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ABSTRACT

The Baima igneous complex (BIC) consists of a cumulate layered gabbroic unit,
an Fe-Ti oxide ore zone, and an isotropic quartz syenite. The formation of the BIC
is attributed to a variety of petrological processes including: silicate immiscibility,
fractional crystallization, and fluxing of fO, by either internal or external factors.
This study attempts to determine if a parental magma similar to high-Ti Emeishan
basalt can produce the syenitic rocks of the BIC. The experimental results at atmo-
spheric pressure show that the liquidus temperature and solidus temperature of the
basaltic melt are estimated to be 1303 and 1120°C. The crystallization sequence is:
titanomagnetite, clinopyroxene (Woy;47Ens,.45Fs;123), and plagioclase (Angs.s;). The
residual liquid composition, represented by quenched glass, evolves from lower SiO,
(~45 wt%) values to higher values (~60 wt%) with corresponding decreases in Ti, Fe,
Mg, Ca and increases of Na and K. The results show that a starting composition of
high-Ti basalt from the Emeishan large igneous province can produce evolved silicic
liquids that resemble the compositions of microgranular enclaves from the Baima
syenitic unit.

Sci., 32,319-338, doi: 10.3319/
TA0.2021.01.30.01

1. INTRODUCTION

The current understanding of magma chamber process-
es is derived from observations of layered mafic-ultramafic
intrusions preserved in the geological record and physical
observations deduced from geophysical surveys at volca-
nic centers (Wager and Brown 1968; Iyer 1984; Cawthorn
1996; Murru et al. 1999; Charlier et al. 2015; Mondal and
Griffin 2017). Many layered intrusions are of significant
economic importance as they host world class deposits
of precious (PGE, Au, Ag) and base (Fe, Ni, Zn) metals.
Therefore, constraining the processes that enrich layered in-
trusions in precious and/or base metals is of primary impor-
tance for mineral exploration (Lee 1996). Specifically, the
formation of magmatic Fe-Ti-V oxide deposits is not well
understood although many occur in the upper, more differ-
entiated units of layered intrusions whereas the lower units
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commonly have Cr- and PGE-rich horizons (e.g., Bushveld
Complex, Stillwater Complex).

Fractional crystallization, magma mingling, silicate
liquid immiscibility, separate magma systems, and oxygen
fugacity (fO,) fluxing are suggested as possible processes
which induce metal enrichment but there remains a large de-
gree of uncertainty. It appears that there is no general model
that can be applied to all deposits associated with layered
intrusions but rather there are specific conditions unique to
each deposit that may be important to their formation (Phil-
potts 1967; Cawthorn 1996; Lee 1996; Duchesne 1999; Van
Tongeren and Mathez 2012; Charlier et al. 2015). Further-
more, many layered intrusions are associated with silicic
plutons that are similar to A-type (ferroan) granitoids (Bo-
nin 2007). The spatial and temporal association of silicic
intrusions with layered ultramafic-mafic intrusions suggests
they may be petrogenetically related and that the formation
of Fe-Ti oxide deposits is a consequence of their cogenesis
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(Shellnutt et al. 2009, 2011; Shellnutt and Jahn 2010; Zhong
etal.2011).

The middle-Late Permian (~260 Ma) Emeishan large
igneous province (ELIP) of southwestern China is located
along the western margin of the Late Archean to Early Pro-
terozoic Yangtze Block. The ELIP covers an area of ~0.5 x
10° km? and consists principally of continental flood basalts
but there are a number of mafic-ultramafic intrusions, some
of which host giant Fe-Ti-V oxide deposits and/or Ni-Cu-
(PGE) sulphide deposits (Ali et al. 2005; Zhong et al. 2005;
Song et al. 2006, 2013; Wang et al. 2007; Zhou et al. 2008;
Pang et al. 2010; Shellnutt 2014; Pang and Shellnutt 2017).
The oxide-bearing layered ultramafic-mafic complexes
are concentrated within the west-central part of the ELIP
known as the Panxi region (Panzhihua-Xi Chang). The lay-
ered complexes can be divided into two main groups: (1)
ultramafic-mafic and (2) mafic. The ultramafic-mafic in-
trusions typically consist of a lower olivine- and pyroxene-
rich peridotite unit which grades into a plagioclase-bearing
upper gabbroic unit whereas the mafic layered intrusions
consist of gabbro with varying proportions of olivine, clino-
pyroxene, plagioclase, and titanomagnetite across all lay-
ers (Zhong et al. 2002; Zhou et al. 2005; Wang et al. 2007;
Pang et al. 2010; Shellnutt et al. 2011, 2015; Pécher et al.
2013; Song et al. 2013; Bai et al. 2014; She et al. 2014;
Pang and Shellnutt 2017). The primary difference between
the two groups is the type and style of mineralization. The
mafic-ultramafic intrusions have PGE-rich horizons in their
lower parts and Fe-Ti-oxide deposits in their middle to up-
per layers (e.g., Hongge). In contrast the mafic intrusions
strictly have Fe-Ti oxide deposits (e.g., Panzhihua, Taihe,
Baima) in their lower layers (Zhou et al. 2008; Pang et al.
2010). Another difference between the two types of lay-
ered intrusions is that the mafic intrusions are spatially and
temporally associated with peralkaline A-type granitoids
whereas the ultramafic-mafic intrusions are not. The pet-
rogenetic relationship between the mafic intrusions and the
peralkaline granitic intrusions is a contentious issue and is
focused on whether or not the spatially associated mafic and
silicic rocks are members of the same complex (Shellnutt et
al. 2011; Zhong et al. 2011; Zhang et al. 2012). Addition-
ally the formation of the Fe-Ti oxide deposits within the
mafic intrusions are considered to be derived by a number
of processes such as: silicate liquid immiscibility, fractional
crystallization or fO, fluxing by carbonate country rock as-
similation from either a mafic or ultramafic parental mag-
ma (Zhou et al. 2005, 2013; Ganino et al. 2008; Pang et
al. 2008a, b, 2009; Zhang et al. 2009, 2012; Shellnutt et al.
2011, 2015; Zhong et al. 2011; Song et al. 2013; Liu et al.
2014a, b, 2016; She et al. 2014; Bai et al. 2016; Chen et al.
2017; Tang et al. 2017; Xing et al. 2017).

In this paper we present the results of low pressure
(atmospheric), anhydrous equilibrium crystallization ex-

periments on a ‘high-Ti’ Emeishan basalt composition in
order to determine if the syenitic unit of the Baima igne-
ous complex can be derived from a mafic parental magma.
Moreover, the results of this study have implications for
the formation of orthomagmatic Fe-Ti oxide deposits of the
Panxi region.

2. PETROLOGY OF THE BAIMA IGNEOUS
COMPLEX

The Baima igneous complex (BIC) is located in the
central part of the Panxi region, ~100 km northeast of Pan-
zhihua city, and consists of a gabbroic unit, a syenitic unit
and massive oxide ore deposit (Fig. 1). The layered gab-
broic unit lies to the east of the syenitic unit and dips ~23 to
27° to the west and is estimated to contain 1150 Mt of Fe,
44.8 Mt of Ti, and 2.85 Mt of V (Zhong et al. 2005). The
two units appear to cover an area of similar size, but their re-
spective volumes are unknown. Zircon U-Pb SHRIMP ages
of 258 + 4 Ma and 259 + 5 Ma of the syenitic unit are within
error of the 261 + 2 Ma of the gabbroic unit (Shellnutt et al.
2009). It is thought that the layered intrusive rocks and the
syenites are comagmatic and cogenetic (Yang et al. 1997;
Shellnutt et al. 2009; Zhong et al. 2011; Liu et al. 2014a).

The gabbroic unit can be divided into four lithologic
zones from the bottom to the top: (1) a lower cumulate zone;
(2) an oxide ore zone; (3) an olivine gabbro zone; and (4) an
upper gabbro zone (Chen 1990) (Fig. 2). The rocks from the
four zones consist of coarse grained cumulus olivine, pla-
gioclase, clinopyroxene, and interstitial Fe-Ti oxide miner-
als with minor amounts of sulphide minerals, spinel (pleon-
aste), and apatite (Chen 1990; Shellnutt and Pang 2012; Liu
etal.2014a; Chen et al. 2014). The upper zone tends to have
less olivine and more apatite than the lower cumulate zone
and the olivine gabbro zone. The ore deposits are hosted
within the lower portions of the layered cumulate gabbro
(Chen 1990; Shellnutt et al. 2009).

The syenite is coarse grained, granular and consists of
perthitic alkali feldspar, sodic amphibole, quartz, aegirine
and accessory amounts (< 5 vol %) of apatite, titanite, zir-
con, plagioclase, fluorite, biotite, ilmenite, magnetite, and
pyrite (Shellnutt and Iizuka 2011). The syenitic unit is struc-
turally above the gabbroic unit and contains ellipsoidal mi-
crogranular enclaves varying in size from a few centimeters
to 10s of centimeters in length (Shellnutt et al. 2010). There
are a few small lenticular zones of finer grained textures
which are more siliceous in composition. All units of the
BIC were intruded by alkaline mafic dykes (257.6 + 0.5 Ma
to 259.5 + 0.8 Ma) whereas the petrogenetically unrelated
Woshui syenite (259.6 + 0.5 Ma) and Huangcao syenite
(258.9 £ 0.7 Ma) intruded the margins of the BIC (Shellnutt
and Zhou 2007, 2008; Shellnutt et al. 2008, 2012; Shellnutt
and lizuka 2011).
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Fig. 1. Simplified geological map showing the distributions of the major units of the BIC (modified from Wang et al. 1994 and Xiong et al. 1996).
Zircon U-Pb age dates from Shellnutt et al. (2009, 2012).
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Fig. 2. The stratigraphic column of the layered gabbro of the BIC showing the different facies based on Chen (1990). Mineral chemical variations
after Chen (1990) are shown for reference. Fo = forsterite value, An = anorthite value, Wo = wollastonite value.
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3. STARTING COMPOSITION AND
EXPERIMENTAL SET-UP

3.1 Starting Composition

Previous studies have suggested that the parental
magma composition of the BIC was similar to the high-Ti
Emeishan basalt (Shellnutt et al. 2009), specifically sample
EM-81 reported by Xu et al. (2001). In this study, we select-
ed a known composition of Emeishan high-Ti basalt from
the Baima area as the parental magma of the BIC syenite
(Table 1). Sample GS04-026 was collected from a mafic
dyke with chilled margins that intruded the syenitic portion
of the BIC and is reported by Shellnutt et al. (2008). The
bulk composition of GS04-026 is similar to EM-81 but there
are some minor differences with respect to the Al,O;, Fe,0;,
and Na,O contents (Table 1). Given the low MgO (< 8 wt%)
and CaO (< 12.0 wt%) contents of GS04-026, it is probably
not representative of a primary melt but likely that it experi-
enced crystal fractionation (e.g., olivine, + clinopyroxene =+
plagioclase) prior to emplacement.

3.2 Experimental Conditions

The rock powder was encased in closed platinum enve-
lopes and was suspended in a 1-atm vertical-quenching fur-
nace. The samples were melted at the desired temperature.
All temperatures were measured using an R-type thermo-
couple (Pt-Ptg,Rh,; thermocouple) and were corrected to the
International Practical Temperature Scale of 1968 based on
the calibration with the melting point of synthetic diopside
(CaMgSi,04). The precision of the thermocouple is +1°C.
The experimental duration in this study ranged from 6 to
47.5 hours at temperatures from 1305 to 1125°C. At the end
of each run, the products were quenched in water. The com-
plete results of the low pressure experiments can be found in
Table S1 of the online supplementary files. The total FeO of
the starting material is 14.83 wt%. The total FeO of the glass
melted at 1310°C and atmospheric pressure for six hours is
14.67 wt%. The difference between them is ~1% and there-
fore, the iron loss to the Pt envelope at atmospheric pressure
was negligible.

4. ANALYTICAL METHODS
4.1 Electron Probe Micro Analyzer

After quenching, the experimental charges were
mounted in epoxy and polished to make a section for min-
eral analysis. The mineralogical investigation was carried
out by an electron probe micro analyzer (JEOL EPMA
JXA-8900R) equipped with four wave-length dispersive
spectrometers (WDS) at the Institute of Earth Sciences,
Academia Sinica in Taipei. Secondary- and back-scattered
electron images were taken of each sample and used to se-
lect specific minerals for analysis. A 2 um defocused beam

Table 1. Composition of starting material, EM-81 and average high-Ti
Emeishan basalt.

Element GS04-026 EM-81 High-Ti,,,
SiO, (Wt%) 4501 4451 47.52
TiO, 397 347 344
ALO, 1242 13.75 1333
Fe,05t 16.48 16.37 14.20
MnO 0.24 022 0.20
MgO 5.89 6.93 5.61
CaO 10.16 10.15 8.96
Na,O 323 240 2.67
K,0 1.34 1.08 1.17
P,0s 0.30 0.35 043
Total 99.04 99.23 97.06
Sc (ppm) 33
A% 893 438
Cr 26 98
Co 57 52
Ni 61 86
Cu 333 209
Zn 158 121
Ga 23 26
Rb 62 35
Sr 401 780
Y 26 35
Zr 165 227
Nb 21 31
Cs 0.7
Ba 310 590
La 245 29.6
Ce 542 63.8
Pr 72
Nd 305 359
Sm 6.8 85
Eu 22 2.8
Gd 6.0
Tb 1.0 1.1
Dy 55
Ho 1.0
Er 2.8
Tm 04
Yb 23 23
Lu 0.3 0.3
Hf 4.6 58
Ta 1.5 1.7
Th 32 0.7
U 0.8 0.3
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or a focused beam were operated for quantitative analysis
at an acceleration voltage of 15 kV and beam current of
12 nA. The measured X-ray intensities were corrected by
ZAF method using the standard calibration of synthetic
chemical-known standard minerals with various diffract-
ing crystals that included: diopside or wollastonite for Si
with TAP crystal, rutile for Ti with PET crystal, corundum
for Al (TAP), chromium oxide for Cr (PET), fayalite or
hematite for Fe with LiF crystal, tephroite for Mn (PET),
periclase for Mg (TAP), wollastonite for Ca (PET), albite
for Na (TAP), and adularia for K (PET). Peak counting for
each element and both upper and lower baseline X-rays are
counted for 10 and 5 s, respectively. Standard reference ma-
terials yielded relative standard deviations of < 1% for Si,
Na and K, and < 0.5% for other elements.

4.2 Laser Ablation (LA) Inductively Coupled Mass
Spectrometry (ICP-MS)

The trace elements were measured by inductively
coupled plasma-mass spectrometry (ICP-MS) using an Agi-
lent 7500s quadrupole spectrometer at the Department of
Geosciences, National Taiwan University. The laser abla-
tion was performed with a helium carrier gas and spot size
of ablation was 30 um, with laser repetition rate and laser
energy density being 4 Hz and of 10 J cm™, respectively.
The USGS glass (NIST 610) was used as the external stan-
dard and BCR-2 was also used as secondary standard for
verification of analytical results. Calcium (determined by
EPMA) was used as the internal normalization standard for

the glass. All concentrations were calculated using GLIT-
TER 4.0 (GEMOC) software. The measured results of NIST
610 and BCR-2 are in supplementary Table S2 together
with literature reference values. The precision of ~30 trace
elements measured is generally better than 10%.

5.RESULTS

The temperature range for the low pressure experi-
ments was 1310 to 1125°C with a liquidus temperature of
~1303°C whereas the solidus temperature is estimated to be
~1120°C. The complete crystallization sequences for each
experiment are shown in Table 2 but the overall crystalli-
zation sequence is iron-titanium (Ti-rich magnetite) oxide
at 1303°C, clinopyroxene at 1184°C, and plagioclase at
1162°C (Fig. 3).

The average compositions of the iron-titanium oxides
for each experiment are listed in Table 3. The bulk FeOt
content of the oxides, at high temperature, ranges from ~75
to ~65 wt% for all compositions with calculated FeO con-
tent from 31.7 to 36.2 wt%, Fe,O; from 36.1 to 46.6 wt%,
and TiO, from 9.8 to 15.8 wt%. The lowest temperature run
produced both Ti-rich magnetite and ilmenite but the former
was more abundant than the latter (Fig. 3).

The average clinopyroxene compositions are listed in
Table 4. The wollastonite (Wo) component of the pyroxenes
ranges from 49 .4 to 44.3 mol. %; the enstatite (En) compo-
nent ranges from 45.2 to 32.9 mol. %; and the ferrosilite
(Fs) component ranges from 20.7 to 8.6 mol. %. The clino-
pyroxene classifies as diopside-augite (Fig. 4). The TiO,

Table 2. Experimental conditions and crystallization history.

Run Pressure Temp (°C) Time (h:m) Phases
BM-023 1 atm 1310 6:00 gl
BM-028 1 atm 1305 6:10 gl
BM-005 1 atm 1300 6:10 gl + mt
BM-018 1 atm 1294 22:00 gl + mt
BM-015 1 atm 1286 21:00 gl + mt
BM-014 1 atm 1275 26:50 gl + mt
BM-004 1 atm 1250 19:30 gl + mt
BM-003 1 atm 1198 47:30 gl + mt
BM-024 1 atm 1187 17:40 gl +mt
BM-026 1 atm 1180 19:00 ¢l + mt + px
BM-008 1 atm 1173 20:34 ¢l + mt + px
BM-022 1 atm 1165 38:20 gl + mt + px
BM-027 1 atm 1159 21:00 gl + mt + px + pl
BM-001 1 atm 1151 17:20 gl +mt + px + pl
BM-007 1 atm 1125 19:50 gl+mt+il +px +pl

Note: h:m = hours:minutes; gl = glass, mt = magnetite, px = clinopyroxene, pl = pla-

gioclase, il = ilmenite.
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Fig. 3. Scanning electron microscopy images. (a) Crystallization of magnetite structured spinel at 1198°C. (b) Crystallization of diopside-augite and
plagioclase at 1125°C.

Table 3. Average composition of the magnetite and ilmenite.

Sample BM-005 BM-026 sd. BM-027 sd. BM-007 sd. BM-007 sd. Baima*

Temp. (°C) 1300 1180 8) 1159 ©) 1125 5) 1125 3) PO
Si0, (Wt%) 001 0.03 0.02 0.09 0.09 0.00
TiO, 9.79 1272 025 13.76 044 1451 187 44.62 1.76 13.13
ALO, 2.12 1.90 0.05 171 0.09 1.80 043 1.09 0.67 445
Cr,0, 0.06
FeOT 7591 71.54 0.60 70.06 0.58 68.55 1.68 4027 2.13
NiO 0.08 0.03 0.03 0.03 0.02 0.05 0.06 0.03 001
MnO 0.11 0.20 0.04 0.25 0.06 035 0.07 0.18 0.10 0.49
MgO 332 532 0.11 5.90 025 6.04 028 597 112 1.89
Total 91.39 9173 91.82 9130 92.16
Fe,0, 4657 4220 0.59 40.52 0.64 38.80 2.64 12.35 1.88 3991
FeO 34.00 3356 027 33.60 0.59 33.64 1.90 29.16 1.03 41.18
Total 96.06 95.96 95.88 95.19 93.40
Si 0.001 0.001 0.00 0004 0003 0.000
AlY 0.096 0.084 0.00 0.075 0.004 0.080 0.021 0.033 0.020
Fe*t 1339 1.194 0.01 1142 0020 1.100 0.089 0.239 0.038
Ti 0281 0.360 001 0.388 0012 0.410 0.045 0864 0028
Cr 0.002
Fe 1.087 1.055 001 1052 0017 1.058 0.039 0.628 0018
Ni 0.003 0.001 0.00 0.001 0.001 0002 0.002 0.003 0.004
Mn 0.003 0.006 0.00 0.008 0.002 0011 0.003 0004  0.002
Mg 0.189 0.298 0.01 0.330 0014 0.339 0011 0.229 0.042

Note: TFeO = total Fe**. Averaged number of analyses in parentheses. Baima* is the calculated primary oxide (PO) composition from
Shellnutt and Pang (2012).
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Table 4. Average composition of the clinopyroxene.

Sample BM-026 s.d. BM-027 s.d. BMO0-007 sd.
Temp. (°C) 1180 3) 1159 @) 1125 (8)
SiO, (wt%) 46.29 0.51 48.19 1.24 51.72 0.78

TiO, 1.33 0.08 1.37 0.20 0.28 0.11
AlLO; 5.17 0.51 435 0.63 1.12 0.81
FeO 9.59 0.24 8.34 1.14 11.33 0.88
MnO 0.15 0.01 0.24 0.06 032 0.04
MgO 13.59 0.30 14.58 125 11.60 0.38
CaO 22.20 0.26 22.12 0.16 2144 0.77
Na,O 0.67 0.08 0.65 0.07 0.78 0.26
K,O 0.01 0.01 0.01 0.01 0.08 0.14
Total 99.00 99.85 98.66
Cations on the Basis of 60
Si 1.774 0018 1.830 0.041 1.981 0015
ALY 0.226 0.018 0.165 0.048 0.019 0.015
AlY 0.007 0.006 0.006 0.006 0.031 0.033
Fe* 0.282 0.013 0.202 0.044 0.049 0.038
Ti 0.038 0.003 0.039 0.007 0.008 0.003
Fe? 0.018 0.016 0.042 0.044 0312 0.042
Mn 0.005 0.001 0.008 0.002 0.011 0.002
Mg 0.777 0.013 0.825 0.057 0.662 0.020
Ca 0912 0.014 0.901 0.033 0.880 0.040
Na 0.050 0.006 0.048 0.006 0.058 0.018
K 0.000 0.001 0.000 0.000 0.004 0.007
Wo 46 0.01 46 0.02 46 0.01
En 39 0.01 42 0.03 35 0.02
Fs 15 0.00 12 0.03 19 0.01

Note: Mineral symbols: En = Enstatite component; Fs = ferrosilite component; Wo =

wollastonite component. s.d. = standard deviation. Number in parenthesis is the

total number of analysis.

Wo
Diopside Hedenbergite
50, é& — {50
& Augite
Pigeonite
100/____ Enstatite '~ " Ferrosilite___
En 0 10 20 30 40 50 60 70 80 90 100

Mole %

O BIC pyroxenes (Shellnutt and Pang, 2012)
@ 1180°C synthesized pyroxenes
@ 1159°C synthesized pyroxenes
O 1120°C synthesized pyroxenes

Fig. 4. Chemical classification of the experimental clinopyroxene in comparison to the clinopyroxene from the Baima layered gabbro.
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content ranges from 0.2 to 1.7 wt% and the AL,O; content
ranges from 0.5 to 5.7 wt%.

The average composition of the plagioclase for each
experiment ranges from labradorite (Ang) to andesine
(Ans)). The Al,O; content is between 27.7 and 24.5 wt%
whereas the K,O content ranges from 0.25 to 0.63 wt%
(Fig. 5; Table 5). The total iron, expressed as FeOt, rang-
es from 2.6 wt% in the high temperature experiments to
0.4 wt% in the lowest temperature experiments.

The averaged compositions of the residual glass for
each experiment are listed in Table 6. The variation of the
major element chemistry of the glass compositions versus
temperature are plotted in Fig. 6. As the temperature de-
creased, the liquid line of descent shows an increase in SiO,,
Al O;, Na,O, and K,O and decrease in MgO, TiO,, and to-
tal FeO. The CaO of the glass increased between 1305 and
1180°C and then decreased (lowest temperature). The crys-
tallization trend shows that the residual liquid, as represent-
ed by the glass, became considerably depleted in TiO, and
total FeO as the temperature dropped below 1305°C. The
depletion was triggered by the crystallization of the Ti-rich
magnetite. When the temperature reached 1180°C, the CaO
and MgO contents of the residual liquids became depleted
as a result of the crystallization of clinopyroxene (Fig. 6).

The averaged trace elemental compositions of the
glass from each run are listed in Table 7. The concentra-
tions of compatible elements of the residual glass are highly
variable; for example: Sc (15.1 - 30.6 ppm), Ni (16.1 -
54.8 ppm), and Cr (3.8 - 26.1 ppm). The trace element evo-
lution relative to silica of the glass is illustrated in Fig. 7. As

the SiO, content of the residual glasses increased (i.e., de-
crease in temperature) the amount of Ba, Rb, Sr, Nd, and Zr
increased (Fig. 7). In comparison, the Ni and Cr decreased
significantly between 1305 and 1159°C.

6. DISCUSSION

6.1 An Analogue for the Formation of the Baima
Syenitic Unit?

The Baima syenitic unit is considered to be representa-
tive a residual liquid derived by factional crystallization of
a basaltic parental magma equal to high-Ti Emeishan basalt
whereas the Baima layered gabbroic intrusion is considered
to be the accumulated solid resulting from the same parental
magma or batches of magma (Yang et al. 1997; Shellnutt
et al. 2009, 2011; Shellnutt and Pang 2012; Zhang et al.
2012). Geological, mineralogical, and petrological evidence
indicates the intrusion formed at low pressure (~0.1 GPa)
and the relative oxidation state of the magmas was prob-
ably equal to or above the fayalite-magnetite-quartz (AFMQ
0 to +2) buffer (Shellnutt et al. 2009; Shellnutt and lizuka
2012; Zhang et al. 2012). It is likely that the parental magma
contained volatiles (CO,, F, CI, and H,0O) due to the pres-
ence of titanite, bastnésite, fluorite, and amphibole in the
Baima syenite (Shellnutt et al. 2009; Shellnutt and lizuka
2011,2012).

The resultant Ti-rich magnetite, clinopyroxene, and
plagioclase crystallization in the model shows that the re-
sidual glass compositions reach moderately high SiO, con-
centration (= 56 wt%). However, the most evolved silicic
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Fig. 5. Chemical classification of the experimental plagioclase in comparison to the plagioclase from the Baima layered gabbro.
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Table 5. Average compositions of the plagioclase.
Sample BM-027 sd. BM-007 sd.

Temp. (°C) 1159 3) 1125 (6)

SiO, (Wt%) 51.85 0.37 55.77 1.90.
TiO, 0.18 0.03 0.19 0.16
AL, 26.86 032 26.62 1.43
FeO 2.53 0.05 095 0.51
CaO 12.85 0.20 8.92 1.70
Na,O 391 0.18 545 091
K,O 0.24 0.01 0.64 0.31
Total 98.41 98.54

Cations on the Basis of 80
Si 2422 0.007 2.551 0.080
Ti 0.006 0.001 0.007 0.006
Al 1478 0013 1435 0.074
Fe* 0.099 0.002 0.036 0.020
Ca 0.643 0.013 0.437 0.084
Na 0.354 0.013 0483 0.080
K 0.014 0.001 0.038 0.018
Total 5.016 4.986 0.008
An 64 0.01 46 0.09
Ab 35 0.01 48 0.08
Or 1 0.0 4 0.02
Note: Minerals symbols: An = anorthite component; Ab = albite
component; Or = orthoclase component. s.d. = standard de-
viation. Number in parenthesis is the total number of analysis.
Table 6. Average compositions of the glass and the Baima enclaves.
Sample BM-023 sd. BM-005 sd. BM-026 sd. BM-027 sd. BM-007 sd. BM-1 BM-2 BM-4 BM-5

Temp. (°C) 1310 (74) 1300 (73) 1180 (6) 1159 (7) 1125 4)

Si0, (Wt%) 45.66 0.26 46.61 0.37 5147 0.22 53.59 0.78 57.58 039 58.12 6294 6008 5720
TiO, 4.01 0.10 3.98 0.12 291 0.12 2.54 0.32 2.04 0.22 1.46 0.77 1.03 1.80
AlLO; 12.34 0.28 12.56 023 13.90 0.19 13.74 1.16 15.14 046 16.19 1698 1636  14.18
Cr,0, 0.01 0.02 - - - - 0.01 0.01
FeOt 14.67 0.19 1441 0.20 7.16 0.23 6.32 0.29 4.81 033 544 381 4.84 7.19
MnO 0.20 0.04 0.20 0.04 0.20 0.04 0.19 0.05 0.14 003 022 0.19 0.22 0.37
MgO 6.07 0.08 6.06 0.09 5.88 0.11 525 0.79 3.83 047 245 0.84 1.79 261
CaO 9.77 0.10 9.87 0.12 10.45 0.18 949 1.00 6.10 0.60 328 1.70 3.04 3.17
Na,O 3.46 0.07 331 0.07 3.84 0.06 4.36 0.37 4.18 027 717 7.52 7.38 6.59
K,O 1.17 0.03 1.16 0.03 1.38 0.03 1.69 0.13 2.84 032 388 4.66 422 4.16
Total 97.04 97.16 97.80 97.19 96.66 9821 9941 9896 9727
Mg# 42 43 59 60 59 44 28 40 39

Note: Enclave data from Shellnutt et al. (2010). FeOt of the Baima enclaves is calculated from Fe,Ost (FeOt = 0.8998 x Fe,0;t).
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Fig. 6. Major element compositions of the glass from each run at low pressure. All data normalized to 100%. Baima syenite and enclave data from
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Table 7. Average whole rock trace elemental compositions of the glass.

Sample GS04-026 BM-023 sd. BM-005 s.d. BM-026 sd. BM-027 sd. BM-007 s.d.
Temp. (°C) 1310 ) 1300 3) 1180 2) 1159 (2) 1125 3)
Ca (Wt%) 10.16 9.70 0.05 9.79 0.07 10.65 0.25 9.36 0.19 6.67 1.53
Sc (ppm) 33 30.6 04 309 04 24.6 13 22.1 1.6 15.1 14
Cr 26 26.1 43 22.1 03 42 0.2 38 03 10.7 4.6
Ni 61 54.8 0.9 514 1.1 21.7 0.6 16.1 0.6 22.1 12.1
Rb 62 69.4 13 68.0 12 80.8 2.7 939 6.1 894 353
Sr 401 429 6.8 423 6.2 507 24.1 509 54 453 231

Y 26 25.8 0.7 260 05 285 13 31.7 03 243 10.0

Zr 165 173 59 174 32 194 249 215 342 152 119
Nb 21 242 0.6 235 02 284 20 290 0.2 219 10.1
Ba 310 321 7.7 313 6.7 369 19.5 422 112 405 112
La 24.5 245 0.7 239 0.5 28.1 1.5 314 0.7 274 103
Ce 542 550 1.3 530 12 63.7 2.8 70.1 1.7 60.3 232

Pr 72 74 0.2 7.1 02 85 04 94 03 7.7 3.1
Nd 30.5 31.8 0.8 30.6 0.7 36.1 2.0 40.1 0.7 319 129
Sm 6.8 6.9 0.2 6.6 02 7.7 0.5 8.7 0.5 6.4 25
Eu 22 22 0.1 22 0.1 25 0.1 2.8 0.1 23 0.7
Gd 6.0 6.3 0.2 6.3 0.1 7.0 0.2 7.6 0.2 58 25
Tb 1.0 09 0.0 09 00 1.0 0.1 1.1 0.0 0.8 03
Dy 55 54 0.1 54 02 59 03 6.6 03 5.1 1.9
Ho 1.0 1.0 0.0 1.0 0.0 1.1 0.1 1.3 0.0 09 03
Er 28 2.6 0.1 2.6 0.1 30 02 3.1 0.2 24 1.0
Tm 04 03 0.0 04 00 04 0.0 04 0.0 03 0.1
Yb 23 22 0.1 24 02 25 0.2 2.6 0.1 2.1 0.7
Lu 03 03 0.0 03 0.0 03 0.0 04 0.0 03 0.1
Hf 4.6 4.6 0.1 45 02 4.8 0.6 5.6 1.0 3.6 2.6
Ta 15 15 0.1 15 0.0 1.8 0.2 1.7 00 1.1 04
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glasses are more similar in composition to the observed
enclaves of the BIC syenitic unit (Fig. 6; Table 6). The mi-
crogranular enclaves are considered to be representative of
the most primitive composition of the syenitic rocks before
further differentiation to more silicic (SiO, > 62 wt%) com-
positions (Shellnutt et al. 2010). The Na,O (lower; Table 6)
and CaO (higher; Fig. 6) contents of the glass compositions
are different from the enclaves but this is probably due to
the anhydrous nature of the experiments as F, Cl, CO,, and
H,O tend to increase the incompatibility of Na and rare earth
elements and promote the crystallization of volatile-rich ac-
cessory minerals such as fluorite, bastniisite, and titanite
(Price et al. 1999; Scaillet and Macdonald 2004; Gysi and
Williams-Jones 2015). The incompatible trace element evo-
lution mirrors the major element composition. As the glass
becomes more silicic, the incompatible (REE, Nb, Ta) trace
elements become more enriched whereas the compatible
(Ni, Cr, Sc) elements become depleted (Fig. 7).

The incompatible trace element evolution of the sys-
tem is typified by Sr and Ba and resembles the geochemical
modeling results of the Panxi gabbro-granitoid complexes
(Fig. 8a). The geochemical models of the Panxi gabbro-
granitoid complexes show that both Sr and Ba initially
increase after early crystallization of titanomagnetite and
mafic silicate minerals, and is followed by the decrease
of Sr and increase of Ba due to the crystallization of pla-
gioclase feldspar and then the decrease of both Sr and Ba
due to the crystallization of alkali feldspar (Shellnutt et al.
2009, 2011; Shellnutt and Jahn 2010). A similar evolution-
ary path for Sr and Ba is shown in the low pressure models
where Sr and Ba initially increase followed by a decrease
in St and increase Ba (Fig. 8b). The two data points for the
1125°C experiment have very different compositions and
thus it is difficult to reconcile their individual importance.
We view the low Sr-Ba composition (Sr = ~260 ppm; Ba
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~300 ppm) as anomalous as there is no indication of al-
kali feldspar crystallization in the system but there is no
analytical reason to reject the data and therefore it may be
meaningful. The similarity between the Sr-Ba experimental
models and the geochemical models is supportive of the
interpretation that the Baima syenite is derived from a pa-
rental magma similar to *high-Ti’ Emeishan basalt.

6.2 Implications for the Genesis of the Baima Oxide-
Bearing Layered Gabbroic Intrusion

The Baima layered gabbroic intrusion is chiefly com-
prised of cumulus olivine, clinopyroxene, and plagioclase
with interstitial Fe-Ti oxide and sulphide minerals. The oxide
minerals periodically form thick ore-layers with the thick-
est layer near the base of the intrusion (Pang et al. 2010).
Also, there is a distinct apatite-rich zone in the upper parts
of the intrusion (Chen 1990; Shellnutt et al. 2009; Shellnutt
and Pang 2012; Zhang et al. 2012; Chen et al. 2014; Liu
et al. 2014a). It is interpreted that the Baima layered gab-
broic intrusion and oxide deposit represent the solid residual
portion of the parental magma or magmas that formed the
Baima syenite (Yang et al. 1997; Shellnutt et al. 2009, 2011;
Shellnutt and Pang 2012; Zhang et al. 2012). Therefore, if
the modeled residual glass composition can replicate the ob-
served Baima syenite microgranular enclaves then it is pos-
sible that the residual solid component may be able to shed
light on the formation, textures, and structures observed in
the layered gabbroic unit.

The composition of the Ti-rich magnetite is similar to
the measured compositions from the Baima layered gabbro
and the theorized primary oxide composition suggested by
Shellnutt and Pang (2012). The compositions of the py-
roxene and plagioclase are compared to the compositions
analyzed from BIC layered gabbro in Figs. 4 and 5. The
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Fig. 8. (a) Geochemical models of Sr versus Ba evolution in the Baima, Panzhihua, and Taihe complexes (Shellnutt et al. 2009, 2010, 2011). (b)
Experimental trend of Sr and Ba of the glass compositions. The dashed line connecting the low temperature compositions indicates an uncertain
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clinopyroxene and plagioclase crystals have similar compo-
sitions as those observed in the BIC gabbros. Specifically,
the compositional range of the modeled clinopyroxene at
1180 and 1159°C overlap with the clinopyroxene from the
gabbros whereas the lower temperature (1125°C) crystals
tend to be more Fe-rich. The synthesized plagioclase, at all
temperatures, is indistinguishable from the plagioclase of
the gabbro (Fig. 5).

The early crystallization of titanomagnetite in the ex-
periments is interesting as it may explain two important as-
pects of the layered gabbro. Firstly, early titanomagnetite
crystallization explains the position of the oxide deposits
within the lower parts of the layered gabbro. Moreover,
it is possible that each Fe-Ti-rich horizon could represent
an injection of a new batch of magma and the beginning
of a new crystallization sequence as there is evidence for
magma recharge in the system (Chen 1990; Shellnutt and
Pang 2012; Zhang et al. 2012; Liu et al. 2014a). Secondly,
mineral textures observed in the gabbro where silicate min-
erals and/or melt are enclosed by titanomagnetite and vice
versa are replicated (Fig. 9). The application of QUIIF on
the ilmenite-magnetite pairs of the lowest temperature runs
indicates the relative oxidation state was above the FMQ
buffer and ranges from AFMQ +0.3 to +1 or approximately
equal to the Ni-NiO buffer (Andersen et al. 1993). The rela-
tive oxidation state estimate is within the range interpreted
for the BIC system (Shellnutt et al. 2009, 2011; Zhang et al.
2012; Song et al. 2013).

6.3 Limitations of the Interpretations

The results of the experiments appear to replicate many
textural, mineralogical, and chemical aspects of the BIC
layered gabbroic and silicic units but there are limitations.
Chiefly among the limitations is the verisimilitude of a
small-scale experiment (< 1 gram) and relating it to a large-
scale intrusion (=100 km?®). Although we selected a parental
magma that is considered to be similar to the BIC system,
the precise composition remains uncertain and it may have
developed under polybaric conditions. Volatiles in the mag-
ma system are not constrained during the experiment but
they are likely to play role as biotite and brown-hornblende
are observed within the layered gabbro and magmatic fluo-
rite is observed in the syenite.

The absence of olivine in the modeled crystallization
sequence is an issue as the Baima layered gabbro contains
olivine at various levels. However, sample GS04-026 does
not contain olivine and thus its absence in the experiment is
expected (Shellnutt et al. 2008). Moreover, sample GS04-
026 probably experienced fractionation of olivine before
emplacement (i.e., polybaric crystallization) as it is more
evolved than a primary liquid (Herzberg and Asimow 2008;
Shellnutt and Pham 2018). In the lower layers of the gab-
bro there is abundant olivine but the amount decreases at
higher positions within the stratigraphy (Chen 1990; Shell-
nutt et al. 2009; Shellnutt and Pang 2012). It is very likely
that the initial parental magma of the Baima gabbro was

VRN

b

o

Fig. 9. (a) Iron-titanium oxide (FTO) mineral (Ti-magnetite) enclosing glass (Gl). (b) Clinopyroxene (Cpx) phenocryst enclosing Fe-Ti oxide (FTO)
minerals. (c) Crossed polar photomicrograph of Ti-rich magnetite enclosed within clinopyroxene (Cpx) from the Panzhihua layered gabbro (cour-

tesy of Kwan-Nang Pang).
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more primitive or closer to a primary liquid composition
than GS04-026. Therefore, it is possible that subsequent in-
jections of new magma batches, as delineated by mineral
chemistry changes and oxide-rich layers, may have been
less primitive and therefore crystallized less olivine. Conse-
quently, the experiment may be a better example of the con-
ditions and magma composition of the upper gabbro zone
as it is comprised of clinopyroxene, plagioclase, ilmenite,
and magnetite with little to no olivine. In spite of the limita-
tions, the experimental results indicate that the BIC gabbro,
syenite, and oxide deposit can be derived from a common
parental magma similar to high-Ti Emeishan basalt.

6.4 Role of Silicate Immiscibility and Carbonate
Fluxing in the Formation of the BIC

Recent studies have suggested that some of the Pan-
xi oxide-ore deposits may be, at least partially, formed by
silicate-liquid immiscibility and/or carbonate fluxing (Zhou
et al. 2005, 2013; Ganino et al. 2008, 2013a, b; Liu et al.
2014a, 2016). The extent of silicate-liquid immiscibility
vis-a-vis a large scale or small scale process is uncertain as
the evidence for immiscibility is based on mineral or melt
inclusion studies whereas carbonate fluxing is based on the
contact relationship between the parental magma of the
Panzhihua intrusion and marble country rock.

Experimental studies show that tholeiitic and alkalic
basaltic liquids may enter conditions of silicate-liquid im-
miscibility after a period of crystal fractionation and pro-
duce an Fe-rich silicate liquid and a Si-rich silicate liquid
(Philpotts 1976, 1982; Watson 1976; Naslund 1983; Vek-
sler et al. 2007, 2008; Veksler 2009; Shellnutt et al. 2013).
The bulk composition of the Si-rich silicate liquid is simi-
lar to granitic rocks in general whereas the Fe-rich silicate
liquid resembles a mafic-ultramafic rock. The evidence for
silicate immiscibility within the Panxi intrusions is based
on observations and chemistry from mineral and melt in-
clusions and experimental results (Wang et al. 2013; Liu et
al. 2014a, 2016; Hou and Veksler 2015; Xing et al. 2017).
Although the evidence for small-scale silicate immiscibil-
ity is compelling, it is less clear that large-scale silicate im-
miscibility occurred. Specifically, there are a number of ob-
servations within the Baima layered gabbroic intrusion that
cannot be easily explained by immiscibility and include: (1)
systematic compositional evolution within the layered gab-
bro, (2) distribution of the incompatible elements in miner-
als or whole rock, and (3) the absence of a contemporaneous
silicic plutonic body that is depleted in incompatible ele-
ments (Watson 1976; Veksler et al. 2006).

It appears that multiple magma pulses and internal re-
distribution occurred within the Baima system as the miner-
al composition trend is periodically interrupted but there is
a broad systematic evolution from bottom to top where the
base of the intrusion has more primitive compositions (Fo =

75; An = 65) and the upper portions are more evolved (Fo =
60; An = 50) (Chen 1990; Shellnutt and Pang 2012; Zhang
et al. 2012; Liu et al. 2014a). It is possible that the mineral
compositional evolution may be due to injection of progres-
sively less mafic basalts thereby creating the appearance
of a systematic evolution but there is a distinct association
between the composition of the minerals and their strati-
graphic position. Assuming silicate-liquid immiscibility is
not disturbed by the injection of new magma batches, there
appears to be a dearth of highly calcic (An > 80) plagio-
clase that would be expected to crystallize from the Fe-rich
silicate liquid. If large-scale silicate immiscibility occurred
then there should be layers or even a periodic discovery
of coarse grained non-cumulus calcic plagioclase because
the Fe-rich immiscible liquid is alkali-poor and relatively
Ca-rich. To date, significant amounts of coarse grained,
non-cumulus Ca-rich feldspar have yet to be identified by
detailed mineralogical investigations (Chen 1990; Shellnutt
and Pang 2012; Zhang et al. 2012; Liu et al. 2014a).

The results of trace element partitioning between the
immiscible silicate melts by Watson (1976) and Veksler et
al. (2006) showed that nearly all incompatible elements (Zr,
Hf, Ti, Nb, Ta, and REEs) partition into the Fe-rich end-
member due to its low polymerization and only Rb and Cs
appear to prefer the Si-rich melt. The bulk rock composi-
tions from different units of the Baima layered gabbro do
not show unusually high concentrations of incompatible ele-
ments as most incompatible trace elements (Y, Zr, Hf, Nb,
Ta, and REEs) have concentrations < 10 ppm (Shellnutt et
al. 2009; Zhang et al. 2012). If the partition experiments of
Watson (1976) and Veksler et al. (2006) are correct and that
the thick oxide deposits formed due to immiscibility, then
there should be zones or layers of equal volume to the oxide-
rich layers that contain the incompatible elements. At the
moment, enriched zones or layers of REEs, Y, Ta, Hf, Zr, Nb
have yet to be identified within the Baima layered gabbro.

Thus far, a large-scale plutonic body representing the
Si-rich immiscible end-member has yet to be identified
although Liu et al. (2016) suggest it could be the fayalite-
bearing syenite (Huangcao pluton) to the west of the Baima
layered gabbro. The Huangcao syenite contains fayalite,
ferrohedenbergite, alkali feldspar, quartz, apatite, ferrosi-
lite, and Fe-Ti oxides (ilmenite and magnetite) and is con-
sidered to be formed by partial melting of underplated mafic
rocks that are related to the Emeishan large igneous prov-
ince (Shellnutt and Zhou 2008; Shellnutt and lizuka 2012).
The Huangcao pluton is probably not representative of the
Si-rich immiscible melt because it demonstrates enrichment
of Ba, Zr, Ta, Nb, and REE and depletion of Cs relative to
the Baima layered gabbro and also has a positive chondrite
normalized Eu-anomaly (Eu/Eu* > 1.1). If the Baima pa-
rental magma is required to undergo “prolonged fractional
crystallization of plagioclase” before immiscibility then the
resultant liquids should have either a neutral Eu-anomaly
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(i.e., Eu/Eu* = 1) or, more likely, have a negative Eu-anom-
aly (Liu et al. 2016). Moreover, Fe-rich silicate minerals are
a common feature of many ferroan (A-type) granites (Frost
and Frost 1997, 2011; Civetta et al. 1998; Frost et al. 2001;
Melluso et al. 2008).

An interesting result from the experiments of this study
is the formation of inclusion textures of oxide minerals in
clinopyroxene and vice versa (Fig. 9). Inclusion textures of
oxides within silicates observed in the Baima layered gab-
bro are interpreted to be evidence of silicate immiscibility
(Liu et al. 2014b, 2016). Based on our results, the inclu-
sion textures form as a consequence of crystallization. Cor-
respondingly, the early crystallization of oxide minerals in
this study is likely directly related to the parental magma
composition and relative oxidation state suggesting that
some ‘high-Ti’ Emeishan mafic magmas are at or close
to Fe-Ti saturation when they are emplaced and thus will
preferentially crystallize titanomagnetite immediately upon
cooling rather than silicate minerals. The early crystalliza-
tion of titanomagnetite will therefore increase the likelihood
that it will be enclosed by a silicate mineral.

Carbonate country rock assimilation, as observed by
carbonate xenoliths within the Panzhihua layered intrusion,
is suggested as a process for increasing the relative oxida-
tion state of the Panxi oxide deposits and thereby inducing
en masse crystallization of Fe-Ti oxide minerals (Ganino et
al. 2008, 2013a, b; Bai et al. 2012; Pang et al. 2013; Tang et
al. 2017). It is very likely that there was an interaction be-
tween carbonate country rocks and the magma that formed
the Panzhihua complex as there are carbonate xenoliths
found within the lower units of the gabbro. However, car-
bonate xenoliths are absent within in the Baima complex
(Tang et al. 2017). It seems, from the experimental results,
that carbonate assimilation may not be required to induce
oxide mineral crystallization because the first mineral to
crystallize from high-Ti Emeishan basalt is expected to be
titanomagnetite at a relative oxidation state of AFMQ +1.
The average relative oxidation state of all Emeishan basalt
using the method of Kress and Carmichael (1991) is AFMQ
+0.1 (total range AFMQ -1.0 to +1.3) (Shellnutt and lizuka
2012). Furthermore, the Sr isotopes of the Panxi layered
gabbros do not appear to be highly enriched within the main
body of the intrusion and suggests that contamination was
probably a localized process around the contact margins
(Shellnutt et al. 2009, 2011; Howarth and Prevec 2013).
Therefore, assimilation of carbonate country rocks may be
unnecessary to form the oxide deposits.

7. CONCLUDING REMARKS

The experiments resulted in a number of observations
including:

(1) The crystallization sequence in the experiments is: Fe-Ti

oxide (1303°C); clinopyroxene (1184°C); and plagio-

clase (1162°C).

(2) The compositions of the synthesized clinopyroxene and
plagioclase are similar to the mineral compositions from
the BIC layered gabbro.

(3) The residual glass compositions from the low tempera-
ture experiments are similar to the known composition
of the Baima syenitic enclaves.

(4) Enclosure textures of oxide and silicate minerals in the
gabbroic rocks are replicated in this study.

From the experimental observations we conclude that:

(1) The low pressure experiments were able to replicate the
silicic enclave composition of the Baima syenitic unit,
and the plagioclase and clinopyroxene compositions of
the Baima layered gabbros. Therefore, it is possible that
the layered gabbroic intrusion, oxide-ore deposit, and
syenitic pluton of the BIC are a cogenetic complex that
formed at low pressure.

(2) The Fe-Ti oxide deposits of the Baima layered gabbroic
intrusion and possibly the Panzhihua and Taihe intru-
sions may have formed in situ and early during the crys-
tallization of a basaltic parental magma. New batches of
isotopically similar basaltic magmas were likely repeat-
edly injected into the same magma chamber and formed
new Fe-Ti oxide horizons. Therefore, the presence of
an oxide-dominant horizon within the layered gabbroic
units may indicate a new magma pulse.
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