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ARTICLE INFO ABSTRACT

Keywords: The Mianhuadi mafic complex in the Ailao Shan-Red River (ASRR) shear zone, SW China, consists of granulite
Mianhuadi mafic complex and mylonite, formed by granulite-facies peak metamorphism and retrograde amphibolite-facies metamorphism,
Granulite

with later local mylonitic deformation. Textures and mineral relics indicate that the protolith, represented by the
mineral assemblage (M,) of olivine, clinopyroxene, plagioclase and Fe-Ti oxides, was emplaced as a mafic in-
trusion in the Late Permian as part of the Emeishan large igneous province. Two kinds of metamorphic mineral
assemblages were identified: the peak assemblage (M;) of garnet + orthopyroxene + clinopyroxene + plagio-
clase + magnetite + ilmenite, and the retrograde assemblage (M,) composed of hornblende surrounding or-
thopyroxene and garnet, and hornblende + spinel symplectite around garnet. Pressure-temperature estimates
yield 657-722 °C and 7-9 kbar, and 649-676 °C and 5-6 kbar for the M; and M, stages, respectively, roughly
defining a clockwise P-T path with near-isothermal decompression following the peak metamorphism. These
metamorphic conditions are quite unlike those (pressure up to 14 kbar) of the Late Permian-Middle Triassic
metamorphic event in the region. In addition, foliated biotite from mylonites has an *°Ar-*°Ar plateau age of
34.3 = 0.4 Ma, indicating that the ASRR shear zone was active at or before the Late Eocene. Combined with
previous data, our new results indicate that the granulite-facies metamorphism of the Mianhuadi mafic complex
occurred most likely during the Eocene, followed by rapid exhumation and ductile sinistral shearing in the Late
Eocene. The formation of the granulite was likely related to the upwelling of the asthenosphere due to the
delamination of overthickened lithospheric mantle after the India-Asia collision.

Ductile deformation
Ar-Ar dating
ASRR shear zone

1. Introduction

In the Ailao Shan-Red River (ASRR) shear zone, gneissic massifs
form a more or less continuous belt from eastern Tibet to northern
Vietnam. Being one of the largest strike-slip fault zones in the world, the
ASRR shear zone accommodated the northward India-Asia collision and
reshaped the contours of SE Asia (e.g. Scharer et al., 1990; Harrison
et al., 1992; Leloup and Kienast, 1993; Leloup et al., 1995; Chung et al.,
1997; Searle, 2006; Searle et al., 2010). Numerous studies have ex-
amined the length scale of the shearing offset, the P-T conditions of
metamorphism, the timing of shearing, the depth of the faults and the
correlations between metamorphism and deformation in the > 1000
km long ASRR shear zone (e.g. Jolivet et al., 2001; Gilley et al., 2003;
Lin et al., 2012; Liu et al., 2013; Palin et al., 2013). Although it has been

known that the metamorphic rocks along the ASRR shear zone mostly
show low-grade metamorphic features attributed to left-lateral shearing
in the Tertiary that is commonly accompanied by low-temperature
fabrics (Schérer et al., 1990; Leloup and Kienast, 1993), recent studies
show that the metamorphism locally reached upper amphibolite-facies
and probably predated the Tertiary left-lateral shearing (Searle, 2006;
Yeh et al., 2008; Searle et al., 2010; Lin et al., 2012; Palin et al., 2013;
Wang et al., 2016).

In this study, the Mianhuadi mafic complex in the eastern part of the
ASRR shear zone near the border of Yunnan province and Vietnam is
recognized to have formed by granulite-facies metamorphism from a
Permian layered intrusion. This complex is particularly important as the
intrusive protolith formed in Permian, compared with old basement
rocks as protoliths for major metamorphic rock units along the ASRR
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shear zone. This paper presents some important lines of petrographic
evidence for granulite-facies metamorphism, and Ar-Ar ages of foliated
biotite from mylonites. With reference to regional tectonic events, we
determine the initial timing of shearing and elucidate the possible
formation mechanism for the granulite-facies metamorphism around
the ASRR shear zone.

2. Geological background
2.1. The Ailao Shan-Red River shear zone

The ASRR shear zone extends from the upper reaches of the Mekong
River of the eastern Himalayan syntaxis, southeastwards through
Yunnan province, China, to northern Vietnam. As a result of the Indian-
Asian continent-continent collision, the ASRR shear zone formed during
continental extrusion along tectonically weak belts on the boundary
between the South China Block to the north, and the Indochina and
Sibumasu blocks to the south. The shear zone is characterized by four
10-20 km wide metamorphic massifs, namely the Xuelong Shan,
Diancang Shan and Ailao Shan massifs in southern China, and the Day
Nui Con Voi (DNCV) massif in northern Vietnam (Fig. 1). These me-
tamorphic massifs consist largely of mylonitic gneisses and amphibo-
lites, with minor migmatites, mica schists and marbles (Leloup et al.,
1995). The stretching of the massifs is roughly parallel to the strike of
the ASRR shear zone. Kinematic and structural analyses indicate a
primary left-lateral shearing in the mid-Tertiary and a subsequent right-
lateral shearing in the Late Pliocene (Allen et al., 1984; Schoenbohm
et al., 2006). The sinistral offset along the shear zone has been esti-
mated to vary from 500 to 1150 km (Leloup et al., 1995). Both sides of
the Red River fault zone are underlain by essentially unmetamorphosed
sedimentary rocks (Leloup and Kienast, 1993). To the north, the
Yangtze platform is characterized by a nearly continuous Devonian to
Eocene sedimentary succession, with a few outcrops of the Yangtze
platform basement. To the south of the ASRR shear zone lies the Simao
basin with Silurian to Eocene strata.

Detrital zircons from paragneisses of the four metamorphic massifs
in the ASRR shear zone record multiple episodes of magmatism be-
tween Neoarchean and Neoproterozoic (Lin et al., 2012; Liu et al.,
2013). The magmatic rocks along the ASRR shear zone were dated to be
~240 Ma and 40-25 Ma (Chung et al., 1997; Lin et al., 2012). The
metamorphic conditions in the four massifs were suggested to be low-
grade with estimated P-T at 3-7 kbar and 550-780 °C (Leloup et al.,
1995; Leloup and Kienast, 1993), whereas recent studies revealed that
the peak metamorphic conditions reached 720-760 °C or even ~ 805 °C
and 8.0-9.6 kbar during Eocene and Oligocene (Liu et al., 2013; Palin
et al., 2013). Recent studies also indicated that there was an earlier
stage of high-pressure metamorphism during the Early-Middle Triassic
(Liu et al., 2013), broadly coeval with the high-temperature meta-
morphic event that affected the basement of Vietnam (Carter et al.,
2001). The geological complexity of the massifs along the ASRR shear
zone mainly resulted from the amalgamation and accretion of the
Gondwana-derived terranes in SE Asia, and the final collision of India
with Asia that led to metamorphism and displacement (Metcalfe, 1995).

2.2. The Mianhuadi mafic complex

The Mianhuadi mafic complex is located between the Ailaoshan and
DNCV massifs, near Jinping county of southernmost Yunnan Province
and close to the northern border of Vietnam (Fig. 1). The elongated
mafic complex extends NW-SE along the ASRR shear zone, and was
apparently deformed by the shearing. Igneous zircon with a U-Pb age of
259.6 * 0.8 Ma has been reported for the Mianhuadi mafic complex
and the age was taken as the emplacement age of the magmatic pro-
tolith (Zhou et al., 2013). The Mianhuadi mafic complex is hosted in
amphibole-plagioclase gneisses, biotite-plagioclase gneisses, plagio-
clase amphibolites and migmatites of the Proterozoic Ailaoshan Group.
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The Mianhuadi mafic complex also underwent varying degrees of me-
tamorphism and/or deformation with primary gabbroic textures locally
preserved. Granulite and mylonite are the major rock types in the
Mianhuadi mafic complex, where three Fe-Ti oxide orebodies, namely
the Ma’anshan, Wanhe and Dapo bodies, were hosted (Fig. 2). The
primary igneous rocks that comprise the Mianhuadi mafic complex
include clinopyroxenite, gabbro, olivine gabbro, (Fe-Ti) oxide gabbro
and (Fe-Ti) oxide ores.

3. Petrography

Petrological examination has shown that the Mianhuadi mafic
complex is highly variable in terms of degree of metamorphism and
deformation. Based on the extent of mylonitization, rocks of the
Mianhuadi mafic complex can largely be classified into two groups: (1)
partially recrystallized, undeformed rocks with delicate corona textures
that are composed of hornblende, orthopyroxene, garnet and a variety
of symplectites; and (2) fully recrystallized and foliated rocks char-
acterized by medium-grained oriented hornblende and biotite crystals.

Garnet and orthopyroxene were only observed in two (out of
twelve) samples. Anorthite + hornblende and hornblende + spinel
symplectites are delicately preserved in undeformed rocks, whereas in
the highly deformed rocks they were replaced by elongated and or-
iented hornblende and biotite. Cumulus textures of euhedral silicate
minerals and interstitial Fe-Ti oxides preserved in some of the granu-
lites of the Mianhuadi mafic complex (Fig. 3A and B) indicate that the
protolith was a Fe-Ti oxide-bearing mafic-ultramafic intrusion. Igneous
relics including olivine, clinopyroxene, plagioclase, magnetite, ilmenite
and spinel together are identified as the protolith assemblage (M,). On
the basis of microstructures and reaction relations among the mineral
phases, two mineral assemblages of metamorphism have been re-
cognized: a peak metamorphic assemblage (M;), and a retrograde me-
tamorphic assemblage (M,). Later deformation (mylonitization) was
superimposed on a portion of the metamorphosed rocks.

3.1. Peak assemblage (M;)

The peak metamorphic stage (M;) preserved in the Mianhuadi mafic
complex is represented by the growth of garnet and fine-grained or-
thopyroxene, and indicates intermediate-pressure granulite facies con-
ditions (Green and Ringwood, 1967). Two types of garnets were ob-
served. One occurs as polygonal grains replacing plagioclase and
surrounded by anorthite + hornblende (symplectites) (Fig. 3C and D).
The other occurs as an inner shell surrounding plagioclase, mantled by
an outer shell of hornblende (Fig. 3E). Orthopyroxene occurs rarely as
hexagonal but commonly irregularly shaped or fan-shaped columnar
aggregates replacing the border of olivine (Fig. 3G). Locally, the olivine
is mantled by an outer, ~100 pm wide shell of fine-grained, fan-shaped
hornblende aggregates that embayed the olivine relics (Fig. 3G).

3.2. Retrograde assemblage (M)

Anorthite + hornblende symplectites are locally present in the
plagioclase-rich rocks of the Mianhuadi mafic complex. They represent
the early M, metamorphic stage following peak metamorphism (M;).
The symplectic texture consists of fine-grained, worm-like anorthite
+ hornblende coronas around embayed igneous plagioclase relics
(Fig. 3F). The anorthite + hornblende symplectic corona is invariably
located adjacent to the plagioclase relics and is mantled by the horn-
blende + spinel symplectites (Fig. 3F and H), suggesting that the
former developed later than the hornblende + spinel symplectic
corona, i.e., during retrograde metamorphism. In most cases, horn-
blende + spinel symplectites completely pseudomorph laths of plagio-
clase.
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Fig. 1. A simplified geological map of SW China and northern Vietnam, showing the major lithotectonic units of the ASRR shear zone and flood basalts/intrusions of the ELIP distributed
in the north and south of the ASRR shear zone (modified from Wang et al., 2007). Abbreviations of major magmatic mafic-ultramafic intrusions: BM, Baima; HG, Hongge; PZH,
Panzhihua; MHD, Mianhuadi; BMZ, Baimazhai. Metamorphic massifs along the ASRR shear zone: DCS, Diancang Shan; DNCV, Day Nui Con Voi.

3.3. Mylonitization

Mylonites from the Mianhuadi mafic complex are characterized by
(1) presence of abundant silicates of hornblende and biotite completely
replacing olivine, clinopyroxene, plagioclase and various symplectic
textures; and (2) orientation of hornblende and biotite in the same di-
rection with the foliation of the rocks (Fig. 4A and B). The myloniti-
zation may have occurred after the main metamorphic stages given the
lack of symplectic textures and peak stage minerals in these strongly

628

deformed rocks. Some rocks with granulite-facies minerals and textures
did not undergo mylonitization and deformation.

4. Analytical methods
4.1. Mineral compositions

Major element compositions of silicate minerals were determined by
wavelength-dispersive spectrometry using a JEOL JXA8100 electron
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Fig. 2. A simplified geological map of the Mianhuadi mafic complex in the ASRR shear zone, showing the distribution of the Dapo, Wanhe and Ma’anshan orebodies, modified after Peng

(2009).

microprobe (EMP) at Institute of Geology and Geophysics, Chinese
Academy of Sciences (IGGCAS). The electron microprobe was operated
under an accelerating voltage of 15kV and a beam current of 12 nA,
using a beam spot of 5 pm and counting time of 10 to 30 s. Minerals and
synthetic oxides were used as standards. A program based on the ZAF
procedures was used for data correction. The precisions of all analyzed
elements were better than 1.5%.

4.2. Ar-Ar dating of biotite

Biotite from sample MS11 was handpicked for “°Ar/*°Ar analyses.
The biotite separates were wrapped in aluminum foil to form wafers,
and stacked in quartz vials with the international standard YBCs
(29.286 = 0.045Ma; Wang et al., 2014). Neutron irradiation was
carried out in position H8 of 49-2 Nuclear Reactor (49-2 NR), Beijing
(China), with a flux of ~6.5 x 102 n (cm?s) ™! for 24 h. A CO,, laser
fusion technique was used for “°Ar/>?Ar analyses.

Isotopic measurements were made using the Noblesse mass spec-
trometer at the IGGCAS). The correction factors for Ca and K were
[°Ar/*"Arlc, = 0.000261 + 0.0000142,

[*°Ar/*”Ar]lc, = 0.000724 = 0.0000281,

[*°Ar/3°Ar]x = 0.00088 = 0.000023. The ages were calculated using
the decay constant (5.543 x 107'°yr~') proposed by Steiger and
Jager (1977) and all errors were quoted at the 20 level.

Plateau ages were determined from three or more contiguous steps,
comprising > 50% of the 3°Ar released, and revealed concordant ages
at the 95% confidence level. Because no assumption was made re-
garding the trapped component, the preferred age is the isochron age,
calculated from the results of plateau steps using the York regression
algorithm (York, 1969).

The age errors reported here are internal errors, including analytical
error and errors on blank, interaction factor, mass-discrimination and J-
value. The error on the total decay constant was not propagated into the
age error. Uncertainties on all data reported herein are at the 95%
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confidence level (20). The data were processed by using ArArCALC
(Koppers, 2002).

5. Results
5.1. Mineral chemistry

5.1.1. Garnet

Both euhedral polygonal garnet replacing plagioclase, and anhedral
garnet growing around plagioclase are dominated by almandine
(Xaim = 0.52-0.61), pyrope (Xp;, = 0.18-0.26) and grossular
(Xgrs = 0.13-0.27), with minor andradite (Xaq, = 0-0.05) and spes-
sartine (Xgps = 0.01-0.02) (Table 1). The euhedral garnet grains exhibit
weak core to rim compositional zoning in terms of FeO and MnO
contents (Fig. 5A). Anhedral garnet crystals around plagioclase also
display compositional variations depending on whether they are in
contact with plagioclase or hornblende.

5.1.2. Clinopyroxene

The clinopyroxene crystals from all the studied samples represent
igneous relics preserved due to incomplete metamorphic reactions.
They are augite or diopside with variable En (37.7 to 54.9), Fs (5.8 to
13.5) and Wo (34.3 to 53.9) contents, similar to clinopyroxnene in Fe-Ti
oxide-bearing layered mafic-ultramafic intrusions of the ELIP (Table 2).
The heterogeneous compositions of individual clinopyroxene grains
might be due to the modification by retrograde metamorphism and
fluid alteration, which is evidenced by the covariation of increasing
Al,03 and CaO with decreasing SiO, that likely records clinopyroxene-
hornblende retrograde transition.

5.1.3. Orthopyroxene

Granular and radial orthopyroxene crystals replaced olivine in
several samples. Olivine relics in samples DP22 and DP15 have Fo va-
lues from 68 to 70 and 59 to 61, respectively, with corresponding high-
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Fig. 3. Photomicrographs showing representative metamorphic reaction textures of the rocks studied. A. Cumulus silicates, dominated by clinopyroxene (Cpx), and interstitial opaque
(Opa) minerals of Fe-Ti oxides. B. Fe-Ti oxide-bearing gabbro consisting of cumulus olivine (Ol), clinopyroxene, plagioclase (Pl) and interstitial opaque minerals of Fe-Ti oxides. C.
Plagioclase relic and newly formed polygonal garnet (Grt) within hornblende (Hbl) + spinel (Sp) symplectite (BSE image). D. Anhedral garnet crystals in contact with plagioclase and
hornblende (BSE image). E. Plagioclase surrounded by an inner shell of garnet and an outer shell of hornblende (BSE image). F. Plagioclase core surrounded by an inner rim of anorthite
(An) + hornblende symplectite and an outer rim of hornblende + spinel symplectite (BSE image). G. Olivine surrounded by an inner shell of fine-grained orthopyroxene (Opx) aggregates
and an outer shell of ~100 um wide layer of fine-grained fan-shaped aggregates of hornblende (cross-polarized light). H. Plagioclase (An = 65-75) replaced by an inner shell of anorthite
+ hornblende and an outer shell of hornblende + spinel (cross-polarized light).
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Fig. 4. A photomicrograph of the mylonite from the Mianhuadi mafic complex showing the foliation and orientation of biotite (Bio) and hornblende (Hbl) under plane-polarized light (A)

and cross-polarized light (B).

Mg orthopyroxene (Mg# = 73 to 74) in sample DP22 and low-Mg or-
thopyroxene (Mg# = 68 to 71) in sample DP15 (Table 3). This in-
dicates that the composition of the newly formed orthopyroxene was
determined by the composition of the former igneous olivine.

5.1.4. Plagioclase

The relict plagioclase laths in the Mianhuadi mafic complex are
generally zoned with increasing then decreasing An contents (from
Angg to Any, to Angg) from the core to rim (Fig. 5B, Table 4). The
symplectic anorthite in the granulite of the Mianhuadi mafic complex
has remarkably high CaO and low Na;O contents (An = 83 to 96)
compared with the igneous plagioclase relics in contact (Fig. 5C). This
compositional heterogeneity is expected if incomplete metamorphic
reactions and local equilibrium occurred.

Table 1
Representative EMP analyses of garnet.

5.1.5. Spinel

Spinel from the Mianhuadi mafic complex belongs to the spinel-
hercynite series. In a single sample, sample DP22 for example, sym-
plectic spinel has high Mg# (47.1 to 50.4) and Al,O5 contents (61.4 to
63.6 wt.%), both of which exhibit a linear correlation. Granular spinel
in intersitital Fe-Ti oxides and that replacing olivine have a similarly
lower Mg# and Al,O3; contents and higher Cr,O; contents than the
symplectic spinel (Table 5). Overall, the granular spinel in the Mian-
huadi mafic complex has low Mg# values and displays a wider com-
positional range than the other varieties (Fig. 5D).

5.1.6. Hornblende
The representative chemical compositions of the various types of
hornblende are presented in Table 6. All the hornblende crystals are

Sample DP15 DP17

Texture Anhedral Polygonal

Point 1 2 3 4 5 Rim-core-rim

SiO, 39.1 38.9 38.6 39.2 37.5 38.8 38.9 37.9 38.1 38.7 38.6 39.5 38.7
TiO, 0.05 0.05 0.07 0.03 1.57 0.00 0.02 0.01 0.04 0.00 0.05 0.03 0.02
Al,03 21.9 22.1 21.6 22.1 21.2 22.3 22.1 22.9 21.6 21.9 21.8 22.6 21.7
FeO 24.3 24.5 24.9 24.6 26.7 27.9 27.8 28.3 28.6 28.6 28.2 28.2 27.8
MnO 0.65 0.69 0.80 0.58 0.99 0.94 0.62 0.65 0.59 0.57 0.62 0.63 0.95
MgO 4.89 5.01 5.57 4.64 4.75 6.52 6.15 6.28 6.22 6.45 6.36 6.60 6.61
CaO 9.86 9.79 8.56 9.73 7.95 5.21 5.84 5.25 4.90 4.84 5.05 5.06 4.97
NaO 0.07 0.03 0.08 0.10 0.04 0.02 0.02 0.00 0.05 0.00 0.02 0.03 0.07
K0 0.01 0.01 0.02 0.00 0.02 0.01 0.00 0.00 0.02 0.00 0.00 0.00 0.01
Total 100.9 101.1 100.2 100.9 100.8 101.6 101.4 101.3 100.1 101.1 100.7 102.7 100.8
Si 3.01 2.99 2.99 3.01 2.92 2.97 2.99 2.92 2.97 2.99 2.99 3.00 2.99
Ti 0.00 0.00 0.00 0.00 0.09 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 1.99 2.00 1.97 2.01 1.95 2.01 2.00 2.07 1.98 1.99 1.99 2.01 1.97
Fe3™* 0.00 0.02 0.05 0.00 0.02 0.06 0.03 0.10 0.07 0.03 0.03 0.00 0.06
Fe?™* 1.56 1.56 1.56 1.58 1.72 1.73 1.76 1.72 1.79 1.81 1.79 1.79 1.73
Mn 0.04 0.04 0.05 0.04 0.07 0.06 0.04 0.04 0.04 0.04 0.04 0.04 0.06
Mg 0.56 0.57 0.64 0.53 0.55 0.74 0.70 0.72 0.72 0.74 0.73 0.74 0.76
Ca 0.81 0.81 0.71 0.80 0.66 0.43 0.48 0.43 0.41 0.40 0.42 0.41 0.41
Na 0.01 0.00 0.01 0.02 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0
XAim 0.52 0.52 0.53 0.54 0.57 0.58 0.59 0.59 0.60 0.61 0.60 0.60 0.58
Xsps 0.01 0.02 0.02 0.01 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.02
Xprp 0.19 0.19 0.22 0.18 0.18 0.25 0.24 0.25 0.24 0.25 0.25 0.25 0.26
Xors 0.27 0.27 0.24 0.27 0.22 0.14 0.16 0.15 0.14 0.13 0.14 0.14 0.14
Xadr 0.00 0.01 0.03 0.00 0.01 0.03 0.02 0.05 0.04 0.02 0.02 0.00 0.03
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Fig. 5. Compositional variations of garnet, plagioclase and spinel from the Mianhuadi mafic complex.

calcic but highly variable in composition and classified as magnesio-

sadanagaite, pargasite and magnesiohornblende.

Symplectic and

medium-grained prismatic hornblende crystals are pargasite and do not
show compositional differences with an exception that hornblende from

Table 2

Representative EMP analyses of clinopyroxene.

hornblende + anorthite symplectites has lower Mg# than medium-
grained prismatic hornblende. Mg# increases systematically from
symplectic hornblende with anorthosite, through prismatic hornblende
in deformed rocks to symplectic hornblende with spinel (Fig. 6).

Sample DP1 DP15

Point 1 2 3 4 5 Rim-core-rim profile 1 2
SiO, 51.6 52.0 53.7 53.2 53.8 51.2 52.1 52.3 53.0 51.5 50.4
TiO, 0.45 0.65 0.33 0.54 0.22 0.39 0.76 0.54 0.31 0.77 0.94
Al,05 4.31 3.59 1.62 2.53 1.28 4.67 2.81 2.88 2.31 2.85 4.04
FeO 5.11 4.28 3.82 3.66 4.13 4.62 4.64 4.21 4.31 7.32 8.05
MnO 0.17 0.11 0.13 0.10 0.13 0.14 0.15 0.16 0.11 0.16 0.25
MgO 15.8 15.2 15.7 15.6 15.8 15.9 15.4 15.2 16.0 14.4 13.7
CaO 21.3 23.3 24.3 24.4 24.3 20.8 23.0 23.6 22.8 21.7 21.2
Na,O 0.30 0.16 0.04 0.05 0.05 0.40 0.12 0.08 0.16 0.29 0.49
Total 99.0 99.3 99.6 100.1 99.8 98.1 99.0 98.9 99.1 99.0 99.2
Si 7.62 7.67 7.89 7.77 7.90 7.60 7.72 7.74 7.82 7.70 7.56
Ti 0.05 0.07 0.04 0.06 0.02 0.04 0.08 0.06 0.03 0.09 0.11
Al 0.75 0.62 0.28 0.44 0.22 0.82 0.49 0.50 0.40 0.50 0.71
Fe' 0.63 0.53 0.47 0.45 0.51 0.57 0.57 0.52 0.53 0.92 1.01
Mn 0.02 0.01 0.02 0.01 0.02 0.02 0.02 0.02 0.01 0.02 0.03
Mg 3.47 3.34 3.43 3.40 3.46 3.53 3.41 3.36 3.52 3.21 3.06
Ca 3.37 3.68 3.82 3.82 3.83 3.30 3.65 3.74 3.60 3.48 3.41
Na 0.09 0.04 0.01 0.02 0.01 0.12 0.03 0.02 0.05 0.08 0.14
Total 16.0 16.0 15.9 16.0 16.0 16.0 16.0 16.0 16.0 16.0 16.0
En% 46.4 44.3 44.5 44.3 44.4 47.7 44.7 44.1 46.0 42.2 40.9
Fs% 8.4 7.0 6.1 5.8 6.5 7.7 7.5 6.8 6.9 12.0 13.5
Wo% 45.1 48.7 49.5 49.8 49.1 44.6 47.8 49.1 47.0 45.8 45.6
Mg# 84.6 86.4 88.0 88.4 87.2 86.0 85.6 86.6 86.9 77.8 75.2
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Table 3
Representative EMP analyses of orthopyroxene.

Sample DP22 DP15
Texture Granular Opx replacing the rim of Ol Radial Opx aggregates replacing Ol
Point 1 2 3 4 5 6 7 8 1 2 3 4 5
SiO, 54.7 54.6 55.0 53.9 54.7 54.6 54.6 54.6 55.1 53.7 55.2 54.1 52.6
TiO, 0.02 0.03 0.03 0.04 0.02 0.08 0.10 0.08 0.03 - - - 0.01
Al,05 1.29 1.67 1.42 1.71 1.45 1.15 2.35 2.22 1.94 1.24 0.80 0.37 1.04
FeO 16.7 16.9 17.1 16.4 17.5 16.9 17.3 17.4 19.1 20.0 19.3 20.2 19.6
MnO 0.39 0.38 0.42 0.41 0.45 0.40 0.44 0.38 0.23 0.33 0.34 0.31 0.29
MgO 26.8 26.8 26.7 26.4 26.5 26.8 26.6 26.4 26.7 24.7 25.9 24.7 24.7
CaO 0.10 0.12 0.10 0.11 0.15 0.18 0.10 0.09 0.51 0.21 0.21 0.16 0.23
Total 100.0 100.4 100.7 99.0 100.8 100.1 101.5 101.2 103.6 100.1 101.8 99.8 98.5
Si 1.98 1.97 1.97 1.97 1.97 1.97 1.95 1.95 1.94 1.97 1.98 1.99 1.96
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 - - - 0.00
Al 0.06 0.07 0.06 0.07 0.06 0.05 0.10 0.09 0.08 0.05 0.03 0.02 0.05
Fe 0.51 0.51 0.51 0.50 0.53 0.51 0.52 0.52 0.56 0.61 0.58 0.62 0.61
Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Mg 1.44 1.44 1.43 1.44 1.42 1.44 1.42 1.41 1.40 1.35 1.38 1.35 1.38
Ca 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.02 0.01 0.01 0.01 0.01
Total 4.00 4.00 3.99 4.00 4.00 4.00 4.00 4.00 4.02 4.00 4.00 4.00 4.01
Mg# 74.0 73.9 73.6 74.1 72.9 73.9 73.3 73.0 71.4 68.8 70.5 68.5 69.3
Table 4

Representative EMP analyses of plagioclase and biotite.

Sample DP22 DP22
Texture Plagioclase relic, rim-core-rim Symplectic plagioclase
Point 1 2 3 4 5 6 7 8 9 10 1 2 3 4
SiO, 51.5 50.9 49.1 50.1 50.5 51.3 50.9 50.0 50.5 51.0 47.0 46.7 44.2 45.7
Al,05 31.6 31.4 30.9 31.9 31.8 30.9 31.6 31.8 31.7 31.3 33.8 34.3 35.8 34.7
FeO 0.06 0.07 0.06 0.09 0.08 0.27 0.04 0.10 0.07 0.05 0.16 0.13 0.15 0.20
CaO 13.5 13.7 14.0 14.1 14.1 13.2 13.9 14.3 13.6 13.7 16.1 16.7 18.7 17.1
Na,O 3.55 3.41 3.00 3.11 3.26 3.71 3.43 3.23 3.39 3.42 1.81 1.49 0.45 1.30
K,0 0.02 0.03 0.03 0.01 0.01 0.03 0.04 0.02 0.02 0.03 0.01 0.01 0.01 0.01
Total 100.2 99.5 97.1 99.4 99.7 99.5 100.0 99.5 99.3 99.5 98.9 99.3 99.3 99.0
Si 2.33 2.32 2.30 2.29 2.30 2.34 2.31 2.29 2.31 2.32 217 2.15 2.05 212
Al 1.69 1.69 1.70 1.72 1.71 1.66 1.69 1.71 1.71 1.69 1.84 1.86 1.96 1.89
Fe 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.01
Ca 0.65 0.67 0.70 0.69 0.69 0.64 0.68 0.70 0.67 0.67 0.80 0.82 0.93 0.85
Na 0.31 0.30 0.27 0.28 0.29 0.33 0.30 0.29 0.30 0.30 0.16 0.13 0.04 0.12
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 4.99 4.99 4.99 4.99 4.99 4.99 5.00 5.00 4.99 4.99 4.99 4.98 4.99 4.99
An 67.7 68.8 72.0 71.5 70.5 66.1 69.1 70.8 68.9 68.7 83.0 86.0 95.7 87.9
Ab 32.2 31.1 27.8 28.5 29.5 33.7 30.7 29.1 31.0 31.1 16.9 13.9 4.2 12.1
Sample DP15 Sample MS11 MS8
Texture Plagioclase relic Symplectic plagioclase Biotite
Point 1 2 3 1 2 3 4 Point 1 2 3 1 2 3
SiO, 50.7 50.1 50.4 45.4 44.8 44.9 44.5 SiO, 37.4 36.8 37.2 37.3 37.3 37.7
Al,O3 31.5 31.7 31.5 35.4 35.6 34.4 347 TiO, 0.88 0.80 0.79 0.92 0.90 0.87
FeO 0.14 0.22 0.15 0.45 0.55 1.50 1.02 Al,03 19.5 19.4 19.2 19.3 19.2 19.0
CaO 13.7 14.3 13.9 18.0 18.3 17.1 17.5 Fe,03 1.59 1.52 1.50 1.52 1.57 1.43
Na,O 3.42 3.10 3.41 0.80 0.60 0.90 0.75 FeO 8.10 7.73 7.64 7.73 8.01 7.28
K0 0.03 0.03 0.04 0.00 0.01 0.02 0.03 MgO 19.2 19.6 19.0 18.6 18.5 18.9
Total 99.6 99.7 99.5 100.2 100.1 99.4 99.0 Na,O 0.79 0.80 0.78 1.73 1.70 1.62
Si 2.31 2.29 2.31 2.09 2.07 2.09 2.07 K0 8.50 8.14 8.58 6.54 6.62 6.53
Al 1.69 1.71 1.70 1.92 1.93 1.89 1.91 F 0.00 0.00 0.00 0.00 0.00 0.00
Fe 0.01 0.01 0.01 0.02 0.02 0.06 0.04 Cl 0.07 0.09 0.09 0.08 0.07 0.10
Ca 0.67 0.70 0.68 0.89 0.90 0.85 0.87 Total 95.9 94.8 94.8 93.6 93.9 93.3
Na 0.30 0.27 0.30 0.07 0.05 0.08 0.07 Si 2.67 2.65 2.69 2.70 2.70 2.73
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Ti 0.05 0.04 0.04 0.05 0.05 0.05
Total 4.99 4.99 5.00 4.99 4.99 5.01 5.00 Al 1.64 1.65 1.64 1.65 1.64 1.62
An 68.9 71.8 69.1 92.5 94.4 91.2 92.6 Fe** 0.09 0.08 0.08 0.08 0.09 0.08
Ab 31.0 28.1 30.7 7.5 5.6 8.7 7.2 Fe?* 0.48 0.47 0.46 0.47 0.49 0.44
Mg 2.05 2.11 2.04 2.01 2.00 2.04
Na 0.11 0.11 0.11 0.24 0.24 0.23
K 0.78 0.75 0.79 0.61 0.61 0.60
Total 7.86 7.87 7.86 7.81 7.81 7.79
Mg# 80.9 81.8 81.5 81.0 80.5 82.2
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Table 5
Representative EMP analyses of spinel.
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Sample MS11 MS1 DP1

Texture Granular Granular Replacing Ol Granular

Point 1 2 3 1 2 3 4 1 2 3 4 1 2 3
TiO, 0.00 0.03 0.02 0.01 0.00 0.06 0.05 0.04 0.03 0.02 0.05 0.00 0.09 0.06
Al,O3 62.3 62.0 62.5 62.5 63.3 62.7 62.6 62.3 62.1 62.4 62.7 63.3 63.1 63.3
FeO 27.2 27.6 28.1 235 22.7 23.1 23.9 24.5 25.2 24.7 24.0 20.6 20.9 20.5
MnO 0.21 0.23 0.22 0.23 0.22 0.25 0.23 0.26 0.21 0.24 0.23 0.21 0.20 0.16
MgO 11.5 11.7 11.3 14.4 14.2 14.6 14.6 13.6 13.7 13.9 14.3 15.0 14.5 14.4
CaO 0.00 0.00 0.01 0.00 0.01 0.00 0.02 0.01 0.01 0.02 0.01 0.01 0.00 0.00
Cr,03 0.01 0.00 0.00 0.01 0.00 0.01 0.02 0.01 0.00 0.02 0.00 0.16 0.20 0.17
Total 101.3 101.5 102.2 100.7 100.6 100.7 101.5 100.8 101.3 101.3 101.4 99.4 99.2 98.7
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 1.95 1.93 1.95 1.94 1.96 1.94 1.93 1.94 1.93 1.94 1.94 1.96 1.97 1.98
Fe 0.60 0.61 0.62 0.52 0.50 0.51 0.52 0.54 0.56 0.54 0.53 0.45 0.46 0.45
Mn 0.00 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.00 0.01 0.01 0.00 0.00 0.00
Mg 0.45 0.46 0.45 0.56 0.56 0.57 0.57 0.54 0.54 0.54 0.56 0.59 0.57 0.57
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 3.01 3.01 3.02 3.03 3.01 3.03 3.03 3.03 3.03 3.03 3.03 3.01 3.01 3.01
Mg# 43.0 43.0 41.8 52.2 52.7 52.9 52.2 49.7 49.2 50.1 51.5 56.4 55.3 55.6
Sample DP22

Texture Symplectic Sp with Hbl Granular Replacing Ol

Point 1 2 3 4 5 1 2 3 4 5 1 2 3 4
TiO, 0.01 0.03 0.04 0.03 0.05 0.09 0.13 0.07 0.07 0.06 0.05 0.03 0.02 0.06
Al,04 61.8 62.1 63.2 62.8 63.6 60.9 61.1 60.6 61.9 60.9 61.2 61.4 62.3 60.7
FeO 25.1 24.9 24.6 24.3 23.1 26.4 26.3 26.8 25.7 26.5 27.3 26.6 24.4 26.0
MnO 0.19 0.16 0.15 0.18 0.19 0.16 0.19 0.20 0.19 0.18 0.18 0.19 0.18 0.20
MgO 12,5 12,5 12.9 12.8 13.2 12.4 12.6 12.5 12.7 12.1 11.7 12.0 12.5 12.5
CaO 0.32 0.33 0.13 0.18 0.16 0.01 0.01 0.02 0.00 0.01 0.05 0.02 0.28 0.00
Cr,03 0.00 0.00 0.02 0.00 0.00 0.82 0.78 0.97 0.63 0.98 0.47 0.60 0.00 0.75
Total 101.2 101.1 101.5 101.0 100.8 100.9 101.2 101.4 101.4 100.8 101.2 101.0 100.7 100.4
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 1.92 1.93 1.95 1.95 1.96 1.92 1.92 1.91 1.93 1.92 1.93 1.93 1.94 1.92
Fe 0.55 0.55 0.54 0.54 0.51 0.59 0.58 0.60 0.57 0.59 0.61 0.59 0.54 0.58
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.49 0.49 0.50 0.50 0.51 0.49 0.50 0.50 0.50 0.48 0.47 0.48 0.49 0.50
Ca 0.01 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00
Cr 0.00 0.00 0.00 0.00 0.00 0.02 0.02 0.02 0.01 0.02 0.01 0.01 0.00 0.02
Total 2.98 2.98 3.00 3.00 2.99 3.03 3.03 3.03 3.02 3.02 3.03 3.02 2.98 3.02
Mg# 47.1 47.3 48.2 48.5 50.4 45.6 46.1 45.3 46.8 44.9 43.4 44.6 47.8 46.2

Compositions of fibrous hornblende at the outer edge of the olivine and
plagioclase corona vary greatly from magnesiosadanagaite to pargasite,
with lower Si, higher Al and variable Ca contents. In samples with ig-
neous relics, the prismatic hornblende may be pargasite or magnesio-
hornblende, with variable, but overall higher Si and Ca and lower Al
contents. The compositional variation of hornblende in samples that
underwent incomplete metamorphism (with igneous relics) may be
directly related to the precursor minerals they replaced.

5.1.7. Biotite

Biotite from the mylonite of the Mianhuadi mafic complex is rela-
tively homogeneous in composition with Mg# ranging from 80.5 to
82.2; there are limited variations in Na,O and K,O contents (Table 4). It
has high Al,O3 contents (18.8-19.5wt.%) and low SiO, contents
(36.8-38.4 wt.%). The F and Cl contents are negligible, but overall Cl is
slightly higher than F, which is commonly below the detection limit.

5.2. Ar-Ar age of biotite
Foliated biotite from one mylonite sample (MS11) of the Mianhuadi

mafic complex has a plateau *°Ar/3°Ar age of 34.3 + 0.4 Ma and a
consistent inverse isochron age of 34.1 *+ 0.6 Ma (Fig. 7, Table 7).
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6. Discussion
6.1. The protolith of the Mianhuadi mafic complex

The relict textures and pre-metamorphic minerals of the Mianhuadi
mafic complex indicate that the protolith was comparable to Fe-Ti
oxide-bearing layered mafic-ultramafic intrusions, such as the
Panzhihua, Hongge and Baima intrusions, in the Panzhihua-Xichang
area of the ELIP (e.g. Pang et al., 2008, 2009; Bai et al., 2012; Song
et al., 2013; Wang and Zhou, 2013; Liu et al., 2014a,b). Zircon U-Pb
ages (259.6 *= 0.8 Ma) and high Th/U ratios (> 0.3) reported by Zhou
et al. (2013) also suggest that the protolith of the Mianhuadi mafic
complex was magmatic in origin and that the zircon age represent the
emplacement age of this mafic intrusion. Accordingly, the protolith of
the Mianhuadi mafic complex is interpreted to be part of the ELIP,
which is recognized to be derived from a starting mantle plume that
interacted with the lithospheric mantle at the time of the Permian-
Triassic boundary (Chung and Jahn, 1995; Xu et al., 2001).

In addition to layered intrusions, the ELIP is composed of flood
basalts that cover a large area in SW Chia and northern Vietnam (e.g.
Liu et al., 2017 and references therein). The southern part of the ELIP
might have been displaced considerably southeastwards along the
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Table 6
Representative EMP analyses of hornblende.
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Texture  Undeformed prismatic Hbl Hbl + Pl symplectite

Sample MS1 DP21 DP22 DP15

Point 1 2 3 4 5 6 1 2 3 4 5 1 2 3 4 1 2 3 4 5
SiO, 453 454 456 463 449 433 470 436 444 520 50.8 427 423 424 416 419 420 413 405 409
TiO, 049 056 054 056 038 040 041 0.70  0.71 029 036 015 016 0.31 0.15 010 0.06 0.12 0.05 0.07
Al,O3 12.8 12.9 13.1 12.3 11.8 11.5 11.9 14.5 14.0 6.5 7.9 15.8 16.7 16.5 16.8 16.9 16.6 17.5 18.2 18.1
Fey03 314 376 399 344 361 7.04 451 3.06 314 278 272 479 355 392 350 265 299 294 377 4.28
FeO 539 480 515 489 4091 1.75 450 654 6.71 458 504 947 981 9.51 9.60 11.2 11.0 100 922 9.18
MnO 0.16 0.14 0.16 0.16 0.16 0.14 0.17 0.09 0.12 0.11 0.10 0.21 0.21 0.24 0.24 0.14 0.10 0.10 0.09 0.10
MgO 155 157 155 16.0 157 165 163 14.4 144 186 17.6 119 114 116 11.5 11.2 11.2 114 114 11.5
CaO 12.2 11.9 11.8 12.1 12.8 11.0 11.6 12.3 12.3 12.2 11.9 11.1 11.2 11.1 11.2 11.7 11.4 11.5 11.4 11.1
Na,O 1.63 1.66 1.70 1.48 1.50 1.20 1.57 1.99 1.80 0.82 1.00 2.36 2.38 2.37 2.53 2.71 2.59 2.68 2.71 2.77
K20 020 0.18 0.21 016 015 015 010 013 012 003 0.04 019 021 0.21 023 032 025 028 034 0.29
F 0.00 0.00 000 0.00 0.00 000 000 000 0.00 000 000 000 0.00 0.00 000 000 0.00 0.00 0.00 0.00
Cl 0.14 013 013 010 013 009 012 022 020 0.04 007 006 0.07 007 006 004 005 0.03 0.01 0.01
Total 96.8 97.0 97.8 97.3 95.9 93.0 98.1 97.2 97.7 97.9 97.6 98.6 97.9 98.2 97.3 98.7 98.1 97.8 97.8 98.4
Si 6.52 650 649 659 653 644 663 629 637 727 714 618 616 614 610 6.09 613 6.03 592 593
Ti 0.05 006 006 0.06 0.04 004 004 008 0.08 003 004 002 0.02 003 002 0.01 0.01 0.01 0.01 0.01
Al 2.17 2.18 2.20 2.06 2.02 2.01 1.98 2.46 2.37 1.07 1.32 2.69 2.86 2.83 2.90 2.90 2.85 3.01 3.14 3.10
Fe3* 0.34 041 043 037 040 079 048 033 034 029 029 052 039 043 039 029 033 032 042 047
Fe?* 0.65 057 0.61 058 060 022 053 079 080 054 0.59 115 119 1.15 1.18 136 1.34 1.23 113 1.11
Mn 0.02 002 002 0.02 0.02 002 002 0.01 0.01 0.01 0.01 0.03 003 0.03 0.03 0.02 0.01 0.01 0.01 0.01
Mg 3.31 3.35 3.29 3.39 3.40 3.66 3.43 3.09 3.08 3.87 3.70 2.56 2.47 2.51 2.50 2.42 2.43 2.48 2.49 2.49
Ca 188 182 179 184 199 175 176 190 188 182 180 172 174 172 1.75 1.81 1.79 1.79 179 1.73
Na 045 046 047 0.41 042 035 043 056 050 022 027 066 067 067 072 076 073 076 0.77 0.78
K 0.04 0.03 0.04 0.03 0.03 0.03 0.02 0.02 0.02 0.01 0.01 0.04 0.04 0.04 0.04 0.06 0.05 0.05 0.06 0.05
Total 155 155 155 155 154 156 155 156 156 152 153 157 157 157 158 158 15.8 158 159 159
Texture Radial Hbl Deformed prismatic Hbl Hbl + Sp symplectite

Sample DP15 MS11 DP22

Point 1 2 3 4 5 6 1 2 3 4 5 1 2 3 4 5
SiO, 34.2 39.3 40.0 37.5 35.7 40.3 41.9 42.4 42.3 41.8 41.4 43.1 43.3 42.0 43.3 43.1
TiO, 0.01 0.07 0.00 0.01 0.69 0.72 0.44 0.61 0.57 0.52 0.64 0.28 0.27 0.27 0.30 0.28
Al,O3 25.5 19.1 17.0 22.3 20.5 16.1 17.2 16.6 16.6 17.0 17.3 15.0 15.2 16.0 15.2 15.1
Fey03 9.05 9.09 5.02 8.39 10.14 5.51 5.00 3.94 4.50 4.54 3.61 6.22 4.82 5.28 4.72 4.59
FeO 8.51 4.20 6.74 5.70 4.51 6.19 6.64 7.65 7.04 6.61 8.06 4.10 5.35 5.09 5.25 5.44
MnO 0.13 0.14 0.13 0.09 0.10 0.14 0.14 0.15 0.14 0.14 0.14 0.20 0.16 0.16 0.14 0.14
MgO 11.3 13.9 12.8 12.8 13.1 13.4 13.3 13.3 13.4 13.5 12.6 15.3 15.0 14.5 15.1 15.0
CaO 9.19 10.7 11.6 10.6 9.88 11.5 11.7 11.9 11.7 11.7 11.8 11.2 11.3 11.3 11.3 11.1
Na,O 2.32 2.51 2.86 2.44 2.31 2.81 2.38 2.33 2.33 2.46 2.35 2.62 2.75 2.76 2.72 2.86
K20 0.18 0.14 0.22 0.19 0.09 0.12 0.44 0.55 0.47 0.49 0.60 0.16 0.21 0.27 0.22 0.19
F 0.00 - - - - - 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cl 0.00 0.02 0.01 0.01 0.03 0.02 0.17 0.10 0.10 0.13 0.11 0.08 0.07 0.06 0.06 0.03
Total 100.3 99.1 96.3 100.1 97.1 96.8 99.1 99.4 99.0 98.8 98.5 98.1 98.3 97.6 98.2 97.7
Si 4.92 5.61 5.90 5.34 5.25 5.91 5.98 6.05 6.05 5.99 5.97 6.15 6.18 6.05 6.19 6.18
Ti 0.00 0.01 0.00 0.00 0.08 0.08 0.05 0.07 0.06 0.06 0.07 0.03 0.03 0.03 0.03 0.03
Al 4.32 3.22 2.95 3.74 3.56 2.79 2.90 2.80 2.79 2.87 2.95 2.52 2.56 2.73 2.56 2.55
Fe3* 0.98 0.98 0.56 0.90 1.12 0.61 0.54 0.42 0.48 0.49 0.39 0.67 0.52 0.57 0.51 0.50
Fe?* 1.03 0.50 0.83 0.68 0.56 0.76 0.79 0.91 0.84 0.79 0.97 0.49 0.64 0.61 0.63 0.65
Mn 0.02 0.02 0.02 0.01 0.01 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
Mg 2.42 2.95 2.82 2.71 2.87 2.92 2.83 2.82 2.86 2.89 2.71 3.25 3.19 3.11 3.20 3.20
Ca 1.42 1.64 1.84 1.62 1.56 1.81 1.79 1.81 1.79 1.79 1.82 1.71 1.72 1.74 1.72 1.71
Na 0.65 0.70 0.82 0.67 0.66 0.80 0.66 0.64 0.65 0.68 0.66 0.73 0.76 0.77 0.75 0.80
K 0.03 0.03 0.04 0.04 0.02 0.02 0.08 0.10 0.09 0.09 0.11 0.03 0.04 0.05 0.04 0.03
Total 16.1 16.0 16.0 16.0 16.1 15.9 15.81 15.79 15.79 15.83 15.8 15.8 15.8 15.9 15.8 15.8

ASRR shear zone, as suggested by two well-correlated markers, namely
picritic lavas in the Late Permian flood basalt successions and mafic
rocks of the late Paleogene alkaline rock suite, which underwent a
consistent left-lateral offset of ~500 km (Chung et al., 1997). In this
sense, Permian flood basalts in the Song Da belt and the Ban Phu Ni-Cu
deposit of Vietnam, and flood basalts and the Baimazhai Ni-Cu deposit
in Jinping of Yunnan represent a southern extension of the Permian
ELIP (Cong, 1988; Wang et al., 2007).

So far, most high-grade metamorphic rocks in the ASRR shear zone
were reported to have an old pre-Cambrian protolith (> 500 Ma) of the

basement complexes (e.g. Lin et al., 2012; Liu et al., 2013) and the
previous thermal event(s) were commonly obscured by the latest de-
formation associated with the Tertiary sinistral shearing. Unlike the
other metamorphic basement rocks, the Mianhuadi mafic complex with
a Late Permian magmatic protolith, is thus much younger and records
simpler metamorphic events that were not completely overprinted by
later mylonitization. The identification of the Permian protolith clearly
indicates that the metamorphic massifs in the ASRR shear zone are not
necessarily parts of the old Proterozoic basement.
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Fig. 6. Plots of Al (p.f.u.) vs. Si (p.f.u.), Mg# vs. Si (p.f.u.) and Ca (p.f.u.) vs. Si (p.f.u.) for hornblende in the Mianhuadi mafic complex.

6.2. P-T estimates

The Mianhuadi mafic complex was originally dominated by an anhy-
drous mineral assemblage of olivine + clinopyroxene + plagioclase
+ magnetite + ilmenite + spinel + apatite. Hornblende + spinel sym-
plectites have been reported in metamorphosed mafic rocks, as a result of
the reaction between olivine and plagioclase (Ashworth, 1986; Cruciani
et al., 2008; Gallien et al., 2012). Hornblende + anorthite symplectites
have been reported in metamorphosed mafic rocks replacing garnet
(Smithies and Bagas, 1997; Zhao et al., 2000, 2001, 2003; Zhang et al.,
2010, 2014) or omphacite (Okay et al., 1989). Both types of symplectites
were identified as decompressional mineral assemblages (Clarke and
Powell, 1991; Zhao et al., 2001). Our study of the Mianhuadi mafic
complex, which hosts Fe-Ti oxide ores, has revealed that metamorphic
reactions involving silicate-bearing Fe-Ti oxide ores do not differ much
from those affecting mafic rocks, such as gabbro and dolerite. Therefore,
metamorphosed Fe-Ti oxide-bearing gabbros and Fe-Ti oxide ores, like
other gabbroic rocks, can be used to deduce metamorphic processes.

The peak-stage temperature conditions calculated from the garnet
rim and clinopyroxene of the granulites from the Mianhuadi mafic
complex vary from 657 to 693 °C, using an estimated pressure of 8 kbar,
whereas the orthopyroxene thermometer (Brey and Kohler, 1990) in-
dicates a slightly higher peak metamorphic temperature of 722 °C
(Table 8). The peak pressure conditions calculated from the garnet-
orthopyroxene and garnet-orthopyroxene-clinopyroxene-plagioclase
assemblages indicate pressures of 9 and 7 kbar, respectively, using an
estimated temperature of 687 °C. Therefore the peak P-T conditions
were best estimated to be 7-9 kbar and 657-722 °C.

The retrograde temperatures estimated by the garnet-amphibole
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assemblage (Graham and Powell, 1984; Ravna, 2000) range from 649
to 676 °C. Using an average equilibrium temperature of 663 °C, the
retrograde pressures estimated by the garnet-amphibole-plagioclase
thermobarometer (Kohn and Spear, 1989, 1990) are 5-6 kbar. Con-
sidering the roughly comparable metamorphic temperatures between
peak and retrograde stages, the Mianhuadi mafic complex likely ex-
perienced a near-isothermal decompression following the granulite-fa-
cies peak metamorphism, suggesting rapid exhumation (e.g. Zhao et al.,
2000, 2001; Zhang et al., 2010, 2014).

6.3. Granulite facies metamorphism on the Mianhuadi mafic complex: when
and how?

The emplacement of the protolith of the Mianhuadi mafic complex
at ~ 260 Ma suggests that the metamorphic event(s) must have taken
place after the Late Permian. There have been two metamorphic events
since the Late Permian in SE Asia. The metamorphic basement of cen-
tral Vietnam, away from the ASRR shear zone, experienced an episode
of high-temperature granulite-facies metamorphism in the Late
Permian-Early Triassic (260-240 Ma) followed by a rapid exhumation
at 243 = 5Ma (Carter et al., 2001). Inclusions in zircon from the
Diancang Shan-Ailao Shan metamorphic massifs also imply an Early-
Middle Triassic (249-230 Ma) high-pressure metamorphic event
(650-720 °C, ~14kb) along the ASRR shear zone (Liu et al., 2013).
This Late Permian-Middle Triassic metamorphism is considered to have
been due to accretion of the Sibumasu to the Indochina-South China
(Metcalfe, 1995; Carter et al., 2001). The second metamorphic event
occurred in the Tertiary and reached peak pressure-temperature con-
ditions of 720-805 °C and 8.0-9.6 kbar between 44 and 34 Ma (Liu
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Fig. 7. “°Ar/*°Ar data for biotite from mylonites of the Mianhuadi mafic complex. A.
“Ar/39Ar step-heating spectra (12 steps) of biotite from sample MS11 and a plateau age
of 34.3 = 0.4 Ma was obtained. B. Inverse isochron, including 12 steps of the analysis,
obtained from the step-heating experiment on the same biotite.

et al., 2013; Palin et al., 2013), after which exhumation occurred almost
immediately (Palin et al., 2013). The causes for the Tertiary meta-
morphism remain a matter of debate. Earlier studies proposed that high
temperatures in the shear zone resulted from shear heating by ascent of
magmas and/or fluids (Leloup and Kienast, 1993; Leloup et al., 1995).
An alternative view is that the high-grade metamorphism along the
ASRR shear zone was due to the India-Asia collision (Lin et al., 2012;
Liu et al.,, 2013) and the left-lateral kinematic indicators are low-

Table 7
“OAr/**Ar analytical data of biotite from mylonites of the Mianhuadi mafic complex.
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Table 8
Calculated P-T conditions of peak and retrograde stage metamorphism of the Mianhuadi
mafic complex.

Stage Method P condition T condition Reference
Peak stage Grt-Cpx 8" 657 Krogh (1988)
693 Ellis and Green
(1979)
675 Powell (1985)
Opx 722 Brey and Kohler
(1990)
Grt-Opx 9 687" Harley (1984)
Grt-Opx- 7 687° Paria et al. (1988)
Cpx-P1
Retrograde Grt-Amp 676 Graham and Powell
stage (1984)
649 Ravna (2000)
Grt-Amp-Pl 6 663" Kohn and Spear
(1990)
5 663" Kohn and Spear
(1989)

Grt-garnet, Cpx-clinopyroxene. Opx-orthopyroxene, Pl-plagioclase, Amp-amphibole.
2 Estimated pressure (P) or temperature (T) used in the calculation of T or P, respec-
tively.

temperature fabrics. Thus the ASRR strike-slip shear was considered to
be only an upper and middle crust phenomenon (Jolivet et al., 2001;
Searle, 2006). The Late Permian-Middle Triassic metamorphism was
less frequently documented in the ASRR shear zone compared with the
Tertiary metamorphism.

The Mianhuadi mafic complex is located between the Ailaoshan and
DNCV massifs. A large majority of Late Permian-Early Triassic zircon
from the Ailaoshan and DNCV massifs displayed magmatic internal
structures, sometimes with a narrow metamorphic rim formed during
Eocene (Searle et al., 2010; Lin et al., 2012). The Late Permian-Early
Triassic metamorphic zircon was found locally and commonly formed
under high pressures (Liu et al., 2013). The Mianhuadi mafic complex
does not have textures/mineral assemblages related to high-pressure
metamorphism. Moreover, considering the Late Permian-Early Triassic
metamorphism was not a widespread event within the ASRR shear
zone, we prefer that the metamorphism of the Mianhuadi mafic com-
plex occurred in the Tertiary before the Late Eocene deformation.

The widely preserved mineral relics and symplectites in the
Mianhuadi mafic complex indicate that the high-grade metamorphic
conditions did not last long. This is consistent with the rapid exhuma-
tion after peak stage metamorphism in the Eocene (Palin et al., 2013).
Peak stage metamorphic conditions calculated using P-T pseudosection
from previous studies indicated that the granulite-facies conditions
(720-805 °C and 8.0-9.6 kbar) have been reached during Tertiary
metamorphism between ~44 and 34 Ma, although typical granulite-
facies mineral assemblage was not found (Liu et al., 2013; Palin et al.,
2013). The occurrence of orthopyroxene in the Mianhuadi mafic

Laser power (%) “0Ar/*Ar 37 Ar/*Ar 36Ar/%%Ar “OAr* /%Ay YOAr* (%) 3OAr (%) Age (Ma) + 25 (Ma)
1.50 W 64.040 0.00429 0.03755 52.944 82.67 6.05 34.4 +0.6
1.60 W 57.781 0.00576 0.02030 51.784 89.62 4.32 33.7 +0.6
1.60 W 64.966 0.00196 0.03967 53.244 81.96 13.49 34.6 +0.5
1.70 W 59.105 0.00275 0.01905 53.476 90.48 9.42 34.8 +0.5
1.70 W 59.557 0.00130 0.02318 52.709 88.50 20.02 34.3 +0.4
1.80 W 57.713 0.00171 0.01800 52.395 90.79 15.23 34.1 +0.4
1.80 W 57.713 0.00375 0.01677 52.759 91.42 7.17 34.3 +0.5
1.90 W 54.026 0.00669 0.00726 51.882 96.03 3.98 33.7 +0.6
2.00 W 54.597 0.01584 0.01050 51.494 94.32 1.67 33.5 +0.9
210 W 70.133 0.00241 0.05966 52.505 74.86 11.06 34.1 +0.7
2.20W 56.853 0.00834 0.01277 53.080 93.36 3.34 34.5 +0.7
2.30 W 58.671 0.00628 0.01834 53.252 90.76 4.24 34.6 +0.6




P.-P. Liu et al.

complex, from a mineral assemblage perspective, proves that the me-
tamorphic event associated with the ASRR shear zone reached granulite
facies conditions (Green and Ringwood, 1967). Coronas around olivine
and plagioclase also indicate their formation under typical medium- to
high-pressure, amphibolite-granulite facies metamorphic terrains (e.g.
Gallien et al., 2012; Gardner and Robins, 1974). Our study thus pro-
vided robust petrographic evidence that granulite facies was reached
during Tertiary, possibly Eocene, metamorphism along the ASRR shear
zone.

The Eocene metamorphism within the ASRR shear zone could be
induced by regional heating prior to shearing. The required heat
source/flow could be related to upwelling of the asthenosphere induced
by delamination of the thickened continental lithosphere during
~40-30 Ma (Chung et al., 1997; Lu et al., 2013). Partial melting of
thickened lower crust and lithospheric mantle at this period also pro-
duced a 2000 km long Eocene potassic magmatic belt across the
Qiangtang Terrane and Yangtze Block (Lu et al., 2013). This alkaline
magmatism intrudes within, close to or away from the ASRR shear zone
and has no genetic correlation with initiation of the shearing (Chung
et al., 2008). Among them, the Jinping (FanSiPan) alkali granite, one of
the largest alkaline igneous bodies south of the Mianhuadi mafic
complex, was intruded at 35.0 + 0.3 Ma (Zhang and Schérer, 1999). If
the Eocene metamorphism occurred coeval with the alkaline magma-
tism, the sinistral shearing and exhumation of the ASRR shear zone was
initiated shortly after. This may explain the widely preserved relics and
differential metamorphism of the Mianhuadi mafic complex.

Combined with previous studies, we propose that the mechanism of
the Eocene metamorphism started with an overthickened crust and
continental lithospheric mantle, as indicated by potassic adakite-like
rocks (Lu et al.,, 2013), along the boundary between the Simao and
Yangtze blocks induced by the India-Asia collision at around 55-40 Ma
(Fig. 8a). Then, removal of the overthickened continental lithospheric
mantle led to asthenosphere upwelling at 40-35 Ma, which induced
melting of the lower crust and continental lithospheric mantle and
produced terrains of granulite-facies and amphibolite-facies P-T con-
ditions. This period is also accompanied by regional extension and
emplacement of highly potassic mafic magmas (Fig. 8b; Chung et al.,
1997). Finally, rapid exhumation following the removal of the con-
tinental lithospheric mantle occurred and the ductile shearing was de-
veloped to accommodate the eastward extrusion of Indochina probably
with the aid of hydrous fluids released partly from exhumation of the
metamorphic rocks (Fig. 8c; Cao et al., 2017).

6.4. Initial timing of left-lateral ductile deformation along the ASRR shear
zone

The relationship between the metamorphism and shearing along the
ASRR shear zone has been a matter of considerable debate and no
consensus has reached. Early studies concluded that the metamorphic
and igneous rocks formed as a result of shear heating contemporaneous
with Tertiary left-lateral shearing along the ASRR shear zone
(Tapponnier et al., 1982, 1990; Leloup et al., 1993, 2001). Later studies
suggested that high-grade metamorphism and magmatic intrusion oc-
curred before shearing (Chung et al., 1997; Searle, 2006; Searle et al.,
2010; Liu et al., 2013). Syn-kinematic mylonites are interpreted to have
developed under regional greenschist facies conditions (Yeh et al.,
2014). In our study, some of the amphibolite-granulite facies meta-
morphic rocks from the Mianhuadi mafic complex preserve delicate
symplectic textures and do not show evidence of deformation and fo-
liation. Other rocks are characterized by mylonitic foliations of horn-
blende and biotite. These rocks thus provide convincing petrographic
evidence that mylonitic deformation associated with the shearing oc-
curred after the amphibolite-granulite facies metamorphism and de-
stroyed the delicate metamorphic textures.

The issue of the initial timing of the ductile shearing along the ASRR
shear zone is complex and has been difficult to resolve despite large
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Fig. 8. Schematic illustration of the mechanism for Eocene metamorphism and shearing
along the ASRR shear zone in the western Yangtze Block. (a) The Eocene metamorphism
started with an overthickened crust and continental lithospheric mantle along the
boundary between the Simao Block and Yangtze Block induced by India-Asia collision
around 55-40 Ma. (b) Removal of the overthickened continental lithospheric mantle led
to asthenosphere upwelling at 40-35 Ma, which induced melting of the lower crust and
continental lithospheric mantle and produced terrains of granulite-facies and amphibo-
lite-facies P-T conditions. (c) Rapid exhumation following removal of the continental li-
thospheric mantle occurred from ~35Ma and the ductile shearing was developed to
accommodate the eastward extrusion of Indochina.

numbers of age determinations. A significant clustering of K-Ar ages for
clay minerals from gouge within the normal faults of the ASRR shear
zone at 20-25 Ma (Harrison et al., 1992) and U-Pb ages of 22-27 Ma for
small leucogranitic bodies (Schérer et al., 1994) indicate that there
were intense shear movements between the late Oligocene to early
Miocene. Searle (2006) proposed that the left-lateral shearing started
after 21 Ma and the fault was purely a crustal structure. But he later
revised his interpretation of the initial timing of the ductile shearing in
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the ASRR to after 31.9 Ma by combining all the available U-Th-Pb age
data (Searle et al., 2010). However, Leloup et al. (2001) and Liu et al.
(2013) suggested that the left-lateral strike-slip movement likely started
prior to 32 Ma and continued until ~16-14 Ma. Gilley et al. (2003)
dated monazite inclusions in syntectonic garnets using the Th-Pb
method and concluded that the left-lateral shearing within the ASRR
shear zone occurred between 34 and 21 Ma. Finally Cao et al. (2011)
provided a detailed history of the shearing which is interpreted to have
initiated at ~31 Ma, culminated between 27 and 21 Ma and slowed
down at ~20 Ma.

Our Ar-Ar ages of foliated biotite from the mylonite of the
Mianhuadi mafic complex show that the left-lateral strike-slip move-
ment started at or prior to 34.3 *+ 0.4 Ma, clearly demonstrating that
the ASRR shear zone was active before the Oligocene, earlier than
previously thought. The coeval delamination of thickened continental
lithosphere and upwelling of asthenosphere deduced from the 2000 km
long Eocene potassic magmatic belt (Chung et al., 1997; Lu et al., 2013)
possibly contributed to the initiation of the sinistral ductile shearing,
which accommodated the northward coupling of India to Asia.

7. Conclusions

Petrography and mineralogy of the granulite and mylonite from the
Mianhuadi mafic complex and Ar-Ar dates of foliated biotite from
mylonites indicate the following conclusions:

1. The Mianhuadi mafic complex has a protolith of Permian oxide-
bearing mafic-ultramafic intrusions and underwent granulite facies
metamorphism with peak P-T conditions of 657-722°C and 7-9
kbar, followed by retrograde metamorphism at P-T conditions of
649-676 °C and 5-6 kbar. Near-isothermal decompression following
the peak metamorphism indicates rapid exhumation.

. Granulite-facies metamorphism of the Mianhuadi mafic complex
likely occurred in the Eocene, prior to the ductile sinistrial shearing
of the ASRR shear zone.

. Eocene granulite-facies metamorphism of the ASRR shear zone
could have resulted from asthenosphere upwelling, which also
produced numerous alkaline intrusions that were emplaced both
within and outside the ASRR shear zone.
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