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Abstract: Oligocene ultrapotassic rocks from western Yunnan have abundant olivines of varying size and green-core
clinopyroxenes. Olivine macrocrysts (1-5 mm) have very high forsterite contents (Fog,.q,), and high CaO (0.15-0.30 wt%) and Cr,O4
(up to 0.23 wt%) contents. They are believed to be magmatic rather than disintegrated crystals from the upper mantle. These
magnesian olivines are not in equilibrium with melts corresponding to the whole-rock compositions of host lavas and, as such, may
represent xenocrysts entrained by ultrapotassic magmas during their ascent to the surface. While komaiites, boninites and olivine
lamproites are potential sources of these xenocrysts, a genetic link to the late Permian Emeishan large igneous province (LIP) is
favoured, because the Emeishan flood basalt is the only known geologic event in the studied area that could have produced highly
magnesian olivines. The olivine xenocrysts may have been entrained from the high velocity lower crust (Vp = 7.1-7.8 km/s), which
isbelieved to have formed from high Mg basalts (picrites?) that underplated and intruded the crust during the Emeishan flood basalt
episode. Given the presence of olivine xenocrystsand reverse-zoned clinopyroxenes, it isapparent that some magnesian ultrapotassic
lavas from Yunnan have acomplex hybrid origin. While the former point to ultramafic/primary melts the latter indicate interaction

between evolved melts and relatively primary melts thus indicating complex magma mixing processes.

K ey-wor ds. magnesian olivine, green-core clinopyroxene, ultrapotassic lavas, Yunnan.

Introduction

Highly magnesian olivines are of great importance in igne-
ous petrology and mantle geodynamics because they pro-
vide information about the nature of primary melts and
melting mechanisms in the deep mantle. Magnesian oliv-
ines (Fogs.q,) OCcur in high-temperature volcanic rocks like
komatiites and picrites (Nisbet et al., 1993; Francis, 1985;
Thompson & Gibson, 2000; Larsen & Pedersen, 2000) and
in boninites and olivine lamproites that are derived from re-
fractory mantle sources (Crawford, 1989; Jaques et al.,
1984; Mitchell & Bergman, 1991). Another occurrence of
magnesian olivines is in refractory mantle peridotites pro-
duced by melt extraction processes perhaps modified by
melt interaction (Bernstein et al., 1998, and references
therein). Therefore, magnesian olivines may either crystal-
lize from ultramafic melts or represent disintegrated depl et-
ed mantleleft by the extraction of komaiitic magmas. Inthis
paper, we document highly magnesian olivines (FOgg.g,) iN
Oligocene ultrapotassic rocks from western Yunnan (Xie et
al., 1995; Xu et al., 2001b). Such olivines are unusual in
such ahost rock where the reported compositions are gener-
ally lessmagnesian (Foy,.o;) (€.9., Kamenetsky et al., 1995).
In addition, green-core clinopyroxenes are also present in
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some samples. In order to elucidate the petrogenetic signifi-
cance of these minerals, detailed petrographic and mineral
chemistry analyses have been performed on four samples of
ultrapotassic volcanic rock from Yunnan. The aims of this
paper are:

(a) to establish the origin of the highly magnesian olivines
and green-core clinopyroxenes (e.g., cognate phenocryts,
xenocrysts) and the relationship to the host magma (i.e.,
equilibrium/disequilibrium);

(b) to evaluate the provenance of magnesian olivines in
terms of the regional crust-mantle geodynamics, and

(c) to constrain the magmatic evolution (magma mixing
and fractionation) of the ultrapotassic melts on the basis of
their mineralogy.

Geological setting and previous studies

The Ailao Shan-Red River (ASRR) faultisamajor sinistral
strike-dlip fault in SW China (Fig. 1). Sinistra movement
along this fault has displaced the Indochina block to the
southeast (Tapponnier et al., 1982) by some 500-700 km
(Leloup et al., 1995; Chung et al., 1997). Thisfault is aso
considered asasuture zone which separatesthe Yangtze cra-
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Fig. 1. Sketch map showing the major
tectonic unitsof SW Chinaand location
of the studied ultrapotassic rocks. Shad-
ed areas marked the late Permian
Emeishan flood basalt province in
western Yangtze craton. The line A-B
shows the position of seismic transect
across the Emeishan large igneous
province (see Fig. 9a).

Fig. 2. Photomicrographs of the Oligocene ultrapotassic lavas from western Yunnan. (a) Microcrysts of olivine in a fine-grained matrix
(YBW-9); (b) Clinopyroxene aggregates in sample Y BW-10. Note the small chromiteinclusionsin subhedral olivine; (c) Partially resorbed
clinopyroxene phenocryst with green core; (d) Clinopyroxene phenocryst with irregular core, colorless mantle and light brown rim. Dashed
lines (a-a, b-b’ and c-c’) mark the traverse analyses by electron microprobe.

ton and Sanjiang Palaeo-Tethys region (Wang et al., 2000).

Oligocene volcanic lavas occur sporadically along the
ASRR fault zone and some of them (i.e., Haidong) were
erupted through the late Permian Emeishan flood basalts

(2.5 x 10° km?), western Yangtze (Chung et al., 1998a).
Most of these lavas have high K,O content (up to 6.5 wt%)
and high K,O/Na,Oratio (>2), and are classified as ultrapo-
tassic rocks (Xu et al., 2001b). They are characterized by
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high MgO (up to 17%) and uniformly low TiO, (<0.7 wt%)
and P,0O; contents (<0.5 wt%). Trace element and isotope
compositions suggest a subduction-modified mantle source
for these K-rich lavas (Chung et al., 1998b; Xu et al.,
2001b). Although the generation of potassic rocks are tradi-
tionally considered asaresult of convectivethinning of lith-
osphere after continental collision (Chung et al., 1998b), Xu
et al. (2001b) suggested that potassic magmatism may bere-
lated to lithospheric extrusion due to the Indo-Euroasian
collision. While previous studies concentrated on whole
rock geochemistry, mineralogy and mineral chemistry are
the subject of this study.

Petrographic observation

The ultrapotassic lavas from Midu (Fig. 1) range from sub-
aphyric to moderately porphyritic and the dominant pheno-
crysts are clinopyroxene, phlogopite and K-feldspar. No ol-
ivineshave been observed intheselavas. Thegroundmassis
composed of clinopyroxene, plagioclase, biotite and occa-
sional magnetite. MgO contents can be as high as 16 wt%
(Xu et al., 2001b). In contrast, the magnesian samplesfrom
Madeng and Haidong are strongly porphyritic with pheno-
cryst contents ranging from 10 to 40%. The phenocryst as-
semblage in these lavas consists of dominant olivine and
variable amounts of clinopyroxene + K-feldspar + phlogo-
pite aggregates (Fig. 2a, b). The variable phenocryst content
reveals that these Mg-rich lavas are not liquidus melts but
may be modified by cumulus processes. Olivine crystalsin
the Madeng samples are very abundant (> 20%) and vary in
sizefrom 1to 5 mm. Theselarge olivines are termed “mac-
rocrysts’ and are free of deformation and spinel inclusions.
Some of them are partially serpentinized. No euhedral oliv-
ine phenocrysts and microlites are found in the Madeng
samples.

In contrast, olivinesin the Haidong samples vary consid-
erably in grain-size (<0.1to 2 mm). In addition to the“ mac-
rocrysts’ (1-2 mm) which are petrographically similar to
those in the Madeng samples, euhedral-subhedral olivines
and matrix olivines are also observed in the Haidong sam-
ples. Small chromites (+ magnetite) occur as inclusions
(<100 pm) in some euhedral-subhedral olivine phenocrysts
(0.12-0.4 mm; Fig. 2b). Most clinopyroxene phenocrysts
(<0.8 mm) are pale-green or colorless. Sample Y BW-9 con-
tains partialy resorbed green-core clinopyroxene, sur-
rounded by colorless mantles and light brown rims (Fig. 2c,
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d). The matrix contains microcrystals of the same mineral
assemblage that occurs as phenocrysts together with minor
Fe-Ti oxides. In this paper, focuswill be placed on the com-
positions of diverse olivine phenocrysts and green-core cli-
nopyroxene in the samples from Madeng (Y JX-29, Y JX-
30) and Haidong (YBW-9, YBW-10).

Mineral chemistry

The mineral chemistry was obtained with a JOEL Super-
probe at University of Nanjing, with crystal spectroscopy.
Accelerating voltage was 15 kV, beam current 15 nA and
beam diameter about 2 um. The counting time varied be-
tween 10 and 30 s for different elements with 30 s for Ca
analysesin olivine. Representative analyses are reported in
Tables1to 3.

Olivine

The olivinesin the Haidong samples span awide composi-
tional range (Fog,,g) Which is somewhat correlated with
their size and crystal shape. The most magnesian contents
(FOgy.94) are found as “ macrocrysts’ (>1 mm). They have a
flat compositional profile (Fogs ¢4) in the centra part of the
crystal and show asteep compositional gradient towardsthe
rim (Fogz g, Fig. 38). These high Fo olivines have high CaO
content (0.1-0.3 wt%), compared to olivines observed in
mantle xenoliths and orogenic peridotites which typically
contain lessthan 0.1 wt% CaO (Simkin & Smith, 1978; Gu-
renko et al., 1996; Fig. 4a). Although variable, Cr,O; in
these Mg-rich olivines (0.05 to 0.25 wt% with an average of
0.15 wt%) are considerably higher than the compositional
range for typical mantle olivines, but are similar to thosefor
olivines in boninites and picrites (Crawford, 1980; Thomp-
son & Gibson, 2000).

The coresof euhedral olivines(0.1-0.3 mm) havedlightly
lower Fo (FOgg.9;6) COMpared to those of “macrocrysts’.
The euhedral olivines are normally zoned with linear com-
positional gradients towards the margins (FOgz g4, Fig. 3b).
Unlike the* macrocrysts’, these olivineslack homogeneous
cores. Smaller olivines (<0.1 mm) and microlites have a
more iron-rich composition (Fo,q g,), Similar to the rim of
large olivines. Relative to the “macrocrysts’ they show
higher contents of CaO and MnO and lower Cr,O; (Fig. 4).
CaO contents increase with decreasing Fo, a trend that is
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Fig. 4. CaO, MnO and Cr,0, contents against Mg# of olivinein the
Yunnan ultrapotassic lavas. The fields of mantle olivines are from
Gurenko et al. (1996).

consistent with experimental predictions (Jurewicz & Wat-
son 1988). Jurewicz & Watson (1988) experimentally dem-
onstrated that the Ca content of an equilibrated olivine is
chiefly dependent on both CaO and FeO content of the melt,
rather than on pressure as previously thought (e.g., Simkin
& Smith, 1970). High FeO values result in olivines with
higher CaO contents. Overall, the compositional trend de-
fined by the euhedral phenocrysts and microlitesis slightly
different from that for the macrocrysts (Fig. 4).

Olivines in the Madeng samples show a limited composi-
tional rangeasthey occur only as“macrocrysts’ (Table1). The
pattern of compositional zoning in the Madeng olivinesissim-
ilar to that observed in the “macrocrysts’ from Haidong, ex-
cept that the rims have relatively higher Fo contents (FOgg o)-

Chromite

Chromite inclusions in euhedral olivine phenocrysts are
characterized by high Cr# varying from 0.79t0 0.87 and low
Mg# (0.30-0.47). Coupled chromites and host olivines lie
near the mantle array defined by Arai (19944) (Fig. 5). TiO,
content in chromite is generally low (<0.5 wt%), consistent
with thelow TiO, characteristics of the ultrapotassic magma
system (Xu et al., 2001b). Rare chromites have been detect-
ed by microprobe analyses in groundmass and show lower
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Fig. 5. Relationship between Fo of olivine and Cr# of chromite in-
cluded in olivines in the Yunnan potassic lavas. The olivine-spinel
mantle array (OSMA) is defined by Arai (1994a).
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Fe*/(Al+Fe**+Cr) ratios and Ti contents relative to the
chromite inclusionsin magnesian olivines (Table 3).

Clinopyroxene

The pale green and colorless clinopyroxene phenocrysts are
Ti-Al-poor diopside (Fig. 6a). They contain 0.06-0.4 wt%
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Table 1. Representative analyses of olivines from Yunnan ultrapotassic rocks.
YBW-9 YBW-10 Y JIX-29 Y JX-30
macrocryst  euhedral pheno. microlite macrocryst  euhedral pheno. microlite macrocryst macrocryst
core rim core rim core rim core rim core rim core rim
SO, 4153 4047 4107 3976 39.03 4203 39.07 4056 3956 3889 4190 4127 4122 3921
TiO, 0.01 0.03 0.00 0.04 0.02 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00
AlL,O,4 0.01 0.00 0.03 0.00 0.00 0.01 0.00 0.04 0.00 0.01 0.03 0.03 0.11 0.05
Cr,0,4 0.13 0.03 0.06 0.02 0.00 0.12 0.01 0.02 0.00 0.02 0.18 0.03 0.08 0.05
FeO 6.12 1381 885 1468 17.09 6.83 17.30 954 1636  18.87 6.00 821 7.02 9.18
MnO 0.07 0.19 0.11 0.22 0.27 0.00 0.00 0.15 0.19 0.33 0.12 0.11 0.09 0.05
NiO 021 0.11 0.18 0.07 0.06 0.18 0.07 0.30 0.13 0.02 0.20 0.16 0.52 0.34
MgO 5142 4434 4899 4347 4178 51.34 4247 4919 4304 4080 51.85 4944 50.08 50.97
Ca0 0.21 0.35 0.18 0.45 0.44 0.15 0.22 0.18 0.35 0.35 0.22 0.39 0.15 0.33
Na,0 0.03 0.00 0.02 0.05 0.00 0.01 0.02 0.03 0.00 0.00 0.03 0.01 0.02 0.03
K,0O 0.02 0.00 0.01 0.00 0.01 0.00 0.01 0.01 0.01 0.02 0.01 0.00 0.01 0.00
Total 99.76 99.69 99.70 9920 99.18 100.68 99.17 100.07 99.64 99.30 10054 99.64 99.30 100.20
Cations per 4 oxygens
S 1004 1016 1007 1010 1004 1008 1000 0994 1004 1003 1004 1008 1.006 0.963
Ti 0.000 0.001 0.000 0001 0000 0000 0000 0000 0.000 0000 0000 0000 0000 0.000
Al 0.000 0.000 0.001 0.000 0000 0000 0000 0001 0.000 0000 0001 0001 0.003 0.002
Cr 0.002 0.001 0.001 0000 0000 0002 0000 0000 0.000 0000 0003 0001 0002 0.001
Fe 0.124 029 0.181 0312 0368 0137 0370 019 0347 0407 0120 0168 0.143 0.188
Mn 0.001 0.004 0002 0005 0006 0000 0000 0003 0.004 0007 0002 0002 0002 0.001
Ni 0.004 0.002 0.004 0001 0001 0004 0001 0006 0.003 0000 0004 0003 0010 0.007
Mg 1852 1660 1790 1646 1603 1836 1621 1798 1628 1569 1.853 1.799 1.822 1.866
Ca 0.005 0.009 0.005 0012 0012 0004 0006 0005 0.010 0010 0006 0010 0004 0.009
Na 0.001 0.000 0.001 0003 0000 0000 0001 0001 0.000 0000 0001 0000 0001 0.001
K 0.001 0.000 0.000 0.000 0000 0000 0000 0000 0.000 0001 0000 0000 0.000 0.000
Mg# 93.7 85.1 90.8 84.1 81.3 93.1 814 90.2 824 79.4 939 915 2.7 90.8

TiO,, 1.2-1.5wt% Al,O,, 0-0.8 wt% Cr,0; and 0.3-0.4 wt%
Na,O (Table 2). They are normally zoned with Mg-rich
cores (Mg# = 0.89) and Fe-rich rims (Mg# = 0.82).

More complex zoning patterns are observed in clinopyro-
xenes with green cores. Fig. 7 shows amicroprobe traverse
of two green-core clinopyroxenes. The green coresarerela-
tively richin FeO, Al,O;and Na,O (Mg# = 0.65-0.75, Al,O;
= 2.8-4.4wt%, Na,0O = 1-2.2 wt%, Table 2), similar to those
knowninliterature assalite (e.g., Duda& Schmincke, 1985;
Fig. 6a). Likethe dominant diopsides, the salitesin the Yun-
nan ultrapotassic rocks show low TiO, (0.2-0.3 wt%) con-
tents (Fig. 6b). Thisisdistinct from diopsidesfound in alka-
line mafic basalts and flood basalts, which are generally
higher in Al and Ti contents (Wass, 1979; Fig. 6b). Onecli-
nopyroxene grain shows an oscillatory-zoned core with a
sharp transition in composition from salite to diopside (M g#
= 0.86-0.89). The latter is compositionally similar to the
dominant diopside phenocrysts and shows a normal zoning
with Mg# of 0.81 towards the rim (Fig. 7).

Feldspar, biotite and magnetite

Alkali feldspar in the Yunnan potassic rocks shows a re-
stricted compositional range (Ang gAbs; 500rss 66). Micais
only occasionally found in the Madeng and Haidong sam-
ples (Table 3) and ischaracterized by lower TiO, and higher
Al,O5 contents than those shown by typical lamproitic
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Fig. 7. Microprobe traverse across green core clinopyroxene. (a)
Mg#; (b) Al,O; and (c) Na,O. Cpx-1: lineb-b’ inFig. 2c; Cpx-2: line
c-c' inFig. 2d.
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Table 2. Representative analyses of clinopyroxenes from Yunnan ultrapotassic rocks.

Y. Xu, X. Huang, M.A. Menzies, R. Wang

YBW-9 YBW-10 Y JIX-29 Y JX-30
Cpx-1 Cpx-2 phenocryst phenocryst phenocryst phenocryst
green- mantle rim green- mantle rim core rim core rim core rim core rim
core core

SO, 51.74 5392 5432 5280 5397 5266 5373 5228 5280 5197 5369 5123 5311 5187
TiO, 0.31 0.22 0.14 0.20 0.16 0.45 0.18 0.32 0.06 0.20 0.10 0.44 0.06 0.23
Al,O, 2.80 0.97 1.08 3.63 0.86 1.86 1.16 161 1.39 1.40 154 247 1.35 161
Cr,04 0.00 122 0.00 0.01 0.54 0.09 0.00 0.18 0.42 0.22 0.84 0.30 0.76 0.12
FeO 8.11 347 5.44 9.75 4.27 6.23 4.39 5.98 4.01 5.35 3.66 6.27 3.52 6.13
MnO 0.25 0.13 0.19 0.30 0.15 0.20 0.18 0.12 0.06 0.00 0.09 0.11 0.15 0.00
NiO 0.01 0.01 0.01 0.00 0.02 0.00 0.00 0.09 0.00 0.12 0.05 0.00 0.09 0.07
MgO 1267 1685 17.04 1025 1743 1595 1740 1640 16.83 16.71 1717 1466 1842 17.61
Ca0 2242 2257 2158 1999 2209 2220 2237 2252 2216 2136 2231 2275 2167 2173
Na,0 1.09 0.47 0.48 2.17 0.34 0.42 0.43 0.65 0.27 0.29 0.34 0.19 0.23 0.11
K,0 0.01 0.00 0.00 0.08 0.00 0.01 0.02 0.01 0.05 0.05 0.01 0.01 0.03 0.00
Total 9941 99.84 100.30 99.18 99.83 100.06 99.87 100.15 98.03 97.68 99.79 9843 99.39 99.48
Cations per 6 oxygens
S 1942 1971 1981 1985 1974 1942 1966 1931 1966 1953 1.961 1.926 1.947 1.922
Ti 0.009 0.006 0.004 0.006 0.004 0.012 0.005 0.009 0.002 0.006 0.003 0.012 0.002 0.007
Al 0.124 0.042 0.047 0.161 0.037 0.081L 0.050 0.070 0.061 0.062 0.066 0109 0.058 0.070
Cr 0.000 0.035 0.000 0.000 0.016 0.003 0.000 0.005 0.012 0.007 0.024 0.009 0.022 0.003
Fe 0.255 0.106 0.166 0.306 0.131 0192 0134 018 0125 0168 0112 0197 0108 0.190
Mn 0.008 0.004 0.006 0.010 0.005 0.006 0.006 0.004 0.002 0.000 0.003 0.004 0.005 0.000
Ni 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.003 0.000 0.004 0.001 0.000 0.003 0.002
Mg 0.709 0919 0927 0574 0951 0876 0949 0903 0934 0936 0935 0822 1007 0.973
Ca 0901 0.884 0844 0805 0.866 0.877 0877 0891 0884 0860 0.873 0917 0851 0.863
Na 0.079 0.033 0.034 0158 0.024 0.030 0.030 0.046 0.019 0.021 0.024 0.014 0.017 0.008
K 0.000 0.000 0.000 0.004 0.000 0.000 0.001 0.000 0.002 0.002 0.000 0.000 0.001 0.000
Mo# 73.6 89.6 84.8 65.2 87.9 82.0 87.6 83.0 88.2 84.8 89.3 80.7 90.3 83.7

phlogopites (Mitchell & Bergman, 1991). Instead its com-
position resembles that of micas from shoshonitic lampro-
phyres.

Magnetites included in olivines generally have higher
Cr,0; content (up to 2.4 wt%) than in groundmass (< 0.1
wt%). Thismay suggest that Cr-rich magnetites crystallized
as early as olivines, whereas the Cr-free magnetite crystal-
lized in the late stage of magma evolution. Magnetite inclu-
sions show lower ulvospinel content (Uspg.44) than thosein
the groundmass (Usps;.44, Table 3).

Discussion

A. Origin of highly magnesian olivinesand geodynamic
implications

Magnesian olivines (Foy,.q;) have been documented in po-
tassic and ultrapotassic rocks around theworld (e.g., Barton
& van Bergen, 1981; Mitchell & Bergman, 1991; Kaments-
ky et al., 1995; Di Battistini et al., 1998). Relatively high
Ca0 contents (>0.2 wt%) make many authors consider most
of these olivinesto be anear-primary assemblagein equilib-
rium with mantle peridotites that crystallized at the onset of
magmatic differentiation (Kamentsky et al., 1995; Di Batti-
stini et al., 1998). The“macrocrysts’ of olivinesinthe Yun-
nan ultrapotassi c rocks have higher CaO and Cr,O; contents

than typical mantle olivines (Fig. 4). They have relatively
low NiO contents compared to the mantle olivine array de-
fined by Takahashi et al. (1987). Similar low NiO content
has been documented in olivines from some cumulate ultra-
mafic complexes(e.g., Takahashi et al., 1991). Accordingly,
the macrocrysts of olivines are believed to be magmatic
rather than disintegrated crystals from the upper mantle.
One may thus argue that the olivine “ macrocrysts’ could be
genetically related to potassic magmatism, that is, they are
crystallized phases from primary lavas that formed on the
floors of magma chamber or magmatic conduit walls.

To evaluatethispossibility, the composition of olivinesin
the Yunnan ultrapotassic rocksiscompared with their whole
rock chemistry in Fig. 8a. The curve in Fig. 8a shows the
variation in olivine composition in equilibrium with melts
that were not subjected to significant crystal fractionation or
accumulation (Revillon et al., 1999). The most magnesian
(“cognate”) olivine in a given lavain equilibrium with lig-
uids should plot along thiscurve, whereas olivine crystalliz-
ing from differentiating magmas should plot below the
curve. Xenolithic olivines could plot above or below the
curve, depending upon the nature of their source (Revillon
etal., 1999). Itisclear fromFig. 8athat the* macrocrysts’ of
olivineinthe Yunnan ultrapotassic rocksare not in equilibri-
um with melts with the compoasition of the host rocks be-
cause most plot conspicuously above the equilibrium curve.
Theseolivinesaretherefore believed to be xenocrysticin or-
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Table 3. Representative analyses of spinel, magnetite, feldspar and biotite from Yunnan ultrapotassic rocks.
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Spinel Magnetite Feldspar Biotite
sample YBW-9 YBW-10 YJX-29 YBW-9 YBW-10 YJX-29 YBW-9 YBW-10 YJX-29 YJX-30 YBW-10
SO, - 0.10 0.14 0.03 0.12 100 6373 6252 6353 6277 4132
TiO, 1.69 0.25 0.19 3.39 746  10.14 0.12 0.12 0.11 0.06 1.44
AlL,Oq4 829 5.89 9.15 4.03 5.88 247 2161 2118 2074 2139 1041
Cr,04 3576 6270 58.00 243 112 0.08 - 0.03 0.00 0.34 0.19
FeO 46.68 1998 2250 8165 7634  74.04 0.40 0.39 0.40 0.48 6.93
MnO 0.34 0.44 0.62 0.34 0.47 0.62 0.09 0.05 0.01 0.03 0.07
NiO 0.06 0.18 0.08 0.15 0.05 0.07 - 0.04 0.01 - 0.01
MgO 6.65 10.84 8.87 314 311 1.53 0.00 - 0.07 003 27.18
Cao - 0.02 0.01 - - 1.15 0.56 117 0.88 1.07 0.05
Na,0O 0.07 - - - 0.09 0.15 433 4.47 3.89 3.39 0.41
K,0 0.00 0.02 - 0.03 0.04 0.03 9.91 959 1037 10.38 6.99
Total 99.54 10040 9956 9517 9467 9127 10076 9955 99.99 9993  95.00
Cations per formulate unit
S — 0003 0005 0001 0004 0038 2862 2838 2832 280 2979
Ti 0.043 0.006 0005 0.093 0204 0294 0004 0004 0004 0002 0.078
Al 0330 0231 0361 0172 0251 0112 1144 1133 1109 1149 0.885
Cr 095 1648 153 0070 0032 0.002 - 0001 0000 0012 0.011
Fe 0633 0556 0630 1572 2317 2384 0070 0015 0015 0.018 0418
Mn 0010 0012 0017 0010 0015 0.020 0004 0002 0.000 0001 0.004
Ni 0.002 0.005 0002 0.004 0001 0.002 — 0002 0.000 - 0001
Mg 033 0537 0443 0170 0168 0.088  0.000 — 0005 0002 2921
Ca — 0001 0.000 - — 0047 0027 0057 0043 0.052 0.004
Na 0.005 - - - 0006 0011 0377 0393 0342 0300 0.057
K 0.000  0.001 — 0001 0002 0002 0568 0555 0.600 0604 0.643
o] 4 4 4 4 4 4 8 8 8 8 11
Mg# 0.20 0.49 0.42 0.88
Cr# 0.74 0.88 0.81
Usp 0.13 0.31 0.39
An 0.03 0.06 0.04 0.05
Ab 0.39 0.39 0.35 0.31
Or 0.58 0.55 0.61 0.63

igin. In contrast, the euhedral olivine phenocrystsplot along
the equilibrium curve, suggesting their cognate affinity with
the host lavas. Therefore, two genetically unrelated olivines
are present in the Yunnan lavas. Thisis consistent with the
fact that the olivine*“macrocrysts’ and euhedral phenocrysts
do not show smooth and continuous compositional trends
through the whole olivine compositional range (Fig. 4). Itis
also noted that olivine only occurs as xenolithic macrocrysts
inthe Madeng samples. Absence of euhedral olivine pheno-
crystsand microlites may suggest that olivinewasnot theli-
quidus phasein some potassic lavas. It followsthat the mag-
nesian olivine macrocrysts are xenocrysts, which were not
genetically related to the potassic magmatism.

The zoning profile in the olivine crystals can be accounted
for by re-equilibration by diffusional exchange between oliv-
ineand liquid (Maaloe & Hansen, 1982; Francis, 1985; Larsen
& Pedersen, 2000). The degree of re-equilibration is clearly
dependent on the size of olivine. The core-rim variationin Fo
ismore limited (Fog,.qo) iN large olivine xenocrysts (> 4 mm,
Y JX-29) than in small xenocrysts (~1 mm; Fog, g, Y BW-9).
The similarity in core composition of olivines from different
samples suggests that these grains may have the same origin.

The olivine xenocrysts in the Yunnan lavas have a very
high forsterite content (Fog; o,). Similarly high Fo olivine
has been reported in komatiites and picrites (Nisbet et al.,
1993; Francis, 1985; Thompson & Gibson, 2000; Larsen &
Pedersen, 2000), and in boninites and olivine lamproites
(Crawford, 1989; Jaques et al., 1984). These magmas
should therefore be considered as potential sources for the
olivine xenocrystsin the Yunnan lavas. Evaluation of these
aternativesisnot an easy task because we cannot date oliv-
ine. However, any model proposed for the origin of olivine
xenocrysts must be consistent with geol ogical and geophys-
ical data. Komatiites are generally associated with the Ar-
cheanterrain, but the Yangtze craton is Proterozoic (Yang et
al., 1986). In fact, komatiites are not known so far in the
studied area. The very high Cr# and low Al,O; of the Yun-
nan spinels and their magnesian host olivines (Fig. 5) are
comparable to those of boninites. However, some Yunnan
spinels have higher TiO, contents than those from boninites
at given Al,O, (Crawford, 1980; Walker & Cameron, 1983;
see Table 3). Moreover, spinel inclusions occur in euhedral
olivinesbut are not present in the olivine xenocrysts. It may
beinadequate to use spinel compositionsto constrain the or-
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Fig. 8. (dQ) Comparison between the range of Fo in olivine pheno-
crysts in the Yunnan potassic rocks and corresponding whole rock
MgO contents. The shaded area defines the range of olivine compo-
sitions calculated to be in equilibrium with each of the bulk-rock
compositions. The partition coefficients of Fe-Mg between olivine
and liquid aretaken from Ulmer (1989). Bulk rock compositionisaf-
ter Xu et al. (2001b); (b) Comparison of composition of olivinesin
Yunnan potassic rocks and in picrites from the Late Permian Emeis-
han flood basalt province. Data for the Emeishan picrites are taken
from Xu & Chung (2001) and Y.G. Xu (unpublished data).

igin of olivine xenocrysts, because olivine xenocrysts and
spinel included in euhedral olivines may represent the prod-
ucts of two unrelated magmatic suites. Another line of evi-
dence against the boninite alternativeisthelack of thismag-
matypein the studied region.

Diamond prospecting during the late seventies and early
eightiesled to adetailed mineralogical and petrologic com-
parison between the Yunnan K-rich rocks and the olivine
lamproites from western Australia. It has been shown that
the Yunnan Cenozoic K-lavas are not the analogue of the
Australian olivine lamproites (BGRY, 1990). The only
known geological event in the studied area which could
have produced highly magnesian picrites/basaltsis the late
Permian Emeishan largeigneous province (LIP) believed to
have formed as a result of plume impact on the base of the
lithosphere (Chung et al., 1998a; Xu et al., 2001a). It isthus
possible that the olivine xenocrysts in the Yunnan ultrapo-
tassic lavas could be genetically related to the Emeishan
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Fig. 9. A petrologic interpretation of seismic tomographic velocity
structure of the lower crust beneath west Yangtze craton (modified
after Liuet al., 2001). Location of theseismic profilefrom Lijiang to
Zhehai isshownin Fig. 1 (line A-B); (b) Variation of melt thickness
as a function of potential temperature (Tp) and {3 for lithosphere
ranging in thickness from 70 to 130 km (after White & McKenzie,
1989). Thethick HVLCinthewest Yangtze craton and alimited lith-
ospheric extension suggest ahigh potential temperature for the man-
tle from which the materialsin the HVL C were derived.

flood basaltic volcanism. One may argue against this pro-
posal given the contrasting compositions of olivine xenoc-
rysts (Fogs.94) in the Yunnan lavas and those in picrites re-
covered so far from the Emeishan LIP (Fog) (Fig. 8b).
However, the lack of highly magnesian olivines in the
Emei shan picritesmay in part be dueto insufficient analyses
of picrite samples. Alternatively, the ultramafic melts that
crystallized Fog, 4, Olivines were too dense to arise through
the thick continental crust and remain trapped at Moho
depths (Cox, 1980). Recent seismic tomographic datareveal
the presence of athick (ca. 20 km) high velocity lower crust
(HVLC) (Vp = 7.1-7.8 km/s) in the west Yangtze craton
(Fig. 9a; Liuetal., 2001). The HVLCisgeneraly interpret-
ed as mafic igneous rocks underplated at the Moho (White
& McKenzie, 1989; Kelemen & Holbrook 1995; Farnetani
et al., 1996; Korenaga et al., 2000). For instance, the high
seismic velocity crust at the Namibian volcanic margin has
been modelled as basaltic material with about 15% MgO
(Trumbull et al., 2002). The Vp of the HVLC in the west
Yangtze craton varies from 7.1 to 7.8 km/s, significantly
higher than gabbroic rocks in normal oceanic crust (Vp =
6.8t0 7.0 km/s.). This suggests a high proportion of olivine
(and garnet) in the underplated igneousrocks. Possible oliv-
ine-rich igneous rocks include picrites, olivine gabbros and
cumulate peridotites.

The formation of the HVLC may be in response to a
deep-seated mantle plume (White & McKenzie, 1989) or
associated with mantle upwelling (e.g., Kelemen & Hol-
brook 1995). In the Yunnan case where lithospheric exten-
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sion ratewas|ow during the Permian period (c.f., Thompson
et al., 2001), production of a thick magnesian basalt layer
requires a mantle with potential temperature greater than
1600 °C (Fig. 9b). A high mantle potential temperature (>
1500 °C) has al so been obtained from REE inversion of the
low-Ti basalts from the Emeishan LIP (Xu et al., 20014).
The REE inversion results further suggest that the total
thickness of melts produced during the Emeishan basaltic
magmatismisover 5km (Xuet al., 2001a). Thediscrepancy
between this estimated thickness and the erupted thickness
(=3 km) probably reflects that high-density lavas were un-
derplated at the Moho or in the lowermost part of crust. Ac-
cordingly, we propose that the formation of thethick HVLC
may be related to the Emeishan flood basalt event, although
the age of the HVLC remains unknown. Disruption of the
derivatives/cumul ates from these magmas acts as a mecha-
nism for the entrainment of the magnesian olivinesintheul-
trapotassic volcanic rocks. Thisis possible because the ul-
trapotassic lavas erupted through the Emeishan LIP (Fig. 1).
Thisinterpretation implies acorrelation between the olivine
xenocrysts and high temperature melts. This inference is
consistent with the high Cr,O5 contents in olivine xeno-
crysts (up to 0.25 wt%, compared with <0.1 wt % in euhed-
ral crystals; Fig. 4c). AccordingtoLi et al. (1995), such high
Cr contents in olivine are indicative of high temperature of
parental melts from which the olivines crystallized.

B. Primary meltsand source materials of the
ultrapotassic lavas

The presence of olivine xenocrysts suggests that the lavas
from Madeng and Haidong are not representative of equilib-
rium melts, but are likely to represent mixtures of evolved
magmas and cumulate crystals or xenocrysts. Basically, the
composition of the primary magmas can be deduced by sub-
tracting olivines (F0g,.g,) from the measured whole rock
composition. However, thissimple conclusionis negated by
possible magma replenishment-mixing processes as sug-
gested by the clinopyroxene composition (see next section).
As discussed above, there are two genetically unrelated ol-
ivines in Yunnan ultrapotassic lavas. While high Fo “mac-
rocrysts’ are “exotic”, euhedral phenocrysts may be “cog-
nate”’ to the potassic magmas. Constraints on the nature of
primary potassic melts may accordingly come from the ear-
liest crystallized phases in the system. Petrographic obser-
vation and mineral chemistry suggest that the earliest crys-
tallized phases are magnesian olivines (FOgg.g;) With chro-
mite inclusions. These olivines were in equilibrium with
magmas of M g#=0.71-0.73 according to the Fe-Mg equilib-
rium coefficient (Ulmer 1989). The chromitesand their host
olivinesare coupled in composition and form aFo-Cr# frac-
tionation line (Fig. 5). Extrapolation of this fractionation
line back to the olivine-spinel mantle array suggests that
they may have crystallized from very primitive liquids that
could be in equilibrium with their mantle source (Arai,
1994b). The high Cr contents (Cr# up to 0.87) of chromite
indicate that the parental melts came from adepl eted mantle
source (Arai, 1994b). This is consistent with the trace ele-
ment composition which requires spinel harzburgite as the
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source for the Yunnan K-lavas (Xu et al., 2001b). Thereisa
general consensus that these potassic rocks derived from a
subduction-modified, refractory lithospheric mantle. The
harzburgitic composition of mantle source governs the ma-
jor chemistry of thevolcanic rocks, whereas the subduction-
introduced components supply the bulk of incompatible and
volatile elements.

The low ulvospinel content (Uspg.13) in magnetites in-
cluded in magnesian olivines may be suggestive of high fo,
in the source magmas, because ulvospinel content in mag-
netite is directly correlated with oxygen fugacity and tem-
perature (Spence & Lindsley, 1981). Oxidation state of the
source region may be related to percolation of slab-rel eased
fluids (Xu et al., 2001b). Significantly high ulvospinegl con-
tent (Usps;.50) isfound in magnetitesin the groundmass, in-
dicating a progressive decrease in fo, during crystal frac-
tionation. A similar evolution trend in oxygen fugacity has
been noted for the potassic lavas from the Roman province
(e.g., Conticdli et al., 1997).

C. Clinopyroxene zoning and magma chamber
replenishment-mixing

The occurrence of resorbed green salites as cores in clinopy-
roxene phenocrysts has been widely reported in alkaline maf-
ic to intermediate lavas (Wass, 1979; Duda & Schmincke,
1985; Neumann et al., 1999), and potassic magmas (Di Batti-
stini et al., 1999). In general, green-core clinopyroxeneis not
inequilibriumwith the host melts. Thisisalso the casefor the
Yunnan lavas, asindicated by the coexistence of salite (Mg# =
0.65) and euhedral magnesian pyroxene (Mg# = 0.86-0.89)
and olivine (Fogy.o;) phenocrysts. Two different petrogenetic
models have been formulated to explain these disequilibrium
assemblages and the origin of green-core clinopyroxene:

(a) Increasing oxygen and/or water fugacity as an explana-
tion of cognate green-core clinopyroxeneswith inverse zon-
ing (Holm, 1982; Aurisicchio et al., 1988);

(b) Magma mixing processes between variably evolved
magmas as an explanation of the disequilibrium (Duda &
Schmincke, 1985; Dobosi & Fodor, 1992; Neumann et al.,
1999). In this model, the green-core clinopyroxenes are re-
garded as xenocrysts. They may have been entrained from
disintegrated wall rocks during magma ascent (Barton &
van Bergen, 1981) or represent crystallization products of
an evolved magma which subsequently mixed with a more
primitive magma.

The relatively low mg-numbers (Mg# = 0.75-0.65) and
high Na,O in Yunnan salitesare clearly not derived from the
upper mantle. One could argue that green salites were ex-
tracted from crystal-plated conduits (Irving, 1980) formed
in an early magmatic fractionation during the Emeishan ba-
saltic magmatism. However, thispossibility can beruled out
because the clinopyroxenes in the Emeishan lavas have
higher TiO, and lower Na,O compared to the salitesin the
ultrapotassic rocks (Fig. 6b). Low Ti content in the Yunnan
salites mirrors that of the host rocks, probably suggesting a
cognate origin of these crystalsin the K-rich magmas.

The salite cores have lower MgO but higher Al,O; (and
higher AIV'/AI'Y) than diopside rims. These may have crys-
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tallized from evolved meltsduring earlier phases of potassic
magmatism, but under higher pressures than diopside phe-
nocrysts. Thedifferent compositionsof the green-coresmay
record different evolutionary stages or suggest the involve-
ment of different evolving magmas. The magnesian clino-
pyroxene surrounding green-cores can be accounted for by
mixing of primitive magma with a pre-existing evolved
magmathat crystallized Na-salite, now present ascores. Re-
sorbed or corroded coresto the salites may bethe result of a
temperatureincrease duetoinjection of fresh mafic magmas
into the magma chamber. It is noted that the mantle-rim
compositional variation (Mg# = 0.89 to 0.83) is similar to
the normal zoning observed in many euhedral phenocrysts
without green cores. This suggests that the clinopyroxene
rim and the euhedral phenocrysts share a common parent
(i.e. mafic magma) prior to the eruption of the host lavas.

Conclusions

(1) “Macrocrysts’ of alivine in the Oligocene ultrapotassic
rocks from western Yunnan are forsterite-rich (Fog,.q,). They
are not in equilibrium with melts with the composition of the
host rocks and are thus xenocrysts in origin. High CaO and
Cr, O, contentsin high Fog,_q, 0livines suggest that they do not
represent disaggregated mantle peridotites but more likely
crystallized from ultramafic melts. While komaiites, bonini-
tes and olivine lamproites are the potential sources of these
xenocrysts, agenetic link to thelate Permian Emeishan LIPis
favoured onthe basisof recent geological and geophysical da-
ta. Olivine xenocrysts may have been extracted from the high
velocity lower crust, whichisevident in seismic profiles. This
HVLC isbelieved to have formed from high Mg basalts (pic-
rites?) that underplated and intruded the crust during the
Emeishan flood basalt volcanism.

(2) Given the presence of xenolithic olivines, some highly
magnesi an ultrapotassic rocks from Yunnan are not primary
melts but are mixture of less mafic melts and olivine xenoc-
ryst. The composition of primitive magmas (Mg# = 0.71-
0.73) isinferred from the compositions of early crystallized
olivine (Fogq.¢;) and included chromites (Cr# = 0.80-0.87),
which in turn indicate a refractory harzburgitic source for
the Yunnan ultrapotassic rocks.

(3) Complex compositional zoning in clinopyroxene pheno-
crystsprovidesinformation on magmaevol ution of the Yun-
nan ultrapotassic lavas. The green salite cores crystallized
from evolving potassic magmas. The core devel opment was
followed by injection of more primitive liquid that crystal-
lized euhedral diopside and clinopyroxenes surrounding
green-cores. A likely scenario isthe replenishment of apar-
tially crystallization magma chamber by a mafic magma
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