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The Maomaogou nepheline syenite is located at the inner zone of the Emeishan large igneous province
and exhibits intrusive contact with the Emeishan basalts. SHRIMP U-Pb dating on zircons from this
syenite yields an age of 261.6%4.4 Ma, in agreement with the age of the Panzhihua layered intrusion and
the eruption age of the Emeishan basalts as constrained by stratigraphic data. Geochemical data fur-
ther suggest that the Maomaogou syenite has a source analogue to the Emeishan basalt, and may have
been formed by partial melting of gabbroic cumulates underplated in the lower crust. As s result, tem-
poral and spatial relationships and petrogenetic constraints provide evidence for the genetic link be-

tween basalts, mafic/ultramafic and intermediate/acidic intrusives in the Panxi area.

nepheline syenite, SHRIMP U-Pb dating, petrogenesis, Maomaogou, Emeishan LIP

The Late Permian Emeishan flood basalts and associated
rocks, widely distributed in Sichuan, Guizhou and Yun-
nan provinces, are the only pertinent large igneous
province (LIP) in China, which is recognized by interna-

1-3 . .
[173] Because many lines of evidence

tional community
suggest that the Emeishan flood volcanism was respon-
sible for the end-Guadalupian mass extinction™, it is
therefore pivotal to determine the age and duration of
the Emeishan volcanism. However, the general absence
of zircons in mafic extrusive rocks and severe later
thermal perturbation of Ar-Ar isotopic system[4’5] render
the direct dating of the Emeishan basalts difficult. A
suite of mafic/ultramafic and intermediate/acidic intru-
sives, closely associated with the Emeishan basalts, is
exposed in the Panzhihua-Xichang area (abbreviated as
“Panxi area”). It has been argued that these three differ-
ent types of rocks are genetically related to each other
(Chinese geologists termed this a “Trinity” character'®).

If this is correct, dating intermediate/acidic intrusive
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rocks would be a clue to constrain the eruptive age of
the Emeishan volcanism. In addition, geochemical
analyses could provide insight into the origin of intru-
sive rocks in this LIP.

The Maomaogou nepheline syenites are typical of al-
kaline intrusive rocks in the Panxi area. Recent chrono-
logical studies suggest that this intrusion was emplaced
at 216—253 Mal"*. These ages are significantly differ-
ent from the age of Emeishan basalts (258 —260 Ma)
constrained by stratigraphic data'”, casting doubt on the
“Trinity” argument. Given the importance of the Mao-
maogou intrusion in the study of the Emeishan LIP and
the failure of application of Ar-Ar method to Emeishan
basalts, we re-visited this intrusion and carried out pe-
trology, geochemical and SHRIMP zircon U-Pb analyses.
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Both petrogenetic evaluation and geochronological data
lead to the conclusion that these intermediate/acidic in-
trusives are genetically and temporally linked to the
Emeishan basalts.

1 Geological background and samples

The Panxi area, also called Panxi paleo-rift, is located in
the western margin of the Yangtze Block and in the inner
zone of the Emeishan LIP (Figure 1(a)). There are
abundant magmatism and mineral resources in this area.
The basement is Middle Proterozoic gneiss. Several
large layered intrusions occur along the Panxi rift, in-
cluding Taihe, Xinjie, Hongge and Panzhihua intrusions.
These intrusions, being predominantly of mafic/ultra-
mafic composition with subordinate intermediate/acidic
alkaline intrusive rocks, intrude the Emeishan basalts
and Precambian Dengying marbles. While the Emeishan
basalts and mafic/ultramafic intrusions are considered as
the product of the Emeishan plume activity, little is
known as to the age and petrogenesis of intermediate/
acidic alkaline intrusions.

The Maomaogou intrusion is located in the Huili

County, Sichuan Province, to the NNE of Longzhou
Mountain, and at the middle part of the inner zone of the
Emeishan LIP (Inner zone was defined by He et al.!')).
This intrusion is distributed along the N-S trending An-
ninghe-Yimen fault. It is ~15 km in length and ~2.3 km
in width covering an area of ~32 km”. The intrusion is
circular in shape with diorite in core and nepheline
syenites as envelop. It intrudes the late Permian Eme-
ishan basalts (Figure 1(c)), Early Permian limestones
and Ordovician sandstones, and is in turn cut by dioritic
dykes. Nepheline syenite, which is the object of this
study, has a coarse granular texture with feldspar reach-
ing 10 mm in length. It mainly consists of microcline,
albite, nepheline, hedenbergite, ferropargasite, sodalite,
Ti-magnetite and minor biotite.

2 Analytical methods and results

2.1 Zircon U-Pb dating and Hf isotopes

Zircons were separated using conventional heavy liquid
and magnetic techniques. Grains were handpicked under
binocular microscope and mounted in an epoxy resin
disc, and then polished. Internal structure was examined
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Figure 1 (a) Schematic geological map in the Panxi area; (b) map showing the details of the Maomaogou intrusions; (c) photo showing intrusion of the
Maomaogou nepheline syenite in the Emeishan basalt. Solid pentagrams in (b) represent sample sites.
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using cathodoluminescence (CL) images prior to U-Pb
isotopic analyses. The U-Pb analyses were performed
using the Sensitive High-Resolution Ion Microprobe
(SHRIMP 1II) at the Chinese Academy of Geological
Sciences in Beijing. Detailed analytical procedures are
similar to those described by Compston et al. and Wil-
liams''"'?. The interelement fractionation was corrected
by using RSES referenced zircon TEM (417 Ma), and U,
Th and Pb concentrations were determined relative to
that of the standard Sri Lankan gem zircon SL13, which
has a U concentration of 238 ppm corresponding to an
age of 572 Ma. Data processing procedures are after
LudwigSQUID1.0 and ISOPLOT programs. Common
Pb was corrected by using observed “**Pb. Uncertainties
listed in Table 1 are given at +1c. The ages quoted in the
text are “"°Pb/***U ages, which are the weighted mean at
the 95% confidence level.

CL images are important and effective to distinguish
magmatic zircons from metamorphic zircons. Zircons of
magmatic origin are generally characterized by oscilla-
tory zoning, whereas metamorphic zircons are charac-
terized by radial sector overgrowth zoning, planar over-
growth banding or the patches without zoning!* "), The
zircons extracted from the Maomaogou nepheline
syenites are colorless, transparent and some of them
clearly have micro-scale oscillatory zonings. None of
them has core-rim structure. All these imply a primitive
magmatic origin (Figure 2(b)). Th and U concentrations
of magmatic zircon are generally high, and its Th/U ratio
is commonly higher than 0.4, whereas those contents of
metamorphic zircon are relatively low with its Th/U ra-
tio < 0.1""®"71 Analyses on 14 zircon grains from LQ-3
show relatively high Th and U contents and have Th/U
ratios ranging between 0.39 and 1.04 (Table 1), reflect

ARTICLES

Table 1 SHRIMP U-Pb isotopic data of zircons from the Maomaogou nepheline syenite (LQ-3)

Grain §] Th THU 206ppy Sros® 27pp/2%ph 27pp/ A5y 206pp/238 Age (Ma)

spot (ppm)  (ppm) (ppm) (%) (*lo) (*lo) (*lo) 206pp/238Y 27pp/2%Ph
1 180 155 0.86 6.49 0.92 0.0521+4 0.298+5 0.0415+3 262.146.8 290493
2 215 180 0.84 8.01 0.80 0.0570+5 0.338+6 0.0430+3 271.146.8 4924110
3 149 104 0.70 5.38 2.70 0.0467+14 0.264+14 0.0409+3 258.3+7.1 36+330
4 476 427 0.90 17.4 0.91 0.0493+6 0.286+6 0.0421+2 265.746.3 1624130
5 181 71 0.39 6.41 241 0.0408+14 0.226+14 0.0403+3 254.5+7.0 -302+360
6 134 66 0.49 4.86 2.90 0.0498+19 0.281+19 0.0409+3 258.547.9 186440 >
7 142 99 0.69 5.28 1.53 0.0527+13 0.310+13 0.0427+3 269.4+7.3 3154290 PE
8 142 99 0.70 477 1.44 0.0539+11 0.287+11 0.0387+3 244.546.7 366+250 "3)
9 285 127 0.44 10.6 1.59 0.0453+12 0.267+12 0.0427+3 269.5+6.8 —38+280 %
10 101 51 0.50 3.93 261 0.0489+18 0.298+19 0.0442+7 279.0+18 1444420 o
11 421 213 0.51 14.4 0.38 0.0529+4 0.289+5 0.0396+3 250.3+7.2 324489 8
12 381 395 1.04 133 0.43 0.0526+4 0.293+4 0.0404+2 255.646.2 311+84 o
13 908 354 0.39 185 0.58 0.0512+4 0.167+9 0.0236+8 150.0+12 250498
14 241 99 0.41 9.41 1.23 0.0617+11 0.381+12 0.0449+6 283.0+17 663+230

a) f206(%) is percentage of total *°Pb which is non-radiogenic.
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Figure 2 (a) U-Pb zircon concordia diagram for the Maomaogou nepheline syenite; (b) selected CL images of typical zircons. The bar in (b) is 100 pm.
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ing their magmatic origin.

Twelve out of 14 analyses (Table 1) yield concordant
20pp/ 28y ages (245 —279 Ma). A weighted mean
26pp/28U age of 261.6+4.4 Ma is obtained (Figure 2(a)).
This age is interpreted as the timing of emplacement of
the Maomaogou nepheline syenite.

Zircon Hf isotopic analysis was conducted on the
Neptune MC-ICPMS equipped with a 193 nm laser at
the Institute of Geology and Geophysics, Chinese
Academy of Sciences, Beijing. The spot sizes were 31.5
or 63 um with an ablation time of about 26 s. Zircon
91500 was used as a standard. The velocity of laser im-
pulse is 8 —10 Hz and the energy is 100 mJ. Detailed
analytical procedure was described by Xu et al.'®!. The
weighted average '"°Hf/'""Hf ratio of zircon 91500 dur-
ing analyses is 0.282282+29, in agreement within errors
with those obtained by the solution method!'*2".

Hf isotopic data of zircons are listed in Table 2.
7¢Lu/"""Hf ratios of all zircons are less than 0.003 with
an average ratio of 0.001, indicating a low radiogenetic
growth of '"*Hf. While the spot 13 yields a relatively
low ""*Hf/"""Hf ratio, all the other spots have '"°Hf/'"Hf
ratios of 0.28257 to 0.28274 with gy¢(z = 260 Ma) be-
tween —1.4 and +4.3.

2.2 Major and trace element compositions and Nd
isotopes

Analyses of major, trace element composition and Nd
isotopes were carried out in the Key Laboratory of Iso-
topic Chronology and Geochemistry, Guangzhou Insti-
tute of Geochemistry, Chinese Academy of Sciences,
using XRF, ICP-MS and Micromass MC-ICPMS, re-
spectively. The results are listed in Table 3.

The Maomaogou samples are intermediate in SiO,
(53.99 %—55.79%), alkali-rich (Na,0+K,0 =11.1%—
13.0%) and low in K;O/Na,O (0.27—0.32). These sam-
ples are plotted in “nepheline syenite” field in TAS clas-
sification diagram. They exhibit high concentrations of
Ba (505—1051ppm), Ga (22 —23 ppm), Zr (110—
191ppm), weak depletion in Ti, but with no Nb and Ta
anomalies. In Figure 3(a), data of Liu et al.™ are also
plotted for comparison. It is shown that two datasets are
basically in good agreement (Figure 3(a), (b)), suggest-
ing that two independent studies were carried on the
same rocks. The initial '**Nd/"*Nd ratio (calculated at
260 Ma) is list in Table 3. eng(?) varies between —0.73
and +1.44.

Table 2 Hf isotopic data of zircons from the Maomaogou nepheline syenite (LQ-3)”

Grainspot ~ Type Corresponding U-Pbspot  '"Yb/'"Hf Lu/"THE eHf/ TTHE 20 enr () Tom (Ga)
1 m 1 0.064172 0.002072 0.282735 0.000032 4.1 0.753
2 c 2 0.078585 0.002350 0.282736 0.000035 4.1 0.758
3 w 3 0.045770 0.001496 0.282717 0.000029 3.5 0.769
4 w 4 0.031456 0.001033 0.282640 0.000030 0.9 0.868
5 m 5 0.012783 0.000401 0.282630 0.000031 0.7 0.866
6 r 6 0.018320 0.000499 0.282600 0.000033 -0.4 0.910
7 r 7 0.037061 0.001174 0.282694 0.000030 2.8 0.794
8 c 8 0.037681 0.001122 0.282626 0.000036 0.4 0.889
9 m 9 0.023410 0.000656 0.282678 0.000029 2.3 0.805

10 w 10 0.018288 0.000599 0.282640 0.000032 1.0 0.857
11 w 11 0.013569 0.000526 0.282574 0.000026 -14 0.948
12 r none 0.014178 0.000507 0.282653 0.000048 1.5 0.837
13 w 13 0.035542 0.001388 0.282407 0.000039 -9.8 1.207
14 r 14 0.018045 0.000695 0.282624 0.000026 0.4 0.881
15 m none 0.014747 0.000564 0.282636 0.000043 0.8 0.862
16 m 12 0.072572 0.002821 0.282613 0.000034 -0.4 0.951
17 m none 0.015566 0.000504 0.282691 0.000046 2.8 0.784
18 c none 0.022525 0.000796 0.282650 0.000030 1.3 0.848
19 c none 0.066437 0.002075 0.282740 0.000030 43 0.746
20 m none 0.021506 0.000716 0.282581 0.000040 -1.1 0.943

a) &u(f) was calculated to be 260 Ma. r, rim; m, mantle; ¢, core; w, whole zircon grain.
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Figure 3 (a) TAS plot; (b) primitive mantle-normalized trace element abundance in the Maomaogou nepheline syenites (normalization values after ref.

[21]).

Table 3 Major elements (%) and trace elements (ppm) abundance and 3 Genetic link between the Maomaogou

Nd isotopic data of the Maomaogou nepheline syenites

Sample No._ LQ.1 o2 E 10 intrusion and the Emeishan basalts
Si0, 53.99 55.75 55.79 54.69 . . .
TiO, 0.92 0.55 0.62 0.67 3.1 Temporal and spatial relationship
ALO; 19.17 20.85 2049 19.82 Intermediate/acidic alkaline intrusive rocks in the Panxi
T

i;zg 3‘2? (5)‘?: (6)'1‘2‘ (7)'?; area are spatially associated with the Emeishan basalts

n . . . . . .
MgO 133 0.84 1.09 154 ?nd maﬁc/ultramaﬁc intrusions. Moreover, the Eme-
CaO 421 258 3.49 3.64 ishan basalts are intruded by mafic/ultramafic rocks,
Na,0 8.60 9.86 9.52 9.21 which are in turn intruded by intermediate/acidic rocks.
K0 251 3.14 2.53 2.86 This is further supported by chronological data. These
P,0; 0.30 0.18 0.22 0.23 . . .

relationships suggest that three different rocks were em-
LOI 0.70 0.58 045 0.39 i . S
Total 100.00 100.00 100.00 100.00 placed at the same time. The zircon U-Pb age (261.6 = Ree
Na,0+K,0 11.11 13.00 12.05 12.07 4.4 Ma) of the Maomaogou intrusion is indistinguish- E
K,0/Na,0 0.29 0.32 0.27 0.31 able within error from those of the Xinjie ultramafic =
G; 23.30 22.25 22.84 23.04 intrusion (259+3 Ma)*?), Panzhihua layer intrusion (263 &
R 60.59 53.57 42.93 49.22 23] . [24] o)
+ +

Ba 1050.94 50497 013.46 98124 3 Ma)“- and S.(anyuaTl doler.lte dy.ke (262+3 Ma)“™". |(_|DJ
Th 574 388 542 3.07 Although no radiometric age is available for the Eme-
U 1.00 0.74 0.98 0.53 ishan basalts, it can be inferred based on the occurrence
Nb 45.25 16.04 29.87 34.00 of the Emeishan basalts at P,-P; boundarym that the
Ta 29 090 178 LT3 Emeishan volcanism was erupted during 258 —260 Ma.
Sr 908.69 289.58 439.48 385.72 . .
7r 191.28 109.64 166.89 166.95 It is therefore reasonable to propose that the Emeishan
Hf 478 2.48 3.91 432 basalts, mafic/ultramafic intrusives and intermedi-
Y 2221 12.08 16.20 19.27 ate/acidic alkaline intrusive rocks in the Panxi area es-
La 3067 16.06 21.89 24.92 sentially have the same ages.
Ce 57.11 28.68 38.20 45.85 7] a0, 39
Nd 24.93 12.15 1527 18.63 Lo et al.""” reported a biotite " Ar/” Ar age of 251 —
Sm 4.31 221 2.76 3.43 253 Ma for the Maomaogou intrusion. This age is
Eu 1.39 0.72 0.93 L.01 slightly younger than the Zircon U-Pb age. This may be
ad 391 212 254 309 attributed to lower closure temperature of *’Ar/*Ar sys-
Tb 0.68 0.34 0.47 0.58 R o[2526] 1 -
vb 292 136 178 215 tem in biotite (300—400°C)">™. Liu et al. reported a
Nb/Ta 17.49 17.87 16.74 19.48 zircon U-Pb age of 22448 Ma on this intrusion. They
Euw/Eu* 1.02 1.00 1.06 0.93 also found two inherited ages of 622—691 Ma and 2692
'Nd/MNd 0.512551+5  0.5124681+5  0.512492+5  0.512455+5 h s of ! £ i

exa®)” 136 —044 0.06 —073 28;8 Ma on the basis of analyses on cores o z1r8—
a) exa() was calculated to be 260 Ma. cons®™. The difference between the results by Liu et al.l¥!
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and in this study cannot be related to sampling because
it has been demonstrated previously that two independ-
ent studies were carried out on the similar rocks (Figure
3). Geochemical analyses indicate that the Maomaogou
nepheline syenites are mantle-derived. Zircons in man-
tle-derived rocks are generally characterized by simple
structure rather than complex core-rim zoning, typical of
the zircons studied in this paper (Figure 2(b)). Because
the primitive and depleted mantles were depleted in Zr,
no zircon growth was possible during the mantle differ-
entiation if no crustal material was involved, and zircon
Hf isotope compositions in mantle-derived rocks depend
on mass balance in both element concentration and iso-
tope ratio of hafnium between mantle magma and
crustal material*’). The lowest zircon &(¢) value in this
paper is merely —1.4, suggesting no significant involve-
ment of crustal component. On the other hand, if 2.7—
2.8 Ga zircons existed, their eyr values at 206 Ma would
be lower than —40 according to the evolution trend of Hf
isotopes in zircons (Figure 4). However, the observed
enr values range from —1.4 to 4.3, again suggesting a
derivation from a mantle source. On the basis of these
two observations, our data seem to be superior to those
of Liu et al.

20
Depleteq mantle
10 -
0 g _ /:/:/
Chondrite ettt
“10F
OJI
20 ) '/o
O
BSPRP\
30 e P
—40 - .
. ! !
=50
0 1000 2000 3000
t (Ma)

Figure 4 eud7) vs. age for zircons from the Maomaogou nepheline
syenites. Shadow area represents ages for old cores of zircons reported by
Liu et al.®). Dash line represents the development trend of Hf isotopes in
zircon.

Geochronologic studies have been carried out on
other intrusions in the Panxi area, but results are contro-
versial®* %, For instance, *’Ar/*’Ar dating yields a pla-

teau age of 256 Ma on biotite separates of the Cida gab-
bros and a plateau age of 214—193 Ma on the whole
rocks of the Jijie and Daxiangping nepheline pyroxenites.
It is noted that only the age spectrum of the Cida gab-
bros is a planar line, and the age is consistent with
Maomaogou biotite **Ar/*’Ar age!”. By contrast, much
more data scatter is noted for the other age spectrums.
This suggests that the **Ar/”’Ar isotopic system in the
Jijie and Daxiangping nepheline pyroxenites may have
been destroyed or overprinted by later thermal events,
whereas biotite **Ar/*’Ar ages for the Cida gabbros and
the Maomaogou nepheline syenites reflect the cooling
age of these intrusive bodies. The SHRIMP zircon U-Pb
ages published by Xia et al."’” on the Baima quartz
syenite (225 Ma) and Jijie nepheline pyroxenite (204 Ma)
are also misleading. It is also hard to explain the exis-
tence of zircon cores (~680 Ma and ~2000 Ma) in the
Jijie ultramafic nepheline pyroxenites. More recently,
Zhou et al.” reported SHRIMP zircon U-Pb ages of
~260 Ma on alkaline rocks of Baima and Jijie intrusions.
We believe that these ages are more meaningful.

3.2 Petrogenetic evaluation

Chen et al.”" obtained a zircon U-Pb age of ~706 Ma
for the amphibolite, and Xu et al.**! reported an Sm-Nd
isochron age of ~1140 Ma for the mafic/intermediate
granulites in the Panxi area. These rocks represent the
old basement of the area. &ng (f = 260 Ma) of the am-
phibolite and granulite are —5.8 ——2.4 and —6.7, respec-
tively. These values are significantly different from
those of the Maomaogou seynite that has enq4(?) values
of —0.73 to +1.44. Therefore, the old basement cannot be
the source of the Maomaogou intrusion.

Due to the similar ion radius, Nb and Ta exhibit al-
most identical behavior during the magmatic evolution

9[21,33]

and can be regarded as geochemical “twins . In

most cases, Nb/Ta ratio remains almost unchanged!' >,
Nb and Ta are only fractionated when Ti-rich minerals,
such as rutile and titanite, are involved in magmatic sys-
tem®%. The Na/Ta ratio of the primitive mantle is
17.5+£2.0 indistinguishable from the C1 chondrite
value[18’37], whereas that of the continental crust is 11—
1284, Therefore, Nb/Ta is the effective indicator of the

crustal and mantle involvement. The Maomaogou

1) Zhou M F, et al. Geochemical constraints on a diversity of plutonic rocks of the Emeishan Large Igneous Province, SW China. 2005 Annual Sympo-

sium on Petrology and Geodynamics.

954 LUO ZhenYu et al. Chinese Science Bulletin | April 2007 | vol. 52 | no. 7 | 949-958



10
C IAB
A
: £
e —
> -
C OIB
| (@)
0.1 1 10

Y/Nb

Eng (D

Figure 5 (a) Yb/Ta vs. Y/Nb; (b) La/Nb. Fields for OIB and IAB in (a) are after ref. [38]; Fields for LT and HT in (b) are from ref. [39].

seynite has an Nb/Ta value of 16.7—19.5 (Table 3), very
similar to the mantle value. In addition, all samples are
plotted in the field of oceanic island basalts (OIB) (Fig-
ure 5(a)). They also shear with the Emeishan basalts in
the plot of eng-La/Nb (Figure 5(b)). These features sug-
gest that the Maomaogou nepheline syenites may have
been derived from a source analogue to the Emeishan
basalts. Low La/Nb ratios (< 1.0) imply that they were
not significantly contaminated by crust materials.
Nepheline syenites can be formed by either crystal
fractionation or partial melting. If nepheline syenites are
spatially associated with other mafic intrusive and sil-
ica-saturated syenites, they are generally interpreted as

[49742] " Given the lack of con-

products of fractionation
tinuous rock series in the Maomaogou intrusion, the par-
tial melting model may be more appropriate. In order to
further evaluate these alternatives, we have performed a
number of modeling involving major and trace element
compositions.

The Maomaogou seynites exhibit no or positive Sr

anomaly in the spiderdiagram (Figure 3(b)). This sug-

Sr/Sr*
(98)

v LZ-22 wf

A
. Y Melt
0 Fractionation . (@)
0.5 1 1.5 2

Euw/Eu’

gests that they unlikely represent fractionated products
from the Emeishan basalts because the latter already

39,43,44
434 The Maomaogou

exhibits negative Sr anomaly!
intrusion is distributed proximally to the Longzhoushan
region, where a suite of alkaline basalt-phonolite is pre-
served . The close association leads us to select an
alkaline basalt sample from Longzhoushan (LZ-22) as
the hypothesized parent magma and a sample (LQ-2)
from Maomaogou as daughter melt. Least squares mass
balance calculations on major elements show that the
transition from LZ-22 to LQ-2 involves fractionation of
~35 wt% plagioclases. Such a high proportion of plagio-
clase fractionation would produce a significant Sr deple-
tion in the daughter magma (Figure 6(a)), which is not
observed in the Maomaogou seynite. As a consequence,
the fractionation model can be ruled out.

On the basis of experiments and geochemical elucida-

4470 broposed that Kenya rift pla-

tion, Hay et al.l
teau-type flood phonolites were generated by partial
melting of alkali basaltic material under lower-crustal

pressures. Seismic tomography reveals a high-velocity

100
- LQ-2
—A— Parent
o Daughter

10

C1 chondrited normalized

(b)

1
La Ce PrNdPmSm EuGd TbDy Ho Er TmYb Lu

Figure 6 Comparison of modeling results with observed composition of the Maomaogou syenites. (a) Fractionation; (b) partial melting. Sr/Sr* in (a)
represents the element ratio of Sr to the average of Ce and Nd, normalized by primitive mantle.
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Table 4 Least squares mass balance calculations based on major elements for the Maomaogou nepheline syenites *

Parent Daughter Substracted phases

LJ-12 LQ-2 Magn Ab An Cpx Oliv
SiO, 4331 56.28 0.32 68.29 44 49.44 37.41
TiO, 2.98 0.55 17.22 0.01 0 0.97 0
ALO; 20.85 21.05 1.05 19.65 36.28 445 0
FeO' 13.29 5.40 76.9 0.08 0.08 8.93 28.81
MnO 0.12 0.13 0.88 0 0 0.28 0
MgO 3.92 0.85 3.63 0 0 14.76 334
CaO 12.85 2.60 0 0.08 19.42 20.45 0.38
Na,O 2.31 9.95 0 11.61 0.22 0.72 0
K,0 0.37 3.17 0 0.28 0 0.01 0
Total 100.00 100.00 100 100 100 100 100

Percentage of substracted phases (%)
Daughter b Percentage (%) -
Magn Ab An Cpx Oliv

LQ-2 0.18 522 14.26 15.32 43.09 21.62 0.48

a) Magn, magnetite; Ab, albite; An, anorthite; Cpx, clinopyroxene; Oliv, olivine.

lower crust (V, = 7.1—7.8 km/s) in the Panxi areal™,
which has been attributed to the underplating of
plume-derived basaltic melts in the crust-mantle bound-
ary’”). The pressure condition and basaltic composition
of the lower crust in the Panxi area are very similar to
those of partial melting model put forward by Hay et
al.l"*“1_On the other hand, positive Sr anomaly of the
Maomaogou intrusion implies that its source may con-
tain plagioclase-rich cumulates. This is further con-
firmed by petrologic modeling which suggests that the
high-velocity lower crust is composed of gabbroic cu-
mulates'*”.

To test the partial melting model, mass balance cal-
culation (see ref. [50] for detailed calculation procedures)
has been performed by selecting a cumulate gabbro
sampled from the Panzhihua layered intrusion as the
source rock, and the sample LQ-2 with the lowest REE
content in nepheline syenites as partial melting product.
The result shows that nepheline syenites can be formed
by ~5% partial melting of gabbroic cumulates (Table 4).
The proportions of subtracted phases calculated in terms
of major element modeling are used to model the REE
variation during partial melting. The results show that
the modeled REE composition of partial melts is very
similar to that of LQ-2 (Figure 6(b)). All these suggest

1 Mathoney J J, Coffin M. Large igneous provinces: Continental,
oceanic and planetary flood volcanism. Washington D C: AGU Geo-
physical Monography, 1997. 1 —438

2 Couttillot V, Jaupart C, Manighetti I, et al. On causal links between
flood basalts and continental breakup. Earth Planet Sci Lett, 1999,

956

that partial melting of gabbroic cumulates is a feasible
model to generate the Maomaogou nepheline syenites.
On the basis of their element and isotope features, the
gabbroic cumulates have geochemical affinity to the
juvenile crust of mafic composition and thus probably
formed by underplating of basaltic magma. Therefore,
further studies are necessary in order to make distinction
between the following three possible origins: (1) partial
melting of the Emeishan mantle plume head in the latest
Paleozoic!”), (2) mafic magmatism in association with
subduction of oceanic crust during assembly of the su-
percontinent Rodinia in South China at 1.0—0.9 Ga",
(3) rift magmatism in synchronism with the Rodinia
breakup in South China at about 750 Ma'*"",

In summary, temporal coincidence, spatial relation-
ship and petrogenetic link between the Maomaogou
syenite and the Emeishan basalts strongly suggest that
the alkaline intrusive rock is an integral part of the Eme-
ishan LIP. The close association of basalts, ma-
fic/ultramafic and intermediate/acidic alkaline intrusive
rocks in the Panxi area highlights one of major features
of this large igneous province.
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