb ratios (3.7–4.2),
and lower Nb/Y and Ta/La ratios (2.1–2.2 and 0.12–0.14,
respectively (Table 1, Fig. 4).

In primitive mantle-normalized incompatible element
diagrams, the Lower Unit tephrites display strongly
positive Nb, Sr, and P anomalies and moderately positive
Zr anomalies (Fig. 7A andB). In addition, the samples from
subunit 1 of the Lower Unit have obviously negative K
anomalies (Fig. 7A), whereas, those from subunit 2 display
weak positive K anomalies and negative Th anomalies
(Fig. 7B). In contrast, the Upper Unit lavas have relatively
uniform primitive mantle-normalized incompatible ele-
ment patterns and are characterized by negative P and Sr
anomalies and weak positive Zr anomalies (Fig. 7C).
Table 2
Rb–Sr and Sm–Nd isotopic ratios and abundances for the Dongchuan ECFB

Rb
(ppm)

Sr
(ppm)

(87Sr/86Sr)
measured

(87Sr/86Sr)
(260 Ma)

S
(

Lower Unit (Tephrite)
YR04-3 87.1 584 0.708553±10 0.70696
YR04-5 32.7 600 0.707475±11 0.70689
YR04-6 16.9 497 0.708081±13 0.70772
YR04-7 71.3 714 0.709884±11 0.70882
YR04-9 93.7 562 0.710267±12 0.70848
YR04-11 82.3 657 0.709878±11 0.70854
YR04-13 50.9 541 0.709500±13 0.70849

Upper Unit (alkaline and tholeiitic basalt)
YR04-15 48.8 418 0.707752±12 0.70650 1
YR04-17 47.9 619 0.706768±12 0.70594 1
YR04-19 57.9 564 0.706941±11 0.70584 1
YR04-21 30.4 587 0.706777±13 0.70622 1
YR04-23 37.2 497 0.707698±13 0.70690 1
YR04-25 46.8 670 0.706998±12 0.70625 1
YR04-27 75.3 557 0.708159±11 0.70671 1
YR04-29 29.3 540 0.706727±13 0.70615 1
YR04-31 16.7 502 0.706168±11 0.70581 1
YR04-33 8.6 358 0.706608±11 0.70635 1

The values used in the TDM calculations, such as (143Nd/144Nd)DM,today=0.513
The value of λ (=6.54×10−12) is after Lugmair and Marti (1978).
Again, these characteristics are comparable with those of
high-Ti basalts elsewhere in the ELIP (Song et al., 2001,
2004; Xiao et al., 2004).

4.4. Sr and Nd isotopes

The Lower Unit tephrites have initial 87Sr/86Sr values
varying from 0.70689 to 0.70882 (Table 2), much higher
than those of E-MORB and Hawaiian ocean island basalts
(OIB) (Stille et al. 1983; Saunders et al., 1988). These
values are also slightly higher than that of enrichedmantle 1
(EM1), but much lower than those of enriched mantle 2
(EM2) and modern pelagic sediments (Stille et al., 1983;
Saunders et al., 1988; Hoernle et al., 1991) (Fig. 8). All but
one of the tephrites have ɛNd (260 Ma) values ranging from
−10.5 to −11.2, lower than EM1 and much lower than E-
MORB and Hawaiian OIB. In contrast, the Upper Unit
lavas have Sr and Nd isotopic values (Table 2) comparable
with those of the ECFB elsewhere in the ELIP (Xu et al.,
2001; Song et al., 2004; Zhong et al., 2004; Zhou et al.,
2005) (Fig. 8).

5. Discussion

5.1. Fractional crystallization and crustal contamination

The presence of augite, amphibole, nepheline and
olivine (with forsterite contents of 78–82) phenocrysts
m
ppm)

Nd
(ppm)

(143Nd/144Nd)
measured

εNd (260 Ma) T(DM) Ga

4.58 18.3 0.511992±11 −11.10 2.40
4.42 15.5 0.512271±10 −6.38 2.60
4.18 17.6 0.511996±11 −10.78 2.18
5.07 21.2 0.511982±11 −11.08 2.22
5.19 21.8 0.512003±11 −10.62 2.15
5.12 21.5 0.511979±12 −11.13 2.21
4.86 20.5 0.511990±9 −10.87 2.17

3.0 58.6 0.512494±11 −0.72 1.07
3.5 59.8 0.512566±10 0.60 0.98
5.8 70.3 0.512586±12 0.99 0.94
6.1 71.1 0.512580±12 0.85 0.96
3.2 58.8 0.512485±10 −0.94 1.11
3.5 59.2 0.512571±11 0.65 0.98
3.2 59.4 0.512490±12 −0.82 1.08
4.8 65.6 0.512582±10 0.90 0.95
3.3 54.2 0.512637±11 1.60 0.98
4.5 63.2 0.512643±11 2.03 0.86

114 and (147Sm/144Nd)DM, today=0.222, are after Michard et al. (1985).



Fig. 8. Correlation of Nd–Sr isotopes for the Dongchuan lavas. The field
of the ECFB is after Xu et al. (2001) and Xiao et al. (2004). DM, depleted
mantle; EM I and EM II, enriched mantle, after Zindler and Hart (1986).

Fig. 10. Correlation between Nb/La and ɛNd (260 Ma) for the Dongchuan
lavas. The data for the ECFB are from Xu et al. (2001). OPM means
average oceanic plume magma (Gibson et al. 1996).
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in the Lower Unit tephrites indicates derivation from an
alkaline parental magma that underwent extensive
fractional crystallization of mafic minerals before
eruption. The progressive increase in Al2O3 with
decreasing MgO indicates an absence of significant
plagioclase fractionation (Fig. 5), however, decreases in
compatible elements, such as Cr and Ni, with decreasing
MgO (Fig. 5) indicate extensive fractionation of pyrox-
ene and olivine. In contrast, plagioclase phenocrysts in the
Upper Unit lavas indicate significant crystallization of
plagioclase. Although there are no olivine phenocrysts
in the Upper Unit rocks, decreasing Al2O3, TiO2, Cr,
and Ni with decreasing of MgO suggests fractionation
of olivine+clinopyroxene+plagioclase+Fe–Ti oxides
Fig. 9. Diagrams of Th/Nb versus La/Nb (A) and
(Fig. 5). Weak negative Eu anomalies also indicate frac-
tionation of plagioclase in the Upper Unit basalts (Fig. 6).

Variable degrees of crustal assimilation are commonly
expected for mantle-derived magmas migrating through
continental crust to the surface (Hawkesworth et al., 1984;
Mahoney, 1988; Carlson, 1991; Hergt et al., 1991). Nd
and Sr isotope compositions and ratios between HFSE in
Nb versus La (B) for the Dongchuan lavas.



106 X.-Y. Song et al. / Lithos 100 (2008) 93–111
mafic rocks may be indicative of crustal contamination in
an open magma system. The negative ɛNd (260 Ma) values
of the Lower Unit tephrites ranging from −10.5 to −11.2
and their relatively high (87Sr/86Sr)260 Ma ratios varying
from0.70689 to 0.70882 (Table 2) could reflect significant
crustal contamination. Some contamination is supported
by a positive correlation between the (87Sr/86Sr)260 Ma

ratios of the tephrites and their SiO2 contents and Zr/Nb
ratios (Table 1). However, the trace element compositions
provide strong evidence that the geochemistry of the
tephrites was controlled primarily by their mantle source,
rather than by crustal contamination. For example, the
very low Th/Nb and Zr/Nb ratios (0.07–0.1 and 2.1–4.2,
respectively) of the tephrites compared to crustal rocks
(0.42–0.084 and 9.4–40, respectively) are not compatible
with extensive crustal contamination. Instead, the Th/Nb
and Zr/Nb ratios of the tephrites are similar to those ofOIB
(0.06 and 4.2, respectively) (Sun, 1980) (Fig. 9A). The
very high Ta/La ratios (0.12–0.21) (Fig. 4) of the Lower
Unit lavas also indicate little, if any, crustal contamination.

In addition, very extensive crustal contaminationwould
be required to produce the negative ɛNd (260 Ma) values of
the tephrites (−10.5 to −11.2, mostly), and such conta-
mination would also produce strong negative Nb anoma-
lies in the primitive normalized trace element patterns.
Fig. 11. Primitive mantle-normalized incompatible element patterns for the
lherzolite under degrees of partial melting (F) of less than 0.7% (A) and mo
phlogopite and apatite, respectively. Source mineralogy: 57% olivine, 25%
phlogopite, and 0.2% apatite, melting in proportions of 0.3, 0.25, 0.35, 0.05
exhausted (F=7%), olivine, orthopyroxene, clinopyroxene, and spinel are
Concentrations of incompatible elements of the volatile mineral-bearing spin
amphibole (4%), phlogopite (2%), and apatite (0.2%). We assumed that the
those of the primitive mantle. The incompatible element data are from McDo
melt partition coefficients are from Arth (1976), Fujimaki et al. (1984), and
However, all the tephrites have very strong positive Nb
anomalies relative to Th and La as shown in Fig. 7.

Thus, we conclude that, although some crustal
contamination occurred, it was not an important factor
controlling the compositions of the tephrites. Instead, the
trace element and isotopic geochemistry of the tephrites
reflect the chemical characteristics of their mantle source.

5.2. Two distinct mantle sources of the Dongchuan
lavas

The most important chemical characteristics of the
Lower Unit tephrites for determining their origin are:
(1) low MgO (mostly 5.7–7.5 wt.%) and low compatible
element concentrations, such as Ni and Cr (mostly less
than 30 ppm and 42 ppm, respectively, (2) extremely low
ɛNd (260 Ma) (as low as −11) and high 87Sr/86Sr ratios
(0.7070–0.7088), (3) highly positive Nb, Sr, and P
anomalies in the primitive mantle-normalized incompat-
ible element diagrams (Fig. 7A and B), and (4) low
incompatible element concentrations and LREE-enriched
chondrite-normalized REE patterns (Fig. 5A and B).

The low concentrations of MgO, Ni, Cr and REE,
coupled with high alkali contents in these rocks could
reflect low degrees of partial melting of a depleted source
magmas generated by batch melting of volatile-mineral bearing spinel
re than 8% (B). K an P were treated as stoichiometric constituents of
orthopyroxene, 9% clinopyroxene, 5% spinel, 4% amphibole, 2%

, 0.04, 0.007, and 0.003, respectively after the volatile minerals were
assumed to melt in proportions of 0.3, 0.25, 0.44, 0.01, respectively.
el lherzolite were calculated using a mode of spinel lherzolite (93.8%),
trace element concentrations of the spinel lherzolite were the same as
nough et al. (1992), and Ionov et al. (1997) (Table 3). Mineral/basaltic
Ionov et al. (1997) (Table 4).



Table 3
Concentrations of incompatible elements in primitive mantle and
volatile minerals in lithosphere xenoliths

Primitive mantle Hb in vein Ph in vein Ap in vein

Rb 0.635 1.34 98 0.105
Ba 6.99 32.1 14610 118
Th 0.084 0.024 0.008 95.2
K 240 6640 69460 0
Nb 0.713 143 7.08 2.66
La 0.708 1.75 0 765
Ce 1.833 5.38 0.15 623
Sr 21.1 191 662 4087
Nd 1.366 5.52 0.053 87
P 92 0 0 174648
Sm 0.444 2.04 0.012 13.9
Zr 11.2 28.7 3.59 0.87
Eu 0.168
Ti 1280 13430 28240 0
Tb 0.108
Y 4.55
Lu 0.0737

Data of the primitive mantle from McDonough et al. (1992), data of
amphibole (Hb), phlogopite (Ph), and apatite (Ap) from Ionov et al.
(1997).

Table 4
Mineral/basaltic melt partition coefficients

Ol Opx Cpx Sp Hb Ph Ap

Rb 0.0098 0.022 0.031 – 0.53 8.2 0.01
Ba 0.0099 0.026 0.0006 – 0.54 48 0.74
Th – – 0.0056 – 0.0056 0.0005 0.65
K 0.0068 0.014 0.038 – – – –
Nb 0.01 0.15 0.0027 0.4 0.14 0.081 0.001
La 0.007 0.02 0.044 0.1 0.061 0.028 4
Ce 0.006 0.02 0.084 0.07 0.114 0.0006 4.2
Sr 0.014 0.04 0.096 0 0.32 0.15 2.7
Nd 0.006 0.03 0.173 0.06 0.22 0.0006 3.4
Sm 0.007 0.05 0.28 0.05 0.33 0.0008 3.1
Zr 0.012 0.18 0.12 0.1 0.18 0.026 0.007
Eu 0.007 0.05 0.31 0.03 0.36 – 2.8
Ti 0.02 0.1 0.4 0.2 1.5 2.5 –
Tb 0.009 0.1 0.36 0.01 0.37 0.0027 2.2
Y 0.01 0.18 0.44 0.1 0.53 0.018 3.1
Lu 0.045 0.42 0.27 0.015 0.41 0.028 0.75

The partition coefficients are from Arth (1976), Fujimaki et al. (1984),
and Ionov et al. (1997).

107X.-Y. Song et al. / Lithos 100 (2008) 93–111
followed by fractional crystallization. However, there are
several reasons to question derivation from a depleted
source. First, the relative enrichment of Nb and Ta
compared with REE and other incompatible elements
must be a feature of the source because these elements are
not obviously fractionated from each other during partial
melting and fractional crystallization. Secondly, the high
P2O5 contents of the tephrites (N1.0 wt.%) are difficult to
explain by fractional crystallization of a magma derived
from a depleted source. Finally, the ɛNd (260 Ma) values of
the tephrites are too low be derived from depleted mantle
(Zindler and Hart, 1986), and their Nb/La ratios are much
higher than the rest of the ECFB (Song et al., 2004; Xu
et al., 2001; Xiao et al., 2004) (Fig. 10).

An early study by Chung and Jahn (1995) suggested
that the ECFB were formed by plume-derived melts
mixed with small amounts of lamproitic melt generated
in the lithospheric mantle. However, no lamprophyres
have thus far been found in the Emeishan LIP and later
workers argued that the geochemistry of the ECFB was
produced by interaction of the plume melts with a litho-
spheric mantle previously contaminated by subducted
material (Song et al. 2001, 2004; Xiao et al. 2004). The
tephrites described in the current study provide the
first unambiguous evidence for melting of the base of
the metamorphosed lithospheric mantle beneath the
Emeishan LIP.

Hornblende phenocrysts in the Lower Unit tephrites
provide evidence of low but significant H2O contents in
the parental magma. The absence of plagioclase
phenocrysts in the tephrites and the regular increase of
Al2O3 with decreasing MgO also indicate a hydrous
melt in which clinopyroxene crystallized earlier than
plagioclase (Yoder 1976). The high positive Nb, Sr, and
P anomalies in the primitive mantle-normalized incom-
patible element patterns, extremely high Ta/La ratios
and extremely negative ɛNd (260 Ma) values for these
rocks (Table 1), coupled with evidence of only weak
crustal contamination, suggest that the primary magmas
of the tephrites were generated from a metasomatized
mantle source containing volatile-bearing minerals. The
positive Sr and P anomalies could possibly reflect
fractionation of plagioclase and apatite, but the absence
of such minerals in the tephrites suggests that these
anomalies are a feature of the mantle source.

According to phlogopite/silicate melt partition coeffi-
cients, Ba, Rb, and Ti can be strongly concentrated in
phlogopite, whereas REE, Th, and Zr are strongly incom-
patible for thismineral (Ionov et al. 1997). Both LFSE and
HFSE are moderately incompatible for amphibole,
therefore concentrations of these elements in amphibole
are much higher than in anhydrous minerals, such as
olivine and pyroxene, in the metasomatized mantle.
Phosphorus, REE, Ba, Th and Sr are strongly concen-
trated in apatite because of their high apatite/melt partition
coefficients (Ionov et al. 1997). Thus, the significant
positiveNb, P, and Sr anomalies and positive and negative
K anomalies of the tephrites (Fig. 7) indicate that apatite,
amphibole and phlogopite were present in the mantle
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source. Amphibole is thermally unstable in both the
convecting asthenospheric upper mantle and in thermal
mantle plumes, but stable in old SCLM (Class and
Goldstein 1997). Thus, the presence of amphibole in the
metasomatised mantle source of the Lower Unit tephrites
indicates that the source was most likely within the
SCLM. The occurrence of tephrites only in the Dong-
chuan area implies that metasomatism in the SCLM was
not extensive beneath the Yangtze craton. In the Parana
LIP, compositional heterogeneity in the upper mantle
occurs over a few hundred km (Peate and Hawkesworth,
1996), whereas xenoliths from a restricted area within
South Africa indicate that considerable local heterogene-
ity can occur over a vertical distance of 50 km in the
lithospheric mantle (Water and Erlank, 1988).

Fig. 11 illustrates that the positive Nb, Sr, and P
anomalies and negative K anomalies in the primitive
mantle-normalized incompatible element patterns of the
Lower Unit tephrites can be generated by melting of a
volatile mineral-bearing mantle source. It is assumed that
the metasomatised mantle source is spinel lherzolite
containing amphibole, phlogopite, and apatite. Propor-
tions of melt minerals are assumed to be 0.3 olivine, 0.25
orthopyroxene, 0.35 clinopyroxene, 0.05 spinel, 0.04
amphibole, 0.007 phlogopite, and 0.003 apatite.

According to modeling calculations used in this
study, magmas generated by less than 7% partial melting
would have lowK contents because phlogopite (contains
∼9 wt.% K2O) would not be completely melted (Ionov
et al., 1997). With such low degrees of partial melting,
amphibole may also be a residual phase, which could
account for the low Zr concentrations in the lavas of
subunit 1 of the Lower Unit. Zirconium is concentrated
in amphibole in lithospheric xenoliths and has a mineral/
melt partition coefficient for amphibole larger than those
for phlogopite and apatite (Ionov et al., 1997). The
release of Nb, Sr, and Ba from amphibole, phlogopite
and apatite during partial melting would cause positive
anomalies for Sr and Ba. With the increasing degrees of
partial melting, the concentrations of the incompatible
elements would be diluted, particularly Th and P, which
are incompatible in these volatile-bearing minerals and
highly concentrated in apatite in lithospheric xenoliths
(Ionov et al., 1997). Under extremely low degrees of
partial melting, e.g. less than 0.1%, the magma would
have extremely high positive P anomalies and variable
positive Th anomalies as shown in the Fig. 11A. The
primitive mantle-normalized incompatible element pat-
terns of the magmas generated by 0.5–0.7% partial
melting of such a metasomatised spinel lherzolite are
consistent with those of the subunit 1 tephrites of the
Lower Unit (Figs. 7A and 11A).
Once amphibole has been consumed, further melt-
ing will cause a decrease in the Nb content. As shown
in Fig. 9B, the lavas of subunit 1 have highly variable
Nb contents, suggesting various degrees of partial
melting.

Larger degrees of partial melting (N8%) of such a
metasomatised mantle source would produce primitive
magmas having positive anomalies not only for Sr and P,
but also for K, because these elements would be released
from the volatile-bearing minerals (Fig. 11B). The
primitive mantle-normalized incompatible element pat-
terns of the magmas produced by such high degrees of
partial melting compare well with those of the subunit 2
tephrite of the Lower Unit (Figs. 7B and 11B). Thus, we
propose that the primary magmas of the subunit 1 and 2
tephrites were formed by different degrees of partial
melting of the volatile mineral-bearing metasomatized
spinel lherzolite in the SCLM; b5–8% for subunit 1 and
N8%) for subunit 2.

In contrast, the Upper Unit lavas are characterized
by: (1) an absence of volatile-bearing phenocrysts,
(2) steeply right-inclined chondrite-normalized REE
patterns with Ta/La ratios slightly higher than those of
the primitive mantle and (3) Sr and Nd isotopic ratios
comparable to typical high-Ti basalts elsewhere in the
ELIP (Xu et al., 2001; Song et al., 2004; Xiao et al.,
2004).

The absence of volatile-bearing minerals and the
presence of plagioclase phenocrysts in the Upper Unit
lavas suggest that the parental magmas were dry, and the
Ta/La ratios similar to the primitive mantle indicate little
or no crustal contamination. These distinctive chemical
characteristics indicate that the Upper Unit lavas were
derived from the same source as the high-Ti basalts
elsewhere in the ELIP (Song et al., 2001, 2004; Xu et al.,
2001; Xiao et al., 2004). Detailed geochemical studies
of the ELIP indicate that the high-Ti lavas were de-
rived from a mantle plume and then contaminated by
subducted materials in the SCLM before being erupted
(Song et al., 2001; Xiao et al., 2004).

5.3. Petrogenetic implications

Theoretical considerations (McKenzie, 1989) and the
analysis of micro-inclusions in diamonds (Navon et al.,
1988) indicate the presence of small volume melt
fractions rich in potassium, incompatible elements,
water, and carbonate in the asthenosphere. Such melts
are concentrated at base of the lithosphere and form
enriched domains resulting in chemical heterogeneity
in the lithospheric mantle (Menzies, 1990; Saunders et
al., 1991, 1992; Hawkesworth et al., 1993; Ionov and
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Hofmann, 1995). Studies of mantle xenoliths in alkaline
basalts indicate that volatile-bearing minerals, such as
amphibole, phlogopite and apatite, in the metasomatised
mantle are generally enriched in LFSE, Nb, Ta, K and P
(Mertes and Schmincke, 1985; Wilson and Downes,
1991; Hoernle and Schmincke, 1993; Class et al., 1994;
Ionov and Hofmann, 1995; Ionov et al., 1997). The
Archaean lithospheric mantle has wide ranges of ɛNd
(N+10 to b−30), whereas the values of ɛNd of the
Proterozoic and Phanerozoic lithospheric mantle are
rarely lower than −10 (Menzies, 1990). The low ɛNd of
the Archaean lithospheric mantle may have been
achieved by migration of small volume partial melts
and/or fluids from the asthenospheric mantle (Menzies,
1990). The metasomatised domains may then be melted
because of thermal perturbations associated with a
plume to generate alkaline basaltic magmas (McKenzie,
1989). Many flood basalt provinces, such as the Karoo,
Parana, and Siberia, contain at least some volcanic units
produced by ‘wet’melting of SCLM containing hydrous
minerals, or by mixing of plume-derived picritic melts
with ultrapotassic melts as they rose through the
lithospheric mantle (Ellam and Cox, 1991; Lightfoot
et al., 1990, 1993; Gallagher and Hawkesworth, 1992;
Gibson et al., 1996; Jackson and Rigden, 1998; Zhang
and O’Reilly, 1997).

Depleted mantle model ages (TDM) of the Lower Unit
tephrites, ranging from 2.15 to 2.60 Ga (Table 2),
suggest a very old, perhaps Archean, SCLM in the
Dongchuan region. The high Nb/La ratios (up to 3.9),
low K2O contents (b3 wt.%), and especially the very
low REE of the tephrites rule out a relationship to
lamproites, which have low Nb/La ratios, very high
K2O, and high incompatible elements (Mitchell and
Bergman, 1991). Thus, the mantle source of the Lower
Unit tephrites is most likely very old SCLMmodified by
volatile-rich melts or fluids from the asthenosphere.

White and McKenzie (1995) proposed that small
amounts of magma could be formed at the base of the
lithospheric mantle due to heating by mantle plumes
during the initial stages of continental flood basalt
activity. Experimental studies indicate that the solidus
temperature of wet peridotite, containing small amounts
of H2O (0.3–0.4 wt.%) and CO2, is about 250

o K lower
than that of dry peridotite at mantle depths of 40–70 km
(Wyllie, 1981; Wallace and Green, 1988). It is possible
that thinning of the lithosphere caused by upwelling of
the Emeishan mantle plume (He et al., 2003) may have
led to decompressional melting of the metasomatized
SCLM. In contrast, the geochemical similarities be-
tween the Upper Unit basalts at Dongchuan and the
high-Ti ECFB elsewhere suggest that these rocks were
derived from magmas produced by decompression mel-
ting of the plume head (Song et al., 2001; Xu et al.,
2001; Zhou et al., 2006).

The chemostratigraphic variations of the Dongchuan
lavas provide valuable data on the nature of generation of
basaltic magmas and plume-SCLM interaction during
mantle plume upwelling. When the mantle plume
ascended to the base of the SCLM, the SCLM was
thinned and alkaline basaltic melts were produced by
partial melting of the volatile mineral-bearing domains
due to heating bt the plume and to decompression. The
alkaline basaltic melts formed in only a few areas be-
cause of the heterogeneous nature of the SCLM. Finally,
decompressional melting of the mantle plume produced
great quantities of basaltic magma with OIB-like geo-
chemical features, which were then erupted to form the
dominant Emeishan flood basalts.

6. Conclusions

Alkaline tephrites, cropping out at the base of the
Emeishan flood basalts in the Dongchuan area, are
characterized by highly negative ɛNd (t) and positive
Nb, Sr, and P anomalies in primitive mantle-normalized
incompatible element diagrams. Their chemical and
isotopic compositions distinguish them from the high-
Ti basalts that make up the bulk of the lavas in the
ELIP. The tephrites were derived by partial melting of a
metasomatised domain at the base of the SCLM in the
spinel stability field, triggered by the rising Emeishan
plume. In contrast, the overlying high-Ti basalts were
generated by decompressional melting of the Emeishan
mantle plume in the garnet stability field.
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