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A B S T R A C T

The Taihe igneous complex, which is located in the inner zone of the Emeishan Large Igneous Province (ELIP),
consists of an Fe-Ti oxide ore-bearing layered gabbroic unit and a silicic enclave-bearing peralkaline A-type
granitic unit. The apatite-hosted melt inclusions in the gabbroic unit and the amphiboles in both the gabbroic
unit and the granitic unit were used to investigate the relationship between the two units. The apatite-hosted
melt inclusions have 32.3–68.3 wt% SiO2, 0.51–23.9 wt% FeOt, 0–7.19 wt% TiO2, 8.87–19.0 wt% Al2O3,
2.39–19.5 wt% CaO, 1.70–7.27 wt% Na2O, 0.24–5.60 wt% K2O, and 0.13–6.83 wt% P2O5. Such a large com-
positional range is difficult to be achieved through fractional crystallization but can be accounted for by silicate
liquid immiscibility developed during the differentiation of the gabbroic unit. The weighted bulk composition of
the Taihe gabbroic unit is extremely rich in Fe and poor in Si (17.2 wt% FeOt and 36.2 wt% SiO2), indicating that
some Si-rich components must have been removed. A significant compositional gap in the amphiboles in the
gabbroic rocks and the adjacent peralkaline A-type granitoids, i.e., calcic amphibole in the gabbros and apatite-
hosted inclusions and sodic-calcic to sodic amphiboles in the granites and their silicic enclaves, was observed.
This cannot be explained by the previously suggested differentiation of a common basaltic parental magma from
gabbros to silicic enclaves and granites, indicating a sudden change in the physical-chemical conditions of the
related magmas. We propose that the silicic enclaves enclosed in the peralkaline A-type granitic pluton represent
the missing Si-rich components of the Taihe layered gabbroic unit. The continuous expulsion of immiscible Si-
rich melts from the lower crystal mush into the upper main magma body caused the crystallization of large
amounts of Fe-Ti oxides in the gabbroic unit. Then, the residual Si-rich magmas in the upper part of the Taihe
mafic magma chamber were drawn into the subsequently intruding peralkaline granitic magmas during the
magmatic transgression process, forming the silicic enclaves within the adjacent contemporaneous peralkaline
A-type granitic pluton.

1. Introduction

Mafic-ultramafic layered intrusions may host important mineral
resources, such as Cu-Ni-PGE, Fe-Ti oxides, and chromite deposits. A
close association is commonly observed between layered intrusions and
granitic/rhyolitic rocks in various geological settings including in-
traplate, continental rift, and subduction zone (Bonin, 2007; Namur
et al., 2010; Shellnutt and Zhou, 2007; Shellnutt et al., 2010; Shellnutt
and Iizuka, 2011; VanTongeren and Mathez, 2012). One outstanding

issue is the relationship between the mafic and felsic endmembers,
which may have significant economic implications if they are geneti-
cally related to the formation of the ore deposits.

In the Emeishan Large Igneous Province (ELIP), SW China, layered
intrusions hosting Fe-Ti oxide deposits are often spatially, temporally,
and chemically associated with peralkaline A-type granitic plutons
(Shellnutt and Zhou, 2007). It has been suggested that the peralkaline
A-type granitic plutons were derived from partial melting of juvenile
crust (Xu et al., 2008) or were cogenetic, but not comagmatic, with the
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mafic–ultramafic intrusions (Zhong et al., 2007, 2011). Nevertheless,
the close proximity between the two units has also led to the specula-
tion that the peralkaline A-type granitic plutons represent the differ-
entiation products of the Fe-Ti oxide ore-bearing layered intrusions
through fractional crystallization (Shellnutt and Zhou, 2007; Shellnutt
et al., 2009, 2010, 2011) or silicate liquid immiscibility (Liu et al.,
2016). The comagmatic formation from a common parental magma is a
reasonable explanation for the geochemical and geochronological data
and can account for the enrichment of Fe-Ti oxides in the layered in-
trusions (Shellnutt et al., 2009). According to studies of Thingmuli and
other Iceland volcanoes, only 5%–10% total felsic melts can be differ-
entiated from a basaltic magma (Carmichael, 1964). The silicic rocks
produced by the Skaergaard, Bushveld, and Sept Iles original magmas
account for ~8%, ~9%, and ~8% of their entire igneous bodies, re-
spectively (Veksler, 2009; VanTongeren et al., 2010; Namur et al.,
2011). However, in the ELIP, the peralkaline A-type granitic plutons are
usually volumetrically larger than the associated oxide ore-bearing
layered intrusions. In view of the mass ratios of these units, whether the
concomitant mafic-granitic complexes are produced by a common
parental magma must be considered. If not, we must consider whether
any silicic rocks were differentiated from these layered intrusions. We
must also investigate the nature of the possible corresponding geolo-
gical products.

The well-exposed Taihe igneous complex in the northern part of the
Panxi region consists of an oxide ore-bearing gabbroic unit and a per-
alkaline A-type granitic unit. It is an ideal situation for examining the
genetic relationship between the spatially and temporally associated
mafic and felsic rocks of the ELIP. In this study, apatite-hosted melt
inclusions from the gabbroic unit and amphiboles from the different
rocks of the two units are used to investigate the evolution process of
the Taihe magma chamber and to investigate the relationship between
the concomitant gabbroic-granitic complex.

2. Geologic background

The Late Permian (ca. 260 Ma) ELIP is exposed in the southwestern
part of China and the northern part of Vietnam with an area of over
5 × 105 km2 (Chung and Jahn, 1995; Xu et al., 2001). It mainly consists
of flood basalt, mafic-ultramafic intrusions, felsic plutons, and a small
amount of picrite, trachyte, and rhyolite. The Panxi region, in the inner
zone of the ELIP, is marked by mafic–ultramafic layered intrusions
hosting giant Fe-Ti oxide deposits, e.g., the Panzhihua, Hongge, Baima,
Xinjie, and Taihe intrusions, which contain 1333 Mt, 4572 Mt, 1497 Mt,
410 Mt, and 810 Mt of ore reserves, respectively (Fig. 1a; Ma et al.,
2003). These intrusions, together with the spatially and temporally
associated continental flood basalts and the granitic-syenitic plutons,
were summarized as the trinity, which was treated as the sign for the
regional prospecting of Fe-Ti oxide deposits (Zhang et al., 1988).

Based on the lithologic variations, the Fe-Ti oxide ore-bearing
layered intrusions in the Panxi region can be roughly divided into two
categories. The first consists of the entire mafic–ultramafic layered se-
quence of ultramafic rocks (peridotite and/or pyroxenite) in the lower
part and gabbroic rocks in the upper part, such as the Hongge and
Xinjie intrusions. The second is mainly composed of gabbros and/or
troctolites with few ultramafic rocks, such as the Panzhihua, Baima, and
Taihe intrusions. Despite this, all of these intrusions share a common
feature, i.e., major ore bodies occur in the lower horizons of the in-
trusions, and the ore bodies are volumetrically large compared to
layered intrusions elsewhere in the world. For example, magnetite ores
occur in the upper zone of the Bushveld Complex (~6500 m thick), and
the total thickness of the ore layers with> 50% magnetite is only
20.4 m (Tegner et al., 2006). However, the about 2000-m-thick Panz-
hihua intrusion hosts a 60-m-thick massive ore body in its basal part,
and the banded ores in the upper part are 80–400 m thick with an
average thickness of 100 m (Qiu and Xie, 1988). The oxide-rich and
oxide-poor layers commonly alternate throughout the sequence of the

layered intrusions in the Panxi region. The unique Fe-Ti oxide deposits
in the Panxi region were termed Panzhihua type (Zhou et al., 2013).

The Taihe gabbroic layered intrusion is located 12 km west of
Xichang City in Sichuan Province. It is ~1.4 km thick, extends ~3 km
NE-SW, dipping 50°–60° SE, and has an outcrop area of ~13 km2

(Fig. 1b) (Hou et al., 2012; She et al., 2014, 2015). U-Pb zircon dating
indicates that the intrusion formed at 259 ± 3 Ma (She et al., 2014).
The intrusion has been extensively exposed by mining activity (Fig. 2a).
It exhibits good igneous rhythmic layering (Fig. 2b) with three-group
joints in the NE-SW, NW-SE, and N-S directions, which dislocate the
layering locally. The layering is cut through by several granitic dikes,
which are 0.5–10 m wide and tens to hundreds of meters long. To the
west of the Taihe layered intrusion is the peralkaline A-type granite,
which is well exposed by a chain of quarries in the surrounding high-
land (Fig. 2c and d). The Taihe peralkaline A-type granite is
261 ± 2 Ma (Xu et al., 2008). It is considered to be fault-bound by the
gabbroic intrusions and the high-Ti flood basalts (Zhang et al., 1988).

3. Petrography

3.1. Lithology of the gabbroic layered unit and the peralkaline granitic unit

The Taihe gabbroic layered unit is divided into three zones in-
cluding the lower zone (LZ), the middle zone (MZ), and the upper zone
(UZ), based on rock texture, mineral assemblage, and ore mineral
abundances (Li et al., 1981). The LZ mainly consists of olivine-bearing
gabbro with olivine clinopyroxenite interlayers. The olivine-bearing
gabbro contains 30–50 vol% clinopyroxene, 30–60 vol% plagioclase,
5–15 vol% Fe-Ti oxides, and<10 vol% olivine. The olivine clinopyr-
oxenite is composed of 50–70 vol% clinopyroxene, 20–30 vol% olivine,
5–15 vol% plagioclase, and 5–10 vol% Fe-Ti oxides. The MZ is the main
ore-bearing zone, which consists of Fe-Ti oxide ores, gabbro, and oxide-
rich clinopyroxenite (Fig. 3a and b). The major gangue minerals in the
ores are clinopyroxene and plagioclase with minor amounts of olivine
(Fig. 4a). The higher the Fe-Ti oxide contents of the ores, the greater the
proportion of clinopyroxene in the gangue minerals. The gabbro is
composed of 30–50 vol% plagioclase, 30–50 vol% clinopyroxene,
5–30 vol% Fe-Ti oxides,< 8 vol% apatite, and<5 vol% amphibole
(Fig. 4b). The oxide-rich clinopyroxenite contains 40–70 vol% clin-
opyroxene, 10–30 vol% Fe-Ti oxides,< 15 vol% plagioclase, < 10 vol
% apatite, and<5 vol% amphibole. The UZ is mainly composed of
apatite gabbro with clinopyroxenite interlayers. Compared with the
gabbro in the MZ, the apatite gabbro in the UZ has more plagioclase
and apatite, but less clinopyroxene and Fe-Ti oxides. It is composed of
40–70 vol% plagioclase, 10–40 vol% clinopyroxene, 5–15 vol% Fe-Ti
oxides, 3–10 vol% apatite, and 3–10 vol% amphibole (Fig. 4c). The
mineral assemblage of the clinopyroxenite in the UZ is similar to that of
the congener rock in the MZ but has a much lower Fe-Ti oxides content.

For the entire sequence of the Taihe layered unit, clinopyroxene and
plagioclase are the major cumulate phases, and they are partially or
completely enclosed by interconnected Fe-Ti oxides. It should be noted
that the clinopyroxene grains are often Fe-Ti-rich and contain oxide
exsolution lamellae parallel to the prismatic cleavage planes (Fig. 4d).
The plagioclase generally occurs as anhedral to subhedral platy grains.
Most of the apatite grains are closely associated with the Fe-Ti oxides
and occupy the interstitial spaces between the silicate minerals
(Fig. 4b–d). A small amount of apatite is enclosed within the clin-
opyroxene and plagioclase grains (Fig. 4d).

The peralkaline A-type granites adjacent to the Taihe layered unit
are coarse-grained and are composed of 65% alkali feldspar, 25%
quartz, < 10% amphibole, and a minor amount of accessory minerals,
such as titanite, zircon, fluorite, and biotite (Fig. 4e). They contain
centimeter-sized melanocratic enclaves (Fig. 3c and d). Most of the
enclaves are ellipsoidal (Fig. 3c), but a few are irregular in shape
(Fig. 3d). The enclaves are fine-grained, which distinguishes them from
the host granite, and they consist primarily of 60%–70% alkali feldspar,
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5%–20% quartz, and 10%–25% amphibole (Fig. 4f). Most of the alkali
feldspar crystals are euhedral to subhedral and are 100–500 μm in
length with perthitic exsolution lamellae. Rare extremely coarse-
grained alkali feldspars similar in size to those in the host granite were
observed in the enclaves.

3.2. Apatite-hosted melt inclusions from the gabbroic unit

Apatite is a common phase in various types of cumulate rocks
throughout the MZ and UZ of the Taihe intrusion. The apatite crystals in
these rocks share common characteristics. They are subhedral to eu-
hedral in shape and are 100–500 μm long. Some of the crystals contain
one or more inclusions, while others do not contain inclusions. The melt
inclusions in the apatite are light to dark brown and are rounded, oval,
polygonal, or elongated in shape (Fig. 5a–d). They range from 5 to
50 μm in width and from 10 to 100 μm in length. All of the inclusions
are holocrystalline, multiphase, mineral aggregates with irregular out-
lines. Most of the inclusions are composed of several of the daughter
phases, including amphibole, plagioclase/albite, clinopyroxene, and
minor amounts of magnetite, ilmenite, and K-feldspar (Fig. 5e and f). A
small number of the inclusions also contain biotite and sulfides. Al-
though the proportion of the daughter phases is highly variable, am-
phibole is often a dominant phase in many of the inclusions, but it is
absent in some of the inclusions.

3.3. Amphibole from the gabbroic unit and the peralkaline granitic unit

Brown amphiboles were generally observed in the gabbroic rocks.
They occur as rims on the plagioclase and clinopyroxene, especially
when the plagioclase and clinopyroxene are in contact with the Fe-Ti
oxides (Fig. 4c). The amphibole in the peralkaline A-type granite is

subhedral and interstitial to the alkali feldspar and quartz, accounting
for< 10% of the mineral mode (Fig. 4e). The pleochroism is con-
spicuous, varying from green to blue to puce. In the enclaves, the am-
phibole is subhedral to anhedral and is interstitial to the alkali feldspar,
comprising 10%–25% of the mineral mode (Fig. 4f). Most of the am-
phibole grains are greenish-blue, but some are reddish-brown. The
grains are much smaller than those in the peralkaline A-type granite
hosting the enclaves.

4. Sampling and analytical methods

The samples used in this study were collected from an open-pit mine
in the Taihe layered intrusion and a quarry in the adjacent granite
pluton. Apatite grains from eight apatite-bearing gabbroic rocks were
separated to study the apatite-hosted melt inclusions. The compositions
of the amphibole in five gabbros, four peralkaline granites, and four
silicic enclaves were analyzed.

4.1. Homogenization of the apatite-hosted melt inclusions

Homogenization of crystallized melt inclusions hosted in apatite
was performed in the Melt Inclusion Laboratory at the Guangzhou
Institute of Geochemistry (GIG), Chinese Academy of Sciences (CAS).
The same heating conditions were used as those for homogenization of
crystallized melt inclusions in the apatite of the Sept Iles intrusion
(Charlier et al., 2011). The heating procedures followed those described
by Ren et al. (2017). The apatite grains were placed in a small platinum
bag, and then, they were gradually heated from 100 °C to 1100 °C
within two hours, after which, they were kept at 1100 °C for 30 min.
The pressure was maintained at 1 atm and the oxygen fugacity con-
trolled at QFM-1 using a CO2-H2 gas mixture during the heating

Fig. 1. (a) Geological map of the Panxi region showing the distribution of mafic–ultramafic layered intrusions, granitic-syenitic plutons and the Emeishan flood
basalts (modified after Pang et al., 2009). (b) Simplified geological map of the Taihe gabbroic-granitic complex.
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process. Then, the reheated grains were rapidly removed from the
furnace and quenched in the air. The quenched grains were mounted in
epoxy resin and polished to expose the melt inclusions for electron
microprobe analysis.

4.2. Compositional analysis of the melt inclusions and minerals

The compositions of the apatite-hosted melt inclusions and the
amphiboles were analyzed using a JEOL JXA 8230 electron microprobe
at the Key Laboratory of Mineralogy and Metallogeny, GIG-CAS.

The operating conditions used for the melt inclusion analyses were
as follows: accelerating voltage of 15 kV, beam current of 10nA, and
defocused beam of 3 μm. The Na and K were analyzed first to minimize
their loss during the analyses. The peak and background counting times
were 10 s and 5 s, respectively, for Na and K; 20 s and 10 s for Fe, Mg,
Ca, Al, and Si; and 40 s and 20 s for P, Ti, and Mn. The standards used
were chrome-diopside for Ca and Si, almandine for Fe and Al, periclase
for Mg, rutile for Ti, rhodonite for Mn, albite for Na, orthoclase for K,
and apatite for P. The raw data were reduced using the ZAF correction
method.

The operating conditions used for the amphibole analyses were as
follows: accelerating voltage of 15 kV, beam current of 20nA, and beam
diameter of 1 μm. Na and K were analyzed first to reduce the migration
effect. The peak and background counting times were 10 s and 5 s,
respectively, for Na and K; 20 s and 10 s for Fe, Mg, Ca, Al, and Si; and
40 s and 20 s for P, Ti, and Mn. The following standards were used:
kaersutite for Si, Al, Ca, and Fe; periclase for Mg, rutile for Ti, rhodonite
for Mn, albite for Na, orthoclase for K, and apatite for P. The analytical
results were reduced using the ZAF correction method.

5. Results

5.1. Characteristics of the apatite-hosted melt inclusions after
homogenization

After heating and quenching, some inclusions contained single
homogeneous melt phases with gas bubbles (Fig. 6a and b), while
others still contained a few unmelted phases, e.g., magnetite, plagio-
clase, and clinopyroxene (Fig. 6c and d). The unhomogenized inclusions
containing unmelted phases may be the result of complex processes
related to their formation or to post-entrapment modification. For ex-
ample, the presence of some unmelted magnetite is largely due to the
reaction 3FeO + H2O → Fe3O4 + H2 after entrapment, during which
the irreversible loss of H2 occurs (Danyushevsky et al. 2002). Ad-
ditionally, residual phases such as plagioclase and clinopyroxene may
indicate the heterogeneous trapping of crystals within the melt pocket
during the formation of the inclusion (Kent, 2008; Jakobsen et al.,
2011). Thus, it is difficult to completely homogenize these inclusions by
heating them.

5.2. Compositions of the quenched apatite-hosted melt inclusions

The glass compositions of the quenched apatite-hosted melt inclu-
sions are reported in Table 1. The homogenized melt inclusions contain
51.4–68.3 wt% SiO2 and 0.51–5.91 wt% FeOt. The glass in the un-
homogenized inclusions contain 32.3–58.9 wt% SiO2 and 2.49–23.9 wt
% FeOt, i.e., they are relatively richer in Fe and poorer in Si than the
homogenized inclusions. Because of possible chemical modification,
caution must be exercised when interpreting the unhomogenized

Fig. 2. Field photographs of Taihe gabbroic-granitic complex. (a) An open-pit mining work platforms within the Taihe gabbroic intrusion; (b) Layered Fe-Ti oxide ore
body and gabbroic rocks; (c) A quarry for peralkaline A-type granite within the exposed Taihe granitic pluton; (d) An outcrop of the peralkaline A-type granite.
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inclusions. In fact, some of the unhomogenized inclusions may have
higher FeOt contents than the measured values due to the irreversible
crystallization of magnetite. However, the extent of crystallization is
expected to be small because magnetite is not a common residual phase.
Another factor that needs to be considered is the heating temperature
since overheating can introduce the compositions of trapped solids and
host apatite into the melts. The low P2O5 contents (low to 0.13 wt%) of
those homogenized inclusions suggest that there was no excessive
melting of the host apatite, and 1100 °C is not an overheating tem-
perature. Thus, the trapped primocrysts had little effect on the glass
compositions of the unhomogenized inclusions because they would
only have melted at abnormally high temperatures. Overall, the melt
inclusions have highly variable major element compositions with SiO2

contents ranging from 32.3 to 68.3 wt%, FeOt from 0.51 to 23.9 wt%,
TiO2 from 0 to 7.19 wt%, Al2O3 from 8.87 to 19.0 wt%, CaO from 2.39
to 19.5 wt%, Na2O from 1.70 to 7.27 wt%, K2O from 0.24 to 5.60 wt%,
and P2O5 from 0.13 to 6.83 wt%. On the plots of SiO2 versus
FeOt + TiO2 + P2O5 and SiO2 versus Al2O3 + Na2O + K2O, the in-
clusions form continuous trends comparable to the apatite-hosted melt
inclusions from the Panzhihua, Sept Iles, and Bushveld intrusion
(Charlier et al., 2011; Fischer et al., 2016; Wang et al., 2018) (Fig. 7a
and b).

5.3. Compositions of the amphibole from the different rock types

Representative analyses of amphibole grains from the gabbroic
rocks, apatite-hosted inclusions, granite, and silicic enclaves are re-
ported in Supplementary Table S1. Calculations, including ferric-

ferrous estimates, were made on a 23(O) basis, following the method of
Leake et al. (2004) and Esawi (2004). The amphibole in the apatite-
hosted inclusions contained 1.21–3.13 wt% Na2O, 9.98–13.2 wt% CaO,
35.6–47.6 wt% SiO2, and Mg# of 34–76, which are similar to those of
the amphibole from the gabbroic rocks (1.50–3.58 wt% Na2O,
10.7–12.3 wt% CaO, 35.9–43.8 wt% SiO2, and Mg# of 20–72). All of
the amphibole grains analyzed are calcic-amphiboles, such as pargasite,
ferropargasite, magnesiohastingsite, and hastingsite. However, the
amphibole in the enclaves and granites have compositions of
5.65–11.9 wt% Na2O, 0.22–8.50 wt% CaO, and 49.3–51.6 wt% SiO2

and 4.60–12.5 wt% Na2O, 0–9.98 wt% CaO, and 48.5–52.2 wt% SiO2,
respectively. Both span from sodic-calcic to sodic compositions, but the
dominant compositions are sodic-calcic amphiboles, e.g., ferror-
ichterite, in the silicic enclaves, and sodic amphiboles, e.g., ferroeck-
ermannite and riebeckite, in the peralkaline A-type granite.

6. Discussion

6.1. Liquid immiscibility revealed by the apatite-hosted melt inclusions

The daughter amphibole in the crystallized inclusions within the
apatite of the Taihe layered intrusion has Mg# ranging from 76 to 34,
which indicates that these apatite grains did not form at the same time
but crystallized from melts at different differentiation stages over a
temperature interval. The large compositional variation (32.3–68.3 wt
% SiO2) of the apatite-hosted melt inclusions may be caused either by
fractional crystallization or by liquid immiscibility (cf. Fischer et al.,
2016). In order to test the first hypothesis, the liquid line of descent

Fig. 3. Photographs showing the occurrence of the different rocks in the Taihe gabbroic-granitic complex. (a) Centimeter-scale bands of Fe-Ti oxide ores and gabbros;
(b) Rhythmic layering of plagioclases in the oxide-rich gabbro; (c) Elliptoid silicic enclaves in the peralkaline A-type granite; (d) Irregular shaped silicic enclaves in
the peralkaline A-type granite.
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(LLD) for the Taihe intrusion was simulated using the MELTS thermo-
dynamic algorithm (Ghiorso and Sack, 1995). Since the Fe-Ti oxide ore-
bearing layered intrusions in the Panxi region are believed to be derived
from the high-Ti basalt or picrite in the ELIP (Hou et al., 2012; Zhou
et al., 2013), we choose four lavas with high-Ti affinities (Lijiang picrite
DJ-2 from Zhang et al., 2006; Ertan basalt EM-78 from Xu et al., 2001;
Binchuan basalt WL17-20 from Xiao et al., 2004; Songda basalt HK-43
from Wang et al., 2007) as the starting compositions to model their
potential differentiation trends under various conditions with initial

H2O contents of 0.1 and 1.0 wt%; oxygen fugacities (fO2) of QFM-1,
QFM, and QFM + 1; and pressures of 2 kbar and 5 kbar. The results for
the starting compositions of EM-78 and DJ-2 record a stage of FeOt-
enrichment and SiO2-depletion before magnetite saturation (Fig. 8a).
After magnetite saturation, the residual melts turn towards SiO2-en-
richment. An extreme Fe-rich melt with 24.5 wt% FeOt and 47.5 wt%
SiO2 was produced when picritic magma DJ-2 with 0.1 wt% H2O dif-
ferentiated through fractional crystallization at a pressure of 5 kbar and
fO2 of QFM-1. The results for the other starting compositions show a

Fig. 4. Microphotographs of the major lithologies of the Taihe gabbroic-granitic complex. (a) Net-textured ores showing that silicate minerals are surrounded by a
network of Fe-Ti oxides, under plane-polarized light; (b) Apatite-bearing oxide gabbro composed of cumulus plagioclase (Pl), clinopyroxene (Cpx) and apatite (Ap)
with interstitial Fe-Ti oxides, under cross-polarized light; (c) Apatite gabbro showing widely developed amphibole (Amp) rims between primocrysts and interstitial
Fe-Ti oxides, under cross-polarized light; (d) Clinopyroxene has exsolution lamellaes of Fe-Ti oxides which are shown by weeny white dots within the clinopyroxene
grains, BSE image; (e) Coarse-grained peralkaline A-type granite composed of Quartz (Qtz), alkaline feldspar (Kfs) and amphibole (Amp), under plane-polarized light;
(f) Fine-grained silicic enclave composed of Quartz, alkaline feldspar and amphibole, under plane-polarized light.
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consistent trend of FeOt-depletion and SiO2-enrichment (Fig. 8a).
Whatever the starting composition, oxygen fugacity, and initial H2O
contents, Si-poor and Fe-rich melts with<40 wt% SiO2 and>10 wt%
FeOt for the Taihe melt inclusions never occur as a potential fractional
crystallization trend. The only explanation that we can offer for these
Si-poor and Fe-rich melt inclusions is the involvement of liquid im-
miscibility during the evolution of the Taihe layered intrusion. If this is
the case, the Si-rich melt inclusions could also have been produced by
liquid immiscibility and could represent the conjugate immiscible Si-
rich melts of the Fe-rich melt inclusions.

On the pseudo-ternary Greig diagram (Fig. 8b), the apatite-hosted
melt inclusions plot close to the two-liquid field of the leucite-fayalite-
silica system (Roedder, 1951), and their distribution trends are per-
fectly parallel to the tie line of the conjugated immiscible melts of the
experimental products (Mcbirney and Nakamura, 1974; Dixon and
Rutherford, 1979; Longhi, 1990; Veksler et al., 2007) and the natural
samples (Philpotts, 1982; Ryabov, 1989; Charlier et al., 2011; Wang
et al., 2018). It has been suggested that the two-liquid field of the
natural magma, especially a system with high Fe, Ti, and P contents,
expands toward more alkali- and alumina-rich compositions (Freestone,

Fig. 5. Microphotographs of the crystallized melt inclusions (MI) within apatite (Ap) from the Taihe gabbroic intrusion. (a) An oval-like light-colored inclusion,
under plane-polarized light; (b) Dark- and light- colored inclusions within a single apatite, under plane-polarized light; (c) A polygonal-shape inclusion composed of
dark-, light-, and brown- colored phases, under plane-polarized light; (d) An oval-like brown-colored inclusion, under plane-polarized light; (e) An inclusion con-
taining amphibole (Amp), albite (Ab), and K-feldspar (Kfs), BSE image; (f) An inclusion containing clinopyroxene (Cpx), plagioclase (Pl), and ilmenite (Ilm), BSE
image.
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1978; Visser and Van Groos, 1979; Eby, 1980; Naslund, 1983; Rajesh,
2003). This reconciles with the distribution of the melt inclusions
analyzed in this study and those from the Panzhihua and Sept Iles in-
trusions (Charlier et al., 2011; Wang et al., 2018).

6.2. Extremely Fe-rich and Si-poor bulk composition of the Taihe layered
intrusion

It is generally accepted that the Taihe layered intrusion is Fe-Ti-rich
and Si-poor (Hou et al., 2012; She et al., 2014, 2015; Bai et al., 2016).
The weighted average bulk composition of the intrusion, excluding the
Fe-Ti oxide ore bodies, is 14.1 wt% FeOt, 4.10 wt% TiO2, and 43.1 wt%
SiO2 (Hou et al., 2012), which is extremely Fe- and Ti-rich and Si-poor
compared to normal tholeiitic magmas (Table 2). Since the oxide ore
bodies are important parts of the intrusion, if they are included in the
bulk composition, the entire intrusion would be even richer in Fe and Ti
and more depleted in Si. We calculated the bulk composition of the
entire intrusion including the ore bodies based on the composition and
thickness of each component of the intrusion and on the entire litho-
logic column (data from Hou et al., 2012; She et al., 2014), which yields
a composition containing 17.2 wt% FeOt, 4.78 wt% TiO2, and 36.2 wt%
SiO2 (Table 2).

It is puzzling how such an Fe-Ti-rich and Si-poor magma was gen-
erated. Although ferrobasalts are usually Fe-Ti-rich, Fe and Ti enrich-
ment combined with SiO2 depletion is rare in terrestrial basalts and
their deuterogenic magmas (Yoder and Tilley, 1962; Kushiro, 1979).

Several studies have suggested that the Fe-Ti-rich and Si-poor parental
magma of the Taihe layered intrusion was produced by the interaction
between the Emeishan plume and the lithospheric mantle, which con-
tained an eclogite component (Hou et al., 2011, 2012). However, it is
still debated whether partial melting of the eclogite component could
produce a magma with the bulk composition of the Taihe layered in-
trusion since it is much richer in Fe and poorer in Si than the Emeishan
picrite (Table 2). Such an extremely Fe-rich melt would have a density
of 2.96 g/cm3, calculated based on the method of Bottinga and Weill
(1970) at 1300 °C, which is much higher than the average density of
continental crust (2.75 g/cm3; Armstrong, 1991), so it does not easily
migrate into the shallow crust. Thus, we suggest that the parental
magma of the Taihe layered intrusion may be rich in Fe and Ti and poor
in Si, but not to the degree suggested by the bulk composition of the
solidified gabbroic unit. The current Taihe layered intrusion is only the
residual Fe-rich part of the original magma, and a considerable quantity
of Si-rich components has been removed from the Taihe magma
chamber.

6.3. A possible link between the missing Si-rich component of the Taihe
layered intrusion and the silicic enclaves in the adjacent peralkaline A-type
granitic pluton

Finding the missing Si-rich component is an important issue, which
bears on how the layered intrusion evolved and how the Fe-Ti oxides
were concentrated. It was previously proposed that the Taihe layered

Fig. 6. Microphotographs and back-scattered electron (BSE) images of the reheated melt inclusions (MI) within apatite (Ap) from the Taihe gabbroic intrusion. (a) A
rounded homogenized melt inclusion with a bubble (Bb), under transmitted polarized light; (b) An oval-like homogenized melt inclusion with a bubble, BSE image;
(c) An unhomogenized melt inclusion containing glass, bubbles, and plagioclase (Pl) crystals, BSE image; (d) An unhomogenized melt inclusion containing glass,
bubbles, magnetites (Mt), and unidentified fine-grained phases, BSE image.
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intrusion and the nearby peralkaline A-type granite unit are comag-
matic and cogenetic and originated through fractional crystallization of
a common parental magma resembling the high-Ti Emeishan flood
basalts (Shellnutt et al., 2009, 2010, 2011). Mass balance makes the
probability of this occurring very low because the volume of the
granitic pluton is at least four times larger than that of the mafic layered
intrusion (Zhong et al., 2009), i.e., far beyond the usual 5%–10% felsic
melts that can be differentiated from basaltic magmas (Veksler, 2009;
VanTongeren et al., 2010; Namur et al., 2011). Alternatively, the loss of
the Si-rich components could be considered in terms of faulting,
folding, denudation, and intrusion (cf., Ashwal et al., 2005). The faults
in the Taihe area are NE-SW, NW-SE, and N-S oriented and locally cut
through the layering. There are no layer-parallel faults, which would be
necessary in order for the faults to explain the loss of Si-rich compo-
nents. The folding of layered rocks cannot account for the absence of
Silica-rich layers in a vertical stratigraphic sequence, as discussed by
Wilson et al. (1994). The non-depositional environment of a region
could have caused weathering and denudation of the existing geologic

body. However, because the fact that the Taihe layered intrusion is
totally enclosed from both top to bottom by the homochronous per-
alkaline A-type granitic pluton makes this explanation impossible. We
suggest that the most likely explanation is a magmatic transgression of
peralkaline granitic magmas over the layered cumulates. In this model,
the uppermost residual magmas were expelled by the emplacement of
the peralkaline granitic magmas. The missing Si-rich components may
have been physically displaced upwards or, more likely, were entrained
into the intruding magmas.

Fine-grained enclaves are common in some areas of the Taihe per-
alkaline A-type granitic pluton. This is rarely seen in peralkaline A-type
granites in general, although enclaves are ubiquitous within per-
aluminous and metaluminous granites with S- and I-type affinities
(Barbarin, 1999). The reason for this difference is unclear, but it may be
due to their origins, i.e., enclaves are more likely to form in magma
systems with contributions from multiple sources (Shellnutt et al.,
2010). S- and I-type granitic rocks are typically derived from crust/
mantle interactions involving magma mingling, mixing, and partial

Table 1
Glass compositions (wt.%) of reheated melt inclusions in apatite from the Taihe gabbroic layered intrusion.

Sample TH1566 TH1567 TH1569

MI No. 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 6 7 8

State UH H UH UH UH H H H UH UH H UH H UH H H H H

SiO2 40.5 68.0 37.6 33.4 38.8 62.3 64.7 68.0 58.9 55.4 61.0 36.6 51.3 57.0 60.3 59.7 52.6 58.8
TiO2 0.41 0.05 1.41 0.20 0.81 0.04 0.13 0.00 1.32 3.34 0.15 3.52 0.27 1.19 0.11 0.28 0.00 0.05
Al2O3 15.2 17.8 14.9 8.87 12.1 16.3 16.8 17.0 18.7 15.1 17.8 12.3 15.7 16.5 17.7 17.2 15.3 16.5
FeOt 12.2 0.85 12.8 23.9 14.4 2.53 1.69 0.51 2.49 6.42 2.67 10.9 5.00 4.50 2.25 2.23 4.09 4.67
MnO 0.21 0.01 0.18 0.21 0.19 0.05 0.10 0.03 0.09 0.09 0.04 0.26 0.07 0.10 0.04 0.13 0.06 0.06
MgO 5.04 0.36 5.13 3.31 5.70 1.19 0.62 0.13 1.74 2.01 0.67 6.53 4.27 2.20 1.58 1.49 2.09 1.16
CaO 14.4 2.84 16.3 19.5 14.5 6.61 4.38 2.39 6.37 6.84 7.98 14.6 10.2 6.54 7.07 6.91 11.6 7.19
Na2O 3.19 6.76 3.62 1.70 4.29 4.01 5.97 5.78 5.60 4.50 4.63 3.79 4.16 4.29 4.10 7.08 3.70 4.98
K2O 3.95 3.42 1.67 0.61 1.56 3.72 3.19 5.60 2.54 2.89 3.31 1.92 3.82 4.00 4.42 3.23 4.37 4.24
P2O5 4.12 0.28 4.55 5.32 4.99 0.98 0.93 0.13 1.44 2.19 0.88 6.83 3.34 1.64 1.33 1.28 4.04 1.59
Total 99.2 100 98.1 97.0 97.3 97.7 98.5 99.5 99.2 98.8 99.2 97.2 98.4 98.0 98.9 99.4 97.8 99.3

Sample TH1570 TH1572

MI No. 1 2 3 4 5 6 1 2 3 4 5 6 7 8 9 10

State UH H UH UH H UH H H UH UH H H H H UH UH

SiO2 53.4 62.5 37.1 41.0 66.6 35.1 63.2 64.4 35.0 39.6 65.7 68.3 67.8 66.5 39.0 43.2
TiO2 0.43 0.26 3.17 1.77 0.00 0.64 0.15 0.18 3.08 2.83 0.03 0.00 0.08 0.18 1.44 0.97
Al2O3 15.1 18.2 12.6 14.5 17.8 12.5 17.8 17.2 10.2 11.6 17.5 17.3 17.8 18.4 15.2 15.6
FeOt 8.10 1.88 13.6 10.1 1.13 17.5 1.03 1.58 18.2 13.6 0.80 0.92 0.97 1.17 10.8 8.10
MnO 0.17 0.08 0.10 0.23 0.00 0.33 0.01 0.06 0.23 0.18 0.04 0.03 0.07 0.03 0.18 0.24
MgO 4.35 1.39 5.71 5.31 0.46 4.07 0.38 0.98 6.04 5.93 0.21 0.50 0.47 0.39 6.19 4.58
CaO 7.27 4.54 13.5 11.9 3.28 16.2 7.77 5.94 15.2 14.1 5.55 2.67 3.30 3.60 15.2 15.1
Na2O 4.95 6.47 4.48 4.88 6.57 2.20 4.74 7.02 3.71 4.26 5.00 7.27 6.84 6.21 2.71 3.45
K2O 1.32 3.96 1.47 2.43 3.96 2.97 3.05 3.19 0.33 1.24 3.01 4.19 3.44 2.81 3.69 2.74
P2O5 2.87 0.30 5.81 4.38 0.35 4.74 2.71 0.43 5.90 5.51 1.42 0.15 0.60 0.41 3.61 4.35
Total 98.00 99.6 97.5 96.5 100 96.2 101 101 97.8 98.8 99.2 101 101 99.7 98.0 98.4

Sample TH1573 TH1586 TH1589

MI No. 1 2 3 4 5 6 7 1 2 3 4 1 2 3 4 5

State UH UH UH H H UH H H UH H H H H H UH UH

SiO2 43.8 53.8 33.6 63.1 64.7 46.5 61.7 61.4 36.9 56.2 63.0 56.9 62.4 56.8 38.0 32.3
TiO2 7.19 5.84 1.79 0.05 0.03 4.20 0.09 0.03 4.24 0.01 0.13 0.98 0.28 0.28 2.93 2.89
Al2O3 10.2 13.4 12.1 16.1 13.2 11.7 14.4 17.0 10.3 14.7 17.6 17.5 19.00 16.9 12.9 9.10
FeOt 13.2 7.85 13.9 1.24 1.33 9.75 3.33 2.55 15.4 5.91 1.84 4.25 1.56 2.73 11.2 21.4
MnO 0.21 0.09 0.28 0.04 0.04 0.24 0.12 0.09 0.19 0.09 0.05 0.10 0.05 0.06 0.20 0.25
MgO 2.79 0.78 5.81 0.70 0.82 4.20 2.12 2.15 5.29 2.71 1.22 2.50 1.15 3.57 6.53 5.06
CaO 13.2 8.51 19.2 6.76 7.67 10.9 7.23 6.89 13.0 10.0 6.87 7.60 4.84 6.96 14.0 18.00
Na2O 3.78 3.77 2.62 4.49 3.86 3.93 3.78 3.53 4.97 3.25 6.19 5.80 7.09 7.01 4.03 2.54
K2O 0.26 1.90 2.20 4.04 3.87 1.49 3.69 3.56 0.24 3.07 2.63 2.18 3.78 2.66 2.04 0.27
P2O5 3.87 1.59 6.74 1.21 2.54 3.90 1.53 1.45 6.22 1.81 1.22 1.97 0.91 2.48 5.68 6.23
Total 98.6 97.5 98.3 97.7 98.0 96.9 98.1 98.6 96.7 97.9 101 99.7 101 99.4 97.5 98.0

Note: MI, melt inclusion; H, homogenized inclusion; UH, unhomogenized inclusion.
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melting of the crust with heterogeneous compositions, whereas most
peralkaline A-type granitic rocks are formed by simple fractional crys-
tallization of a single mantle-derived magma.

The enclaves within the Taihe peralkaline A-type granites were
previously considered to be accumulations of minerals formed earlier
(compared with the granites) during the differentiation of the gabbroic
rocks into the granites within the Taihe gabbro-granite complex
(Shellnutt et al., 2010). Although the decrease in the Mg content (apfu)
of the amphibole from the gabbros to the enclaves and peralkaline
granites (Fig. 9a) may be reconciled with fractional crystallization, the
obvious compositional gap in the plot of Ca/(Ca + Na + K) vs. Si
(apfu) (Fig. 9b) cannot be accounted for by a continuous fractional
crystallization process. It suggests a sudden change in the physical–-
chemical conditions of the related magmas. Sodic-calcic and sodic
amphiboles are stable only in very late magmatic stages and even
during hydrothermal activity when the system is very rich in volatiles at
relatively low temperatures (Charles, 1975, 1977; Ferguson, 1978;
Giret et al., 1980). If the uppermost Si-rich residual magmas that dif-
ferentiated from the Taihe layered intrusion were entrained by the in-
truding peralkaline A-type granitic magmas, the typical products of this
interaction would be the igneous enclaves. The ellipsoidal shapes and
fine-grained texture of the silicic enclaves within the Taihe granitic
pluton indicate that they were plastic and experienced rapid cooling. In
this scenario, considerable equilibration could have occurred between
the lost Si-rich melts and the peralkaline A-type granitic magmas (high

F contents of 1.1 ± 0.1 wt%; Shellnutt and Iizuka, 2011), and the most
prominent effect on the enclave melts might be the increase in volatiles
and the decrease in temperature, which would cause the crystallization
of sodic-calcic amphiboles (Fig. 9b). Thus, we consider the enclaves
within the adjacent A-type peralkaline granites to be the missing Si-rich
melts from the Taihe layered intrusion.

Fig. 7. Plots of FeOt + TiO2 + P2O5 (a) and Al2O3 + Na2O + K2O (b) vs. SiO2

for the apatite-hosted melt inclusions from the Taihe gabbroic layered intru-
sion. The apatite-hosted melt inclusions from the Panzhihua (Wang et al.,
2018), Sept Iles (Charlier et al., 2011), and Bushveld (Fischer et al., 2016) in-
trusions are shown for comparison.

Fig. 8. Compositional variation of the apatite-hosted melt inclusions from the
Taihe gabbroic layered intrusion. Tie lines of the conjugate immiscible melt
pairs from melt inclusions, experiments and groundmass mesostasis are shown
for comparison. (a) Plot of FeOt vs. SiO2 showing potential liquid line of descent
(LLD) for the Taihe layered intrusion. Four-group different colors of lines re-
present the differentiated melt compositions of MELTS calculations (Ghiorso
and Sack, 1995) for four different starting compositions of DJ-2, EM-78, WL17-
20, and HK-43 (see Table 2) with initial H2O contents of 0.1 wt% and 1.0 wt%
at oxygen fugacity conditions of QFM-1, QFM, and QFM+ 1, and pressures of 2
kbar and 5kbar. A green five-pointed star represents the calculated bulk com-
position (BC) of the Taihe gabbroic intrusion. (b) Pseudo-ternary diagram
[(FeOt + TiO2 + CaO+MnO+MgO+ P2O5) -(Al2O3 + Na2O+ K2O) -P2O5]
with an extended two-liquid field. The gray area is the two-liquid field (gray
area) in the system of leucite-fayalite-silica (Roedder, 1951). The peahpuff
colored area indicates the enlarged part of two-liquid field in the natural ba-
saltic magma system, which is confined by the apatite-hosted immiscible melts
inclusions from the Sept Iles and Panzhihua intrusions (Charlier et al., 2011;
Wang et al., 2018). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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6.4. Magma chamber processes resulting in the loss of Si-rich components

In most instances, the cumulate rocks that define a layered intrusion
solidify from an initial crystal mush composed of primocrysts and in-
terstitial liquid (e.g., Marsh, 2006; Humphreys, 2011; Holness et al.,
2013). The Primocrysts form at the interface between the crystal mush
and the crystal-free main magma body. Then, they are entrained into
the crystal mush (Namur and Humphreys, 2018). Although the thick-
ness of the crystal mush and its solidification timescale are con-
troversial (McKenzie, 2011; Holness et al., 2017), the initial porosity of
the mush is generally considered to be 0.5–0.7 (Irvine, 1980; Philpotts
et al., 1998; Jerram et al., 2003).

As was discussed above, the large compositional range of the apa-
tite-hosted melt inclusions indicates that liquid immiscibility occurred
during the differentiation of the Taihe layered intrusion. Nevertheless,
liquid immiscibility may not have affected the entire mass of liquid at
the same time, which would have resulted in simple physical segrega-
tion of the emulsified magma chamber into an Fe-rich layer in the lower
part of the chamber and a Si-rich layer in the upper part (c.f.

VanTongeren and Mathez, 2012). If this is the case, the segregated
immiscible Si-rich melts at the top are the most probable candidates for
the missing Si-rich components that were removed. However, the silicic
enclaves have higher contents of FeO + TiO2 and similar contents of
Na2O + K2O to the immiscible Si-rich melt inclusions in the apatite
(Fig. 10a and b). This cannot be explained by simple mixing with
granitic magma because simple mixing would produce linear trends in
all of the major elements. We suggest that immiscibility occurred re-
petitively in the lower crystal mush with the progressively advancing
crystallization fronts within the Taihe mafic magma chamber, as has
been suggested for the Sept Iles intrusion (Charlier et al., 2011), the
western limb of the Bushveld complex (Fischer et al., 2016), and the
Skaergaard intrusion (Namur and Humphreys, 2018).

Immiscible melts composed of high-density Fe-rich melt (2.9–3.1 g/
cm3) with lower-density Si-rich droplets (2.4–2.5 g/cm3) developed
within the crystal mush (Fig. 11a; Namur et al., 2015; Wang et al.,
2018). The Si-rich droplets were driven upwards due to compaction and
the density difference between the two conjugate melts. The segrega-
tion of the conjugate immiscible melts drastically affected the

Table 2
Bulk composition (wt.%) of the Taihe layered intrusion and other high-Fe mafic magmas.

Taihe1 Taihe2 High-Ti picrite3 High-Ti basalt4 High-Ti basalt5 High-Ti basalt6 Bushveld7 Skaergaard8 Sept Iles9 East Greenland lava10 Pechenga 11

SiO2 36.20 43.10 44.47 44.37 50.55 49.62 49.79 48.82 48.53 47.90 46.50
TiO2 4.78 4.10 2.35 3.15 4.58 3.89 0.82 2.24 2.82 4.40 2.29
Al2O3 13.47 15.50 11.15 14.95 12.28 12.86 15.82 14.42 14.67 12.50 10.10
FeOt 17.24 14.13 11.09 13.91 12.07 12.10 11.71 12.13 14.50 14.31 14.04
MnO 0.19 0.20 0.18 0.13 0.18 0.21
MgO 7.10 5.40 14.78 7.27 4.48 3.48 6.14 6.06 5.65 5.49 14.80
CaO 13.53 12.20 11.38 10.78 6.77 5.89 10.93 12.57 9.79 10.00 8.62
Na2O 1.62 2.60 1.89 2.26 3.63 4.54 2.97 3.01 2.63 2.72 0.40
K2O 0.44 0.50 0.08 1.23 1.74 2.45 0.25 0.38 0.77 0.64 1.03
P2O5 1.09 0.50 0.34 0.34 0.47 0.59 0.07 0.20 0.82 0.45 0.21
Mg# 42.57 40.76 70.58 48.47 40.05 34.11 48.56 47.35 41.22 40.85 65.49

Notes:
1. Bulk composition of the Taihe intrusion including ore bodie (this study).
2. Bulk composition of the Taihe intrusion excluding ore bodies (Hou et al., 2012).
3. Emeishan high-Ti picrite(sample DJ-2), Lijiang area(Zhang et al., 2006).
4. Emeishan high-Ti basalt (sample EM-78), Ertan area (Xu et al., 2001).
5. Emeishan high-Ti basalt (sample WL17-20), Binchuan area (Xiao et al., 2004).
6. Emeishan high-Ti basalt (sample HK-43), Songda area (Wang et al., 2007).
7. Parental magma of the Upper Zone and Upper Main Zone of the Bushveld complex (Davies and Cawthorn, 1984).
8. Parental magma of the Skaergaard intrusion (Jakobsen et al., 2010).
9. Parental magma of the Sept Iles intrusion (Namur et al., 2010).
10. Tertiary ferrotholeiite from East Greenland (Larsen et al., 1989).
11. Average of ferropicrites in Pechenga, Finland (Hanski, 1992) Mg#=[molar 100 × Mg/(Mg + Fe)].

Fig. 9. Compositional variation of the amphiboles from the apatite-hosted crystallized melt inclusions, gabbroic rocks, peralkaline A-type granites, and silicic
enclaves. (a) Plot of Mg vs. Fe (apfu = atoms per formula unit); (b) Plot of Ca/(Ca + Na + K) vs. Si (apfu). Data sources: 1. this study; 2. Shellnutt and Iizuka, 2011.
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solidification of the crystal mush, resulting in the crystallization of large
amounts of Fe-Ti oxides from the interstitial Fe-rich liquid, which
formed a thick, closely packed layer of Fe-Ti oxides (Fig. 11b; c.f.
Humphreys, 2011; Wang et al., 2013, 2018, 2019; Holness et al., 2017;
Namur and Humphreys, 2018). The main magma body evolved con-
tinually as the primocrysts crystallized at the interface between the
magma body and the crystal mush and with the addition of the expelled

immiscible Si-rich melts from the lower crystal mush. Neither simple
fractional crystallization nor liquid immiscibility, but rather a com-
bined effect, produced the upper residual melt of the magma chamber.
Subsequently, peralkaline A-type granitic magma began to intrude into
the space adjacent to the Taihe layered intrusion. The residual evolved
melts were stirred and entrained into the granitic magma, and equili-
bration occurred between the enclaves and the host magma (Fig. 11b).

Fig. 10. Plots of FeO + TiO2 (a) and Na2O + K2O (b) vs. SiO2 for the apatite-hosted melt inclusions, peralkaline A-type granite, and silicic enclaves from the Taihe
gabbroic-granitic complex. Gray lines represent the potential liquid line of descent (LLDs) through fractional crystallization of four different starting compositions of
DJ-2, EM-78, WL17-20, and HK-43 (see Table 2) with initial H2O contents of 0.1 wt% and 1.0 wt% at oxygen fugacity conditions of QFM-1, QFM, and QFM + 1, and
pressures of 2 kbar and 5kbar. Data sources: 1. this study; 2. Shellnutt et al., 2010; 3. Shellnutt and Zhou, 2007.

Fig. 11. A cartoon showing the model of magma evolution and the loss of Si-rich components of the Taihe mafic magma chamber. (a) Interstitial liquid within crystal
mush intersected two-liquid field and split into emulsified magma with Si-rich droplets and Fe-rich melt after a period of bottom crystallization. (b) Evolved residual
Si-rich melts were generated at the top of the magma chamber through the sustained crystallization of the primocrysts and the addition of the immiscible Si-rich melts
expelled from the lower crystal mush; and then, they were stirred and captured by the subsequently intruding peralkaline A-type granitic magma. (c) Further
crystallization and solidification formed the Taihe layered intrusion with its thick Fe-Ti oxide ore layers and the adjacent peralkaline A-type granitic pluton with its
silicic enclaves.
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Finally, the mafic and granitic magma units solidified completely and
formed the Taihe layered intrusion with its thick Fe-Ti oxide layers and
the adjacent Taihe peralkaline A-type granitic pluton with its silicic
enclaves (Fig. 11c).

7. Conclusions

The apatite-hosted melt inclusions from the Taihe layered intrusion
have a large compositional range, which is attributed to the develop-
ment of silicate liquid immiscibility within the crystal mush. The main
magma body evolved through further crystallization and mixing of
immiscible Si-rich melt expelled from the lower crystal mush. The re-
sidual evolved melts in the upper part of the magma chamber above the
cumulates were entrained by the subsequent intrusion of granitic
magma and formed the silicic enclaves in the Taihe granitic pluton.
Liquid immiscibility and the loss of a Si-rich component promoted the
concentration of Fe, Ti, and P, and thereby contributed to the formation
of the Taihe large Fe-Ti oxide deposit.
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