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A B S T R A C T

Intraplate intermediate-felsic adakite-like rocks are widely considered to be generated via partial melting of the
mafic lower crust. However, the genesis of phenocrysts of mafic minerals from some adakite-like rocks suggests
that they can originate from mantle-derived magmas through assimilation and fractional crystallization (AFC)
processes. In this study, we investigated the petrogenesis of three phases of Eocene porphyries, namely quartz
diorite porphyry (QDP-I and QDP-II), granodiorite porphyry (GDP), and granite porphyry (GP), exposed in the
Machangqing area of the western Yangtze Craton in the southeastern Tibetan plateau. These porphyries were
formed at 34.2–35.2 Ma in an intracontinental extension setting and present adakitic affinities of high Sr/Y
(50–95) and La/Yb (50–113) ratios. The similar characteristics of these Machangqing porphyries in terms of
whole-rock trace elements and Sr–Nd isotopes, as well as in the mineralogy of amphibole phenocrysts and
clinopyroxene antecrysts, indicate that these intermediate-felsic porphyries were derived from the same source.
The important observation for investigating the parental magma of these intermediate-felsic porphyries is that
they have close temporal and spatial correlations with mantle-derived mafic volcanic rocks. These intermediate-
felsic porphyries have slightly enriched Sr–Nd isotopic compositions [(87Sr/86Sr)i = 0.7068–0.7077, εNd
(t) = −5.1 to −6.6], affected by limited crustal assimilation, as compared to those of contemporaneous mafic
volcanic rocks. The high-Al amphibole phenocrysts and clinopyroxene antecrysts in QDP-I have similar rare
earth element (REE) patterns with clinopyroxene phenocrysts in the mafic volcanic rocks, which suggest that
these rocks originated from the same mantle-derived mafic magma. In addition, the major elements of these
intermediate-felsic and mafic igneous rocks in the Machangqing area show fractional crystallization trends with
an increasing magma silica component. Simulations of the major and trace elements of these igneous rocks show
that the sequence of fractional crystallization of olivine, clinopyroxene, garnet, amphiboles, biotite, feldspar, and
apatite with time promoted the evolution of the magma series. As revealed by the calculated physicochemical
conditions during crystallization of the phenocrysts, the initial mafic magmas were derived from depths of
greater than 64 km through the partial melting of the metasomatic lithosphere mantle induced by Eocene in-
traplate extension in the western Yangtze Craton. These initial mafic magmas underwent three stages of frac-
tional crystallization at three levels of the thickened crust: the first at the base of the lower crust (49–55 km);
followed by fractional crystallization at the middle crust (24–32 km); and finally at the upper crust (4–5 km).
These fractional crystallization processes caused the initial mafic magmas to evolve through the intermediate
(roughly represented by QDP-I) to the felsic compositions (GDP and GP). Whole-rock and mineral geochemistry
evidence demonstrates that fractional crystallization of mantle-derived magmas, with a small amount of crustal
assimilation, generated these Eocene intraplate intermediate-felsic adakitic porphyries in the Machangqing area.

1. Introduction

Typical adakite is a kind of igneous rocks in oceanic islands, gen-
erated from the partial melting of subducted young (≤25 Ma) and hot

oceanic slabs (Defant and Drummond, 1990). Other igneous rocks
formed in continental arcs and intraplate settings can exhibit geo-
chemical signatures similar to those of adakite, i.e., Sr/Y ≥ 20, La/
Yb ≥ 20, Y ≤ 28 ppm, and Yb ≤ 1.9 ppm, and are thus described as
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“adakite-like” rocks (Castillo et al., 1999; Defant and Drummond, 1993;
Richards and Kerrich, 2007). Two primary models have been proposed
for the genesis of adakite-like rocks: (1) partial melting of the mafic
lower crust (Hou et al., 2004; Ren et al., 2018; Wang et al., 2006,
2014a; Xu et al., 2002) and (2) partial melting of the metasomatic li-
thospheric mantle followed by assimilation and fractional crystal-
lization (AFC) processes (Macpherson et al., 2006; Ribeiro et al., 2016;
Wang et al., 2019b). However, the latter is rarely proposed as the
genesis model for the intraplate adakite-like rocks (Chen et al., 2013;
Ma et al., 2016).

Phenocrysts of mafic minerals in porphyries or volcanic rocks
commonly crystallize in the deep magma chamber. Because magmas of
porphyries or volcanic rocks usually ascend to the upper crust abruptly
and cool quickly, these phenocrysts can record abundant information
on the magma petrogenesis (Cao et al., 2018a, 2018b; Tang et al.,
2017). The chemical compositions of these phenocrysts can be used to
calculate the physicochemical conditions of equilibrated magmas
(Purika et al., 2003; Ridolfi and Renzulli, 2012; Zhang et al., 2017).
Combined with their host rocks’ geochemistry, these phenocrysts can
shed light on the magma source and magma evolution process (Barnes
et al., 2017; Wang et al., 2019a).

In the western margin of the Yangtze Craton in the southeastern
(SE) Tibetan plateau, Eocene intermediate-felsic porphyries in the
Machangqing porphyry Cu-Au mining district are distributed closely
with contemporaneous potassic-ultrapotassic mafic volcanic rocks
(Figs. 1a and 2a). Previous studies have proposed that these Eocene
potassic–ultrapotassic mafic volcanic rocks are generated from the
partial melting of metasomatic mantle (Guo et al., 2005; Huang et al.,
2010), whereas Eocene Machangqing porphyries showing adakitic af-
finities are derived from the partial melting of juvenile mafic lower
crust (Lu et al., 2013). However, given the close temporal and spatial
relationships between the Eocene mafic volcanic rocks and the inter-
mediate-felsic porphyries, there is a possibility that the intermediate-
felsic porphyries were formed by differentiation of the mantle-derived
mafic magma.

In this study, we investigated the petrogenesis of quartz diorite
porphyries (QDP-I and QDP-II), granodiorite porphyry (GDP), and
granite porphyry (GP) in the Machangqing porphyry Cu-Au mining
district through analysis of zircon U–Pb ages, whole-rock major and
trace elements, and Sr–Nd isotopes. We also analyzed the major and
trace elemental compositions of amphiboles and clinopyroxenes in
these porphyries. Combined with the results of comparison, in terms of
the whole-rock geochemistry and mineralogy, between Machangqing
intermediate-felsic porphyries and these contemporaneous mantle-de-
rived mafic volcanic rocks and lower crustal xenoliths (representing the
juvenile mafic lower crust) in the same area, we propose that inter-
mediate-felsic porphyries in the Machangqing area are adakite-like
rocks that were generated by differentiation of mantle-derived magma
through AFC processes in an intraplate setting during the Eocene.

2. Geological background

The northern part of the Yangtze Craton is separated from the North
China Craton by the Qinling-Dabie orogenic belt and is adjacent to the
Qiangtang and Songpan-Ganzi blocks of the Tibetan plateau (Fig. 1a). It
is bounded to the west by the Ailao Shan-Red River shear zone (ASRRS)
(Fig. 1b). The Yangtze Craton has an Archean (2.87–3.00 Ga) basement
(Gao et al., 1999). It experienced significant cratonization during the
Proterozoic (Chen and Jahn, 1998; Li et al., 2014). The earliest evi-
denced oceanic subduction in the area occurred in the Neoproterozoic
(864–760 Ma), and mafic and felsic rocks of this period are widely
distributed along the western and northern edges of the Yangtze Craton
(Zhao et al., 2019; Zhou et al., 2002). After the Neoproterozoic to
Triassic transition, the western Yangtze Craton was covered by thick
sequences of strata comprising glacial deposits and clastic, carbonate,
and meta-volcanic rocks (Zhou et al., 2002). During the Late Permian

(259–260 Ma), the western Yangtze Craton was disturbed by the
Emeishan mantle plume and covered by basalt formations of the
Emeishan large igneous province (Chung and Jahn, 1995; He et al.,
2003; Zhong et al., 2011). During the late Permian to Triassic
(~220 Ma), the westward subduction of the Jinsha Jiang-Ailao Shan
ocean basin to the Simao block (Wang et al., 2000), together with the
closure of the Songpan-Ganzi ocean basin (Leng et al., 2014; Wang
et al., 2019b), made the western Yangtze Craton an intraplate setting.

During the Late Cretaceous to Early Cenozoic, at approximately
70–55 Ma, following the closure of the Neo-Tethys Ocean, the north-
eastward-moving Indian plate collided with the Eurasian plate (Chung
et al., 2005; Wang et al., 2014b, 2019c). At ~40 Ma, the direction of the
movement of the Indian plate changed from northeastward to north-
ward, followed by clockwise rotation (Fig. 1c and d; Replumaz et al.,
2014; Xu et al., 2016b). This rotation resulted in the southeastward
extrusion of the Indochina block starting at 41 Ma (Xu et al., 2016a)
and the generation of the ASRRS (Peltzer and Tapponnier, 1988). The
change in tectonic activity was simultaneous with the beginning of
Eocene magmatism (40–42 Ma) in the western Yangtze Craton (Fig. 1e;
Lu et al., 2012; Xu et al., 2012). A sinistral shear motion of the ASRRS
occurred at approximately 30–27 Ma (Chung et al., 1997; Tang et al.,
2013). Before the sinistral motion, large amounts of Eocene-Oligocene
mafic and intermediate-felsic intrusions (associated with Cu–Au–Mo
deposits) were emplaced in the western Yangtze Craton at 43–30 Ma
(Fig. 1b and e; Bi et al., 2000, 2009; Guo et al., 2005; Liang et al.,
2007).

Several kinds of crustal xenoliths have been found enclosed in these
Eocene-Oligocene intermediate-felsic intrusions (Hou et al., 2017; Liu
et al., 1999; Zhou et al., 2017). Among these crustal xenoliths, garnet
pyroxenite, garnet amphibole-pyroxenite, and garnet amphibolite in
the Liuhe aegirine syenite porphyry were proposed to be xenoliths from
the juvenile mafic lower crust (Zhou et al., 2017). The juvenile mafic
lower crust has been suggested to be the product of mantle-derived
material generated through Neoproterozoic oceanic subduction and
Late Permian plume-lithosphere interaction (Zhou et al., 2017). The
initial Sr–Nd isotopic composition of these lower crustal xenoliths at
36 Ma is 87Sr/86Sr = 0.7069–0.7088 and εNd (t) from −5.4 to 1.1
(Zhou et al., 2017). The clinopyroxenes in the lower crustal xenoliths
have elemental characteristics of Mg# = 45–86 (Mg# = 100 * [Mg/
(Mg + Fe)]), Al2O3 = 0.52–8.15 wt%, TiO2 = 0.11–0.69 wt%,
Na2O = 0.28–2.59 wt%, and Ti/Al = 0.03–0.27 (Wei and Wang, 2004;
Zhao et al. 2003; Zhou et al., 2017). The results calculated using a
garnet–clinopyroxene Fe–Mg geothermometer revealed that these xe-
noliths were captured from the juvenile mafic lower crust at a corre-
sponding depth of 45–51 km (Zhou et al., 2017).

3. Regional geology

The Machangqing porphyry Cu–Au deposit is located at the western
edge of the western Yangtze Craton and has reserves of 39 Mt Cu and
~12 t Au (Hou et al., 2006). Re–Os dating of these ore bodies and U-Pb
ages of titanite in the mineralized skarn showed that the mineralization
formed at 34–36 Ma (Fu et al., 2018; Hou et al., 2006; Xu et al., 2012).
The Cu and Au mineralization are mainly distributed in the Baox-
ingchang and Rentouqing sections as veinlets (Fig. 2b; Bi et al., 2009;
Hou et al., 2006). The He, Ar, S, and C isotopic compositions of the ore-
forming fluids suggest that the mineralization of Cu and Au is geneti-
cally associated with intermediate-felsic porphyries in the area (Bi,
1999, Bi et al., 2000; Hu et al., 1998, 2004). Outcrops of these inter-
mediate-felsic porphyries in Machangqing present a nearly oval-shaped
zonation (Fig. 2b). From exterior to interior, the sequence comprises
three phases—quartz diorite porphyry (QDP), granodiorite porphyry
(GDP), and granite porphyry (GP). These porphyries intrude into the
Ordovician clastic rocks and Devonian limestones (Fig. 2b). The inter-
calating relationships observed are shown in the profile in Fig. 3a and
the hand specimens are shown in Fig. 3b–e. Based on our fieldwork
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observations, the QDP is divided into two groups, dark gray QDP-I and
green QDP-II (Fig. 3b and c). The widely exposed QDP in the deposit
area is QDP-I. GP intrudes into and cuts across GDP (Fig. 3a). QDP-II
cuts across other porphyries as veins (Fig. 3a).

The potassic–ultrapotassic mafic volcanic rocks are exposed along
faults in the Machangqing area (Fig. 2a). Previous studies propose that
these mafic volcanic rocks were generated at 36.6–35.5 Ma and derived
from a metasomatic mantle source (Guo et al., 2005; Huang et al., 2010;
Xu et al., 2003). In a study by Huang et al. (2010), the chemistry of the
mafic rocks present distinck characteristics, e.g., from basaltic to an-
desitic (SiO2 = 44.48–59.05 wt%, MgO = 6.24–21.82 wt%), high LaN/
YbN (average 11.6), and enriched Sr–Nd isotopic signatures
(87Sr/86Sr = 0.7056–0.7065, εNd(t) = −4.36 to −0.97). And the
mafic volcanic rocks mainly contain phenocrysts of olivine and clin-
opyroxene. The primary phenocrysts of clinopyroxenes in the mafic
volcanic rocks show complex zoning textures, e.g., normal, reverse, and
oscillatory zonings. The primary clinopyroxene phenocrysts show fea-
tures of Mg# = 77–90, Ti/Al = 0.06–0.16, Al2O3 = 0.73–1.68 wt%,
TiO2 = 0.13–0.29 wt%, and Na2O = 0.22–0.42 wt%. Rare earth ele-
ment patterns of these clinopyroxenes show convex upward shapes.

4. Petrology

4.1. Intermediate-felsic porphyries in Machangqing

As mentioned earlier, three phases of intermediate-felsic porphyries
are exposed in the Machangqing area, namely QDP (QDP-I and QDP-II),
GDP, and GP. QDP-I has a porphyritic texture (Figs. 3b and 4a–c) and
contains approximately 40% phenocrysts, including ~15% amphibole,
~10% plagioclase, ~5% quartz, ~5% biotite, and<5% alkali feldspar.
The accessory minerals are apatite, allanite, titanite, zircon, and mag-
netite. Clinopyroxene antecrysts observed in QDP-I occur as euhedral
clusters with disequilibrium structures such as colorless cores and green
tattered rims (Fig. 4a), or are enclosed in amphiboles (Fig. 4b). Two
types of amphibole phenocrysts occur in QDP-I, namely AmpI (high-Al
amphibole, length< 1 mm) and AmpII (low-Al amphibole, length >
1 mm) (Fig. 4c). AmpI has a significant zoned texture (Fig. 4b),

whereas AmpII shows twinning and weak zoned textures (Fig. 4c).
AmpI and AmpII exhibit light-green to dark-green polychroism. The
quartz phenocrysts are euhedral with rounded corners. The mineral
assemblage in QDP-II is slightly different from that in QDP-I. The

Fig. 1. (a) Tectonic subdivisions of China; SG, Songpan-Ganzi block. (b) Simplified geological map of the western Yangtze Craton (modified after Huang et al., 2010);
ASRR, Ailao Shan-Red River. (c–d) Tectonic reconstructions in South Asia at 40–45 Ma and 30–40 Ma, respectively (modified after Replumaz et al., 2014); WYZC,
western Yangtze Craton; RRF, Red River faults; JS, Jinsha sutures; BS, Bangong sutures; DCS-ALS, Diancang Shan-Ailao Shan. (e) Histogram of Zircon U–Pb ages of
Paleogene intermediate-felsic igneous rocks in the western Yangtze Craton (data from Lu et al., 2012).
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Fig. 2. Simplified geological map showing (a) distribution of Eocene mafic volcanic rocks near Machangqing (modified after Huang et al., 2010) and (b) distribution
of Machangqing Eocene intermediate-felsic porphyries and Au-Cu mineralization areas (modified after Yu, 1988; Hou et al., 2006).

Fig. 3. (a) Field profile photographs, and (b–e) Hand specimens of intermediate-felsic porphyries in Machangqing. The intermediate porphyry is quartz diorite
porphyry (QDP-I and QDP-II). The felsic porphyries are granodiorite porphyry (GDP) and granite porphyry (GP).
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plagioclase and AmpII in QDP-II are fresh-looking and seem identical to
those in QDP-I (Fig. 4d). However, AmpI converts to actinolite with
minor conversions of chlorite (Fig. 4e), and actinolite is the primary
mafic mineral in the matrix of QDP-II (Fig. 4d and e). Thus, the hand
sample of QDP-II appears green (Fig. 3c).

Clinopyroxene antecrysts are also found in GDP and GP, but they
are cracked (Fig. 4f). GDP has a porphyritic texture (Figs. 3d and 4g)
and is made up of approximately 50% phenocrysts, including 15%
plagioclase, 10% quartz, 10% alkali feldspar, 10% amphiboles, and 5%
biotite. GDP has more amphibole phenocrysts than biotite, whereas the
opposite is observed for GP. GP shows a porphyraceous texture (Figs. 3e
and 4h) and is composed of phenocrysts of approximately 20% alkali
feldspar, 15% plagioclase, 15% quartz, 5% biotite, and 5% amphiboles.
The matrix is made up of 25% alkali feldspar, and 15% quartz. Am-
phibole phenocrysts in GDP and GP exhibit light to dark claybank
polychroism. The accessory minerals in GDP and GP are apatite, tita-
nite, allanite, zircon, and magnetite.

4.2. Lower crustal xenoliths

In this work, we investigated the geochemistry of amphiboles and
clinopyroxene in the lower crustal garnet amphibolite xenoliths
(Fig. 4i) enclosed in Liuhe porphyries in the western Yangtze Craton
(Fig. 1b). In these garnet amphibolite xenoliths, amphiboles (~65%)
are anhedral, with large grain sizes of 0.4–3 mm. Clinopyroxenes
(~30%) have an anhedral, round shape with grain sizes of 0.2–1 mm,
and they are surrounded by amphiboles (Fig. 4g). Garnets (~5%) are
smaller in size (0.2–0.5 mm). The accessory minerals are apatite,

titanite, and zircon.

5. Analytical methods

5.1. Zircon U–Pb dating

Zircon grains were separated from their host rocks by standard
density and magnetic concentration techniques. Zircon grains of similar
size were cast with epoxy into cylinders and polished down until the
zircon cores were nearly reached. To select dating spots without in-
clusions or cracks, zircon grains were imaged using both reflected and
transmitted illumination schemes in optical microscopy.
Cathodoluminescence (CL) images were taken using a JSM 7800F
thermal field emission scanning electron microscope equipped with a
CL instrument (MonoCL4) at the State Key Laboratory of Ore Deposit
Geochemistry (SKLODG), Institute of Geochemistry, Chinese Academy
of Sciences, Guiyang, China. U–Pb dating and trace-element analysis
were performed simultaneously using laser ablation inductively cou-
pled plasma mass spectrometry (LA-ICP-MS) at SKLODG. Laser sam-
pling was operated with a Geolas Pro excimer laser ablation system, and
ion-signal intensities were acquired with an Agilent 7900 ICP-MS in-
strument. The diameter of the sampling spots was 32 µm, and the en-
ergy density and sampling frequency of the laser beams were 8 J/cm2

and 6 Hz, respectively. Each analysis consisted of 18–20 s of back-
ground acquisition and 50 s data acquisition. Detailed operating con-
ditions were based on previous studies (Liu et al., 2010a, 2010b). The
external standard sample used for U–Pb age calibration was 91500. The
GJ was used as a secondary standard sample. Every eighth zircon

Fig. 4. Photomicrographs of (a–h) intermediate-felsic porphyries in Machangqing, and (i) lower crustal xenoliths from Liuhe. (b) and (f) are backscattered electron
images and the others are optical microscope images. Pl, plagioclase; Amp, amphibole; Kf, alkali feldspar; Bi, biotite; Cpx, clinopyroxene; Ti, titanite; Act, actinolite.
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sample analysis was followed by duplicate analyses of the 91500
standard samples. And every sixteenth zircon sample analysis was fol-
lowed by a single GJ analysis. The standard 238U/206Pb age of GJ ob-
tained by LA-ICP-MS is 610 ± 1.7 Ma (Elhlou et al., 2006). The
standard error of the calibrated 238U/206Pb ages of GJ in this work was
better than 10%. Off-line choice and calculation of obtained signals
were performed by ICPMSDataCal 10 (Liu et al., 2010a, 2010b). Con-
cordia diagrams and weighted average ages were calculated using the
ISOPLOT 3.23 program of Ludwig (2001).

5.2. Whole-rock major and trace elements

Twelve fresh or weakly altered rocks were cleaned with water. After
drying, they were crushed and ground to powder (< 75 µm) in a cor-
undum mill. Fused borate–lithium nitrate glass pellets were prepared
and analyzed using a PANalytical Axios-advance X-ray fluorescence
(XRF) spectrometer at the ALS Laboratory Group, Guangzhou, China.
Analytical precision was generally better than 5%. Trace elements were
analyzed with the Perkin-Elmer ELAN DRC-e ICP-MS instrument at
SKLODG. After the addition of a mixture of HF and HNO3, 50 mg of
powder was dissolved in Teflon-lined stainless-steel bombs and main-
tained at ~190 °C for two days. Before analysis, an internal Rh (rho-
dium) standard was incorporated into all samples to monitor signal drift
during analysis. Detailed analytical methods were described by Qi et al.
(2000). The analytical precision was generally better than 10%.

5.3. Whole-rock Sr–Nd isotopes

Chromatographic separation of Sr and Nd was performed at the Key
Laboratory of Crust-Mantle Materials and Environments, University of
Science and Technology of China. Sample preparation and Sr and Nd
isotope analyses followed procedures described by Chen et al. (2005).
Sr and Nd isotope analyses were carried out on a Thermo Fisher Sci-
entific Neptune plus MC-ICP-MS at SKLODG. During the analytical
session, the Sr standard reference material NBS 987 was analyzed every
10 samples to monitor the quality of the analysis. Replicate analysis of
this reference material yielded 87Sr/86Sr = 0.710259 ± 11 (2SD,
n = 6), which matched the recommended value of 0.710248. The
87Sr/86Sr ratio was normalized to the 86Sr/88Sr ratio using the ex-
ponential law. During Nd isotope analysis, repeated measurement of
JNdi-1 standard yielded 143Nd/144Nd = 0.512112 ± 11 (2SD, n = 8),
which matched the recommended value of 0.512115. Nd isotope ratios
were internally corrected for mass fractionation using a constant value
of 0.7219 for 146Nd/144Nd by the exponential law. Total procedural
blanks were approximately 30 pg Sr and 25 pg Nd. The 87Rb/86Sr and
147Sm/144Nd ratios were calculated using the whole-rock concentra-
tions of Rb, Sr, Sm, and Nd obtained by ICP-MS.

5.4. Mineral geochemistry

The major elemental compositions of the amphiboles and clin-
opyroxenes were obtained by electron probe microanalysis (EPMA) at

Fig. 5. U–Pb ages and cathodoluminescence (CL) images of zircons from intermediate-felsic porphyries in Machangqing. In the zircon CL images, sampling dots and
their U–Pb ages are labeled.
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two different laboratories using natural and synthetic standards. Matrix
effects were corrected for using the ZAF software. The major element
contents of amphiboles and clinopyroxenes in the Machangqing por-
phyries, listed in Tables C2 and C4, were determined using a JEOL JXA-
8230 electron probe microscopic analyzer at The Testing Center of
Shandong Bureau of China Metallurgy and Geology, Jinan, China. Ty-
pical operating conditions were an accelerating voltage of 15 kV, a
beam current of 20 nA, and a spot size of 5 μm. The major elements of
amphiboles used for internal standard calibration of LA-ICP-MS ana-
lyses were obtained at SKLODG using an EPMA-1600 instrument.
Analytical conditions included an accelerating voltage of 25 kV and a
beam current of 10 nA, focusing on 10-μm-diameter spots.

Trace element analyses of the amphiboles and clinopyroxenes on
polished sections were carried out using a GeolasPro 193 nm solid-state
laser system coupled with an Agilent 7900 ICP-MS at SKLODG. Obvious
inclusions in the amphiboles and clinopyroxenes were avoided using
plane-polarized light before LA-ICP-MS analysis. Operating conditions
consisted of 32 μm diameter spots and a laser pulse rate of 5 Hz. For
each analysis, 18 s background and 50 s signal acquisitions were
adopted. The analytical standard, NIST610 glass, was analyzed after
every sixth unknowns. Precision was determined by repeated analysis
of standard basaltic glass 3B series (BHVO-2G, BCR, BIR). The accuracy
relative to standard basaltic glass was better than 10%. The trace ele-
ment contents of hydrous amphiboles were normalized using CaO
contents (wt%) obtained by EPMA as internal standards. Trace element
contents of anhydrous clinopyroxenes were calculated by applying the
ablation yield correction factor (AYCF) and using the standard basaltic
glass 3B series as multiple reference materials without applying internal
standardization (Liu et al. 2008). Off-line selection and integration of
analysis signals, time-drift correction and quantitative calibration were
performed using ICPMSDataCal 10 (Liu et al., 2010a, 2010b).

5.5. Calculations of physicochemical conditions

The physicochemical conditions of the equilibrated mafic magmas
were preliminarily calculated using clinopyroxene-liquid thermo-
barometry (Purika et al., 2003). The Excel files used in the calculations
were referenced from Hu et al. (2018).

The geochemical compositions of the groundmass were regarded as
the compositions of the melt equilibrated with phenocrysts (Dahren
et al., 2012). The equilibrated melt during crystallization of clinopyr-
oxene phenocrysts in the mafic volcanic rocks was determined by mass
balance calculations based on the major element contents of the bulk
rocks and the phenocrysts of olivine and clinopyroxene (Huang et al.,
2010). Because the clinopyroxene phenocrysts in the mafic volcanic
rocks have zoned structures, volume-based percentages were con-
sidered when calculating the major element contents of the clinopyr-
oxene phenocrysts. The volumetric percentages of the zones of clin-
opyroxene phenocrysts were estimated according to the backscattering
images (Huang et al., 2010). The volume proportions were core:
rim = 3:7 for normal zoned clinopyroxenes, core : mantle : rim = 4:5:1
for reverse zoned clinopyroxenes, and core: mantle : rim = 4:5:1 for
clinopyroxenes with green cores. Because olivine and clinopyroxene
were the main phenocrysts, the equilibrated magma was obtained by
subtracting the major elements of olivine and clinopyroxene pheno-
crysts from the major elements of whole rocks.

The temperature and water contents of the equilibrated magmas
were calculated using the major elements of low-Al and high-Al am-
phibole phenocrysts in Machangqing porphyries (Tables C2), following
the method of Ridolfi et al. (2010). The equations are summarized as
follows:

= − +°T( C) 151.487Si* 2041 (1)

= ∗ +H O 5.215 Al 12.282 melt
[6] (2)

where Si* and [6]Al* represent the silicon index and octahedral

Fig. 6. (a) Total alkali vs. silica diagram (Irvine and Baragar, 1971;
Middlemost, 1994); (b) K2O vs. SiO2 diagram (modified after Rickwood, 1989);
and (c) molar Al2O3/(Na2O + K2O) vs. molar Al2O3/(CaO + Na2O + K2O)
diagram of Eocene Machangqing intermediate-felsic porphyries and mafic
volcanic rocks. Data for the Eocene mafic volcanic rocks are from Huang et al.
(2010).
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aluminum index, respectively (Ridolfi et al., 2010).
High-Al amphiboles in lower crustal xenoliths were used to calcu-

late temperature according to the method described by Ridolfi and
Renzulli (2012). The equation is summarized as follows:

= − − − −

− − + +

+

°T( C)

17098 1322.3[Si] 1035.1[Ti] 1208.2[Al] 1230.4

[Fe] 1152.9[Mg] 130.40[Ca] 200.54[Na] 29.408

[K] 24.410lnP (3)

where [] indicates the element content in atoms per formula unit.
We used low-Al amphiboles in Machangqing intermediate-felsic

porphyries and high-Al amphiboles in lower crustal xenoliths to cal-
culate pressure, using the method described by Ridolfi and Renzulli
(2012). The equation is summarized as follows:

= − − − −

− − + +

lnP(MPa) 125.93 95876[Si] 10.116[Ti] 8.1735[Al] 9.2261[Fe]

8.7934[Mg] 1.6659[Ca] 2.4835[Na] 2.5192[K]
(4)

The method described by Schmidt (1992) was used to calculate
pressure using high-Al amphiboles in QDP-I. The equation is summar-
ized as follows:

= − +P(kbar) 3.01 4.76[Al] (5)

Depth was then calculated using the density of the crust and the
mantle, and the obtained pressure. The density is ρ1 = 2.7 × 103 kg/
m3 for depths from the upper to the middle crust (0–30 km) (Kaban
et al. 2018; Lucassen et al. 2001), ρ2 = 2.86 × 103 kg/m3 for depths
extending to the lower crust (0–50 km) (Kaban et al. 2018), and
ρ3 = 3.26 × 103 kg/m3 for depths from the lower crust to the upper
mantle (50–200 km) (Kaban et al. 2018).

6. Results

6.1. Zircon U–Pb ages

Zircons from the intermediate-felsic porphyries in Machangqing are
euhedral and show oscillatory zonation in the CL images (Fig. 5).
Twenty-one analyses of zircons from QDP-I yielded 206Pb/238U ages
from 33.7 to 36.1 Ma, with a weighted mean age of 35.1 ± 0.3 Ma (1σ,
MSWD = 2.3) (Fig. 5a). Seventeen analyses of zircons from GDP
yielded 206Pb/238U ages ranging from 33.7 to 36.4 Ma, with a weighted
mean age of 35.2 ± 0.4 Ma (1σ, MSWD = 3.1) (Fig. 5b). Sixteen
analyses of zircons from GP yielded 206Pb/238U ages ranging from 33.8
to 36.2 Ma, with a weighted mean age of 34.9 ± 0.4 Ma (1σ,
MSWD = 1.8) (Fig. 5c). Fifteen analyses of zircons from QDP-II yielded

Fig. 7. Plots of (a) Sr/Y vs. Y (Defant and Drummond, 1993) and (b) La/Yb vs. Yb (Castillo et al., 1999) showing that Machangqing intermediate-felsic porphyries are
adakite-like rocks.

Fig. 8. (a) Chondrite-normalized REE patterns and (b) primitive mantle-normalized multielement diagrams. Chondrite and primitive mantle normalization values are
from Sun and McDonough (1989).
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206Pb/238U ages from 32.8 to 36.1 Ma, with a weighted mean age of
34.2 ± 0.5 Ma (1σ, MSWD = 1.2) (Fig. 5d). Overall, these results
suggest that these intermediate-felsic porphyries formed at 35.2 to
34.2 Ma. Detailed data is provided in Tables A1.

6.2. Major and trace elements

The results of the major and trace element analyses of the inter-
mediate-felsic porphyries are listed in Tables B1. The intermediate
QDPs (QDP-I and QDP-II) has relatively lower SiO2 contents
(58.16–64.05 wt%) than those of the felsic GDP (69.17–70.39 wt%) and
GP (69.54–71.78 wt%). The intermediate QDPs has K2O (4.63–5.40 wt
%) and K2O + Na2O (7.79–9.46 wt%) contents similar to those of felsic
porphyries (K2O 3.87–5.51 wt% and K2O + Na2O 8.37–9.51 wt%).
Thus, QDPs belongs to the alkaline series, but GDP and GP belong to the
subalkaline series (Fig. 6a). In the K2O vs. SiO2 diagram (Fig. 6b), QDPs
shows shoshonitic affinities, whereas GDP and GP are high-K calc-al-
kaline rocks. QDPs, GDP, and GP have similar Al2O3 contents of
13.65–16.47 wt%, 14.83–15.30 wt%, and 14.67–15.66 wt%, respec-
tively. GP has lower CaO contents (1.16–1.48 wt%) than QDPs
(2.79–6.83 wt%) and GDP (1.87–2.40 wt%). Thus, QDPs and GDP be-
long to the metaluminous series, with A/CNK [Al2O3/
(CaO + Na2O + K2O)] molar values ranging from 0.60 to 0.98,
whereas GP belongs to the peraluminous series, with A/CNK molar

values ranging from 1.01 to 1.07 (Fig. 6c). The intermediate QDPs has
higher MgO (2.43–7.26 wt%), TFeO (2.65–4.48 wt%), and P2O5

(0.20–0.56 wt%) contents than the felsic porphyries (MgO 0.87–1.25 wt
%, TFeO 1.72–2.72 wt%, and P2O5 0.14–0.19 wt%).

QDPs, GDP, and GP all show characteristics of high Sr/Y (44–95)
and La/Yb (46–113), and low Y (9.36–19.9 ppm) and Yb
(0.91–1.44 ppm). These characteristics indicate that the intermediate-
felsic porphyries are adakite-like rocks (Fig. 7). Further, these por-
phyries have weak to no Eu anomalies (Fig. 8a; δEu = 0.80–1.02,
where δEu = EuN/[(SmN × GdN)^0.5]), high large ion lithophile ele-
ments (e.g., Ba = 862–4310 ppm and Sr = 585–1896 ppm), and re-
latively low contents of high field-strength elements (e.g., Nb, Ta, Zr,
and Hf) (Fig. 8b). Interestingly, the incompatible trace-element patterns
of QDP-II are the same as those of GDP and GP (Fig. 8).

6.3. Sr–Nd isotopes

The Sr–Nd isotope data of QDP-I, QDP-II, GDP, and GP are listed in
Tables B2. QDP-I and QDP-II have (87Sr/86Sr)i = 0.7069–0.7076 and
εNd(t) = −6.6 to −5.3, which are similar to the values of the felsic
GDP and GP, (87Sr/86Sr)i = 0.7068–0.7069 and εNd(t) = −5.4 to
−5.1.

Fig. 9. (a–b) Amphibole classifications after Leake et al. (1997) and (c–d) variations of major elements of amphiboles. (a) Amphibole with CaB ≥ 1.5 apfu,
(Na + K)A < 0.50 apfu, and Ti < 0.50 apfu, and (b) amphibole with CaB ≥ 1.5 apfu, (Na + K)A ≥ 0.50 apfu, and CaA < 0.50 apfu. The high-Al amphibole
(Al2O3 > 10 wt%) in QDP-I is magnesiohastingsite, and that in lower crustal xenoliths is pargasite; apfu, atoms per formula unit.
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6.4. Mineral geochemistry

6.4.1. Amphiboles
According to amphibole classification (Leake et al., 1997), amphi-

boles in Machangqing intermediate-felsic porphyries are divided into
two groups (Fig. 9a–c): high-Al amphiboles (Al2O3 > 10 wt%), in-
cluding pargasite and magnesiohastingsite, and low-Al amphiboles
(Al2O3 < 10 wt%), including magnesiohornblende and actinolite.
Amphiboles from the lower crustal xenoliths are high-Al pargasite. In
QDP-I, AmpI is high-Al magnesiohastingsite and AmpII is low-Al am-
phibole, including magnesiohornblende and actinolite. QDP-II remains
only low-Al magnesiohornblende phenocrysts. Actinolite exists as mafic
minerals in the groundmass of QDP-II. GDP and GP only have low-Al
magnesiohornblende phenocrysts.

The range of major element contents of high-Al amphiboles in lower
crustal xenoliths are concentrated (Fig. 9). The high-Al amphiboles
contain 14.20–14.57 wt% Al2O3, 2.12–2.26 wt% Na2O, 42.2–42.9 wt%
SiO2 and 1.68–1.80 wt% K2O, and 10.53–10.80 wt% CaO. The major
element contents of amphiboles in Machangqing intermediate-felsic
porphyries (e.g., Al2O3, SiO2, and Na2O) show linear relationships
(Fig. 9c and d). Low-Al amphiboles in QDP-I have major element con-
tents similar to those of low-Al amphiboles in QDP-II, GDP, and GP
(Fig. 9). The high-Al amphiboles in QDP-I have higher contents of Al2O3

(11.04–13.85 wt%), Na2O (1.99–2.46 wt%), and K2O (1.10–2.07 wt%),
and lower SiO2 contents (39.8–43.6 wt%) than those of the low-Al

amphiboles in QDP-I, QDP-II, GDP, and GP, which contain
Al2O3 = 1.87–9.78 wt%, Na2O = 0.46–2.01 wt%, K2O = 0.14–1.25 wt
%, and SiO2 = 42.5–55.2 wt%. However, the low-Al amphiboles in the
Machangqing porphyries have higher CaO contents (10.96–12.45 wt%)
than the high-Al amphiboles in QDP-I (10.24–11.42 wt%).

Because the spot size used for LA-ICP-MS analysis was 32 μm, only
low-Al amphiboles in QDP-I, QDP-II, and GDP were analyzed, because
of the sufficient width of their zonation and a lack of alterations. The
chondrite-normalized REE patterns are shown in Fig. 11a and b. The
REE contents of high-Al amphiboles in QDP-I are high, with an average
of 583 ppm. The REE patterns of high-Al amphiboles in QDP-I present
convex upward shapes (Fig. 11a), with averages of LaN/YdN = 15, LaN/
NdN = 0.8, and SmN/YbN = 12. These patterns present similar shapes
to those of clinopyroxene antecrysts in QDP-I (Fig. 11a). The low-Al
amphiboles in QDP-I, QDP-II, and GDP have similar REE contents
(average of 315 ppm). The REE patterns of the low-Al amphiboles show
weak convex upward shapes (Fig. 11a and b), with averages of LaN/
YdN = 4, LaN/NdN = 0.6, and SmN/YbN = 4. In comparison with the
high-Al amphiboles, the low-Al amphiboles possess distinct negative Eu
anomalies (average δEu = 0.60) (Fig. 11a and b). The REE contents of
the cores and rims of low-Al amphiboles in GDP are similar (Fig. 11b).
Detailed data of the standard samples analyzed by LA-ICP-MS and
major and trace elements of the amphiboles are presented in Tables
C1–C3.

Fig. 10. Variations of major element contents of clinopyroxene antecrysts in QDP-I, GDP, and GP and comparison between clinopyroxene phenocrysts in mafic
volcanic rocks (pink area; Huang et al., 2010) and clinopyroxenes in lower crustal xenoliths captured from juvenile mafic lower crust (Wei and Wang, 2004; Zhao
et al. 2003; Zhou et al., 2017).
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6.4.2. Clinopyroxene
The major element contents of the clinopyroxene antecrysts in the

Machangqing intermediate-felsic porphyries are similar to each other
(Fig. 10). Clinopyroxene antecrysts in QDP-I have Mg# = 75–90. The
contents of MgO, TFeO, Al2O3, TiO2, and Na2O are 14.07–18.56 wt%,
3.87–8.25 wt%, 2.04–5.14 wt%, 0.11–0.40 wt%, and 0.31–0.77 wt%,
respectively. The Ti/Al values of the clinopyroxene antecrysts in QDP-I
are 0.03–0.07. The clinopyroxene antecrysts in GDP and GP have MgO,
TFeO, Al2O3, TiO2, Na2O, and Ti/Al contents similar to those in QDP-I:
13.89–18.86 wt%, 4.48–8.56 wt%, 1.72–4.61 wt%, 0.11–0.52 wt%,
0.46–1.02 wt%, and 0.04–0.07, respectively.

The chondrite-normalized REE patterns and primitive mantle-nor-
malized trace-element patterns of clinopyroxenes in QDP-I and lower
crustal xenoliths are presented in Fig. 11c and d. The total REE contents
of clinopyroxenes (average of 22 ppm) from the lower crustal xenoliths
are lower than those from QDP-I (average of 103 ppm). The clinopyr-
oxenes from the lower crustal xenoliths have flat REE patterns (average
LaN/YbN = 2; Fig. 11c), whereas the REE patterns of the clinopyroxenes
in QDP-I show convex upward shapes (Fig. 11c), with averages of LaN/
YbN = 8, LaN/NdN = 0.6, and SmN/YbN = 9. The primitive mantle-
normalized trace-element patterns of clinopyroxenes in QDP-I show
distinctive negative Sr, Zr, Hf, and Ti anomalies, in contrast to those of

Fig. 11. (a–c) Chondrite-normalized REE patterns of amphiboles and clinopyroxenes; (d) Primitive mantle-normalized multi-element patterns of clinopyroxenes. The
data for clinopyroxenes in the mafic volcanic rocks are from Huang et al. (2010).

Table 1
The crystallizing physicochemical conditions of the mafic minerals.

Rock type Temperature
°C

Std. Avg.
°C

Pressure
MPa

Std. Avg.
MPa

Depth
km

Avg.
km

H2Om

wt.%
Std.

Cpx-Mafic volcanic rocks 1288–1171 a 33 2060–590 a 0.17 64–22
Amp-Lower crustal xenoliths 905–932 b 24 918 1240–1450 b 0.25 1330 44–52 47
High-Al Amp-QDP-I 894–989 c 22 946 634–854 d 60 727 24–32 27 3.4–6.0 c 0.5–0.9
Low-Al Amp-QDP-I 795–827 c 22 815 107–158 b 12–18 132 4–6 5 3.7–3.9 c 0.4
Low-Al Amp-QDP-II 700–883 c 22 799 32–269 b 4–31 129 1–10 5 2.9–4.5 c 0.4
Low-Al Amp-GDP 718–833 c 22 773 45–174 b 5–20 104 2–7 4 3.0–4.2 c 0.4
Low-Al Amp-GP 706–813 c 22 759 34–107 b 4–20 93 1–6 4 3.1–4.4 c 0.4

a, Methods are from Purika et al. (2003); b, Methods are from Ridolfi and Renzulli (2012); c, Methods are from Ridolfi et al. (2010); d, Methods are from Schmidt
(1992). Corresponding density of lithosphere are ρ1 = 2.7 × 103 kg/m3 for depth 0–30 km; ρ2 = 2.86 × 103 kg/m3 for depth 0–50 km; ρ3 = 3.26 × 103 kg/m3 for
depth 50–200 km. Density data are from Kaban et al. (2018) and Lucassen et al.(2001). Avg., average.

Y.-J. Wang, et al. Journal of Asian Earth Sciences 196 (2020) 104364

11



clinopyroxenes in lower crustal xenoliths, which have obvious positive
Sr and weak negative Ti anomalies, but no Zr or Hf anomalies
(Fig. 11d). Detailed geochemical data of the clinopyroxenes are pre-
sented in Tables C4 and C5.

6.5. Physicochemical conditions

The crystallizing physicochemical conditions calculated in this work
are summarized in Table 1. The errors are± 22 °C for magma tem-
perature and±0.4 wt% for magma water contents (under certain
conditions it reached as high as± 15%) calculated using the method
described by Ridolfi et al. (2010). For the temperatures and pressures
calculated using the methods of Ridolfi and Renzulli (2012), the errors
are± 23.5 °C and± 11.5%, respectively. Standard errors of 17 MPa
and 33 °C, with no systematic bias, are for the results calculated by the
method of Purika et al. (2003). Moreover, actinolites usually crystallize
from the deuteric melt, or are products of alteration (Barnes et al.,
2016). The lower pressures calculated by actinolites are faulty and are
therefore excluded from the results.

The results of crystallization temperatures calculated for the clin-
opyroxene phenocrysts in the mafic volcanic rocks are 1288 °C;
1221 °C, 1233 °C, 1236 °C; and 1171 °C. The corresponding crystal-
lization pressures and depths are 2060 MPa (64 km); 1380 MPa,
1410 MPa, 1530 MPa (49–55 km); and 590 MPa (22 km). The tem-
peratures calculated for the high-Al amphibole phenocrysts in QDP-I
are 894–989 °C, with an average of 945 °C; the pressures are
634–854 MPa, with an average of 727 MPa, the corresponding depths
are 24–32 km (average 27 km); the magma water contents (H2Om) are
3.4–6.0 wt%. The crystallization conditions calculated for the low-Al
amphibole phenocrysts in QDP-I are temperatures of 795–827 °C

(average 815 °C), pressures of 107–158 MPa (average pressure
132 MPa, corresponding to a depth of 5 km), and H2Om values of
3.7–3.9 wt%. The results calculated for the low-Al amphibole pheno-
crysts in QDP-II are temperatures of 700–883 °C (average 799 °C),
pressures of 32–269 MPa (average 129 MPa, corresponding to a depth
of 5 km), and H2Om values of 2.9–4.5 wt%. The physicochemical con-
ditions calculated for the low-Al amphibole phenocrysts in GDP are
temperatures of 718–833 °C (average 773 °C), pressures of 45–174 MPa
(average 104 MPa, corresponding to a depth of 4 km), and H2Om values
of 3.0–4.2 wt%. The physicochemical conditions calculated for the low-
Al amphibole phenocrysts in GP are temperatures of 706–813 °C
(average 759 °C), pressures of 34–107 MPa (average 93 MPa, corre-
sponding to a depth of 4 km), and H2Om values of 3.1–4.4 wt%. The
crystallization conditions calculated for high-Al amphiboles in lower
crustal xenoliths are temperatures of 905–932 °C (average 918 °C) and
pressures of 1240–1450 MPa (average 1330 MPa), corresponding to
depths of 44–52 km (average 47 km).

7. Discussion

7.1. Parental magmas of intermediate-felsic porphyries

The three phases of Eocene Machangqing intermediate-felsic por-
phyries (QDPs, GDP, and GP) display similar characteristics in terms of
ages, whole-rock trace elements, Sr–Nd isotopic compositions, and
mineral geochemistry of low-Al amphiboles and clinopyroxene ante-
crysts. These results indicate that the intermediate-felsic porphyries in
Machangqing were generated from the same origin.

The Sr and Nd isotope compositions of Machangqing intermediate-
felsic porphyries [(87Sr/86Sr)i = 0.7069–0.7076, εNd(t)− 5.4 to−5.1]
are depleted relative to those of the upper crust
[(87Sr/86Sr)i = 0.7138–0.7490, εNd(t) = −10.1 to −12.4] and the old
lower crust [(87Sr/86Sr)i = 0.7092–0.7108, εNd(t) = −15.9 to −17.5]
of the Yangtze Craton (Chen and Jahn, 1998). By contrast, the Sr and
Nd isotopic compositions of these Eocene Machangqing intermediate-
felsic porphyries are slightly enriched relative to those of the mantle-
derived mafic volcanic rocks in the Machangqing area
[(87Sr/86Sr)i = 0.7056–0.7065, εNd(t) = −0.97 to −4.36]. The por-
phyries have Sr–Nd isotope compositions between those of the mantle-
derived mafic volcanic rocks and the crust of the Yangtze Craton, with
~70 wt% components of the mantle-derived mafic volcanic rocks and
~30 wt% components of the crust of the Yangtze Craton (Fig. 12).
Given this, we propose that these Eocene Machangqing intermediate-
felsic porphyries were predominantly derived from the same source as
the mantle-derived mafic volcanic rocks, but with less assimilation of
the Yangtze crust. Considering that the Sr and Nd isotope compositions
of the juvenile mafic lower crustal xenoliths from the Liuhe syenite in
the western Yangtze Craton had a wide range
[(87Sr/86Sr)i = 0.7069–0.7088 and εNd (t) −5.4 to 1.1; Zhou et al.,
2017], and that whole-rock isotopes commonly exhibit mixed in-
formation regarding the magma source (Wang et al., 2019b), we cannot
rule out the possibility that the Eocene Machangqing intermediate-
felsic porphyries originated from the juvenile mafic lower crust (Lu
et al., 2013) based on the Sr–Nd isotope data alone.

The chemical contents of the phenocrysts of mafic minerals in
porphyries or volcanic rocks, e.g., clinopyroxenes and amphiboles,
however, can record detailed information regarding the magma origin
(Cao et al., 2018a, 2018b; Erdmann et al., 2014). The major and trace
elemental features of clinopyroxene antecrysts in QDPs, GDP, and GP
are quite different from those of the clinopyroxenes from the lower
crustal xenoliths (Figs. 10, 11c, and d). The clinopyroxene antecrysts in
QDPs, GDP, and GP have much higher Mg# (75–90) than clinopyrox-
enes from the lower crustal xenoliths (Mg# = 45–86; Wei and Wang,
2004; Zhao et al. 2003; Zhou et al., 2017). However, the major and
trace elemental features of clinopyroxene antecrysts in QDPs, GDP, and
GP are remarkably similar to those of clinopyroxene phenocrysts in the

Fig. 12. Initial Sr–Nd isotope model. The black dashed line represents the
published data for Machangqing porphyries (Bi et al., 2005; Lu et al., 2013;
Tong et al., 2019); the red dashed line represents the range of the Eocene mafic
volcanic rock from Huang et al. (2010). Depleted magmas derived from the
asthenosphere are represented by Neogene Maguan lava
[(87Sr/86Sr)i = 0.7046, Sr = 642 ppm, εNd(t) = 6.4, Nd = 38.4 ppm] in
southeastern Yunnan (Xia and Xu 2004), and the metasomatic lithosphere
mantle metamorphosed by Neoproterozoic oceanic subduction is represented
by Neoproterozoic mafic dikes (Zhao and Asimow, 2018), and the average
values are used [(87Sr/86Sr)i = 0.7062, Sr = 360 ppm, εNd(t) = −9.8, and
Nd = 7.5 ppm]. Data for the lower crust of the Yangtze Craton (LCC)
[(87Sr/86Sr)i = 0.7108, Sr = 854 ppm, εNd(t) = −17.5, Nd = 30.1 ppm] and
the upper crust of Yangtze Craton (UCC) [(87Sr/86Sr)i = 0.7223, Sr = 220 ppm,
εNd(t) = −11.7, and Nd = 24.3 ppm] are from Chen and Jahn (1998).
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mafic volcanic rocks (Figs. 10 and 11c and d). The clinopyroxene
antecrysts in these porphyries have Mg# of 74–90, Ti/Al ratios of
0.03–0.07, and Na2O contents of 0.31–1.02 wt%, which are similar to
those of clinopyroxene phenocrysts in the mafic volcanic rocks (Mg# =
77–90, Ti/Al = 0.06–0.16, and Na2O = 0.22–0.42 wt%; Huang et al.,
2010). The REE patterns of the clinopyroxene antecrysts in QDP-I are
similar to those of clinopyroxene phenocrysts in the mafic volcanic
rocks, and show consistent negative anomalies in Sr, Zr, Hf, and Ti
(Fig. 11c and d). The similarities between the clinopyroxenes in the
porphyries (QDPs, GDP, and GP) and those in the mafic volcanic rocks
suggest that they crystallized from the same mafic magmatic series.
Clinopyroxene antecrysts and high-Al amphibole phenocrysts in QDP-I
show similar REE patterns (Fig. 11a). Amphiboles and clinopyroxene
have similar ratios of the partition coefficients of REEs, i.e., Damp(La/
Sm)/Damp(Eu/Lu)≈Dcpx(La/Sm)/Dcpx(Eu/Lu), between the minerals

and basaltic-dioritic melts (Adam and Green, 2003; Michely et al.,
2017; Shimizu et al., 2017). This indicates that the equilibrated
magmas of the high-Al amphibole phenocrysts and clinopyroxene
antecrysts in QDP-I probably have similar REE patterns, and thus that
these magmas belonged to the same magma series. Then, the parental
magmas of QDP-I and of the mafic volcanic rocks belong to the same
magma series.

In short, the geochemical features of whole rocks and phenocrysts of
mafic minerals indicate that Eocene Machangqing intermediate-felsic
porphyries were generated from the differentiation of mantle-derived
mafic magma with minor crustal assimilation.

7.2. Petrogenesis model

The major elements of whole rocks show fractional crystallization

Fig. 13. Harker diagrams showing the major element compositions of whole-rocks and fractional crystallization trends; parameters are listed in Table 2. The orange
dotted line is modeled residual liquids formed by equilibrium crystallization of hydrous parental basalts with 4 wt.% H2O at conditions of 0.3 GPa and 750 °C (Lee
and Bachmann, 2014). The evolution trend from this work (blue dotted line) is consistent with the trend presented by the orange line. AP FC, apatite fractional
crystallization.
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trends from the mafic volcanic rocks to the felsic porphyries in the
Machangqing area (Fig. 13). Particularly, as shown in Fig. 13f, the
evolving trend of magma P2O5 contents is consistent with the modeled
residual liquids formed by the crystallization of hydrous parental ba-
salts (Lee and Bachmann, 2014). The calculated physicochemical con-
ditions of phenocrysts from the intermediate-felsic porphyries and
mafic volcanic rocks in the Machangqing area reveal information on the
magma source and fractional crystallization processes at different
depths of the crust (Fig. 15).

7.2.1. Partial melting of metasomatic lithosphere mantle
As mentioned previously, the direction of movement of the Indian

plate changed from northeastward to northward at ~40 Ma, followed
by clockwise rotation (Replumaz et al., 2014; Xu et al., 2016b). The
tectonic regime in the western Yangtze Craton changed from com-
pression to extension during these processes (Fig. 1c and d). The si-
multaneous southeastward extrusion of the Indochina block, starting at
~41 Ma (Xu et al., 2016b), ultimately absorbed the compression stress
exerted on the western Yangtze Craton by the movement of Indian
plate. The resultant tectonic transtension may have induced peeling

away of the instable lower lithospheric mantle and promoted asthe-
nosphere upwelling in the area of the western Yangtze Craton (He et al.,
2016; Lu et al., 2013).

The highest crystallization pressure calculated for clinopyroxene
phenocrysts in the mafic volcanic rocks is 2060 MPa, corresponding to a
depth of 64 km. This is deeper than the depth of the juvenile mafic
lower crust obtained by the calculated physicochemical conditions
(1240–1450 MPa, at a depth of 44–52 km). According to seismic to-
mography studies in Southeastern Tibet (Liu et al., 2001), the pressure
is plotted in the range of the upper lithosphere mantle (Fig. 15a). The
geothermal gradient of the mafic volcanic rocks is approximately
2.8 °C/km or 0.08 °C/MPa (Fig. 15a). This cooling rate indicates that
the mafic magma ascended turbulently through dykes within the crust
(Huppert and Sparks, 1985; Fig. 15b). The initial melts of quickly em-
placed mafic volcanic rocks comprise components of ~20% astheno-
spheric and ~80% metasomatic lithospheric magmas (Fig. 12). This
indicates that the parental mafic magmas of the Eocene intermediate-
felsic porphyries and mafic volcanic rocks in the Machangqing area
were derived from partial melting of the enriched lithosphere mantle
triggered by asthenosphere upwelling in the Eocene (Fig. 15b).

Fig. 14. Simulations of fractional crystallization: (a) Dy/Yb vs. SiO2 (modified after Davidson et al., 2007); (b) Sr/Y vs. CaO; (c) Nb/Ta vs. CaO; (d) La/Yb vs. CaO.
Simulations in (b), (c), and (d) show that from mafic volcanic rocks to intermediate QDP-I, the magma series may have experienced 20–40% fractional crystallization
of Ol (olivine), Cpx (clinopyroxene), high-Al Amp (amphibole), and garnet. From intermediate QDP-I to felsic GDP and GP, the proportion of fractional crystallization
is 10–30%. The fractionating assemblage mainly consists of Bi (biotite) and low-Al Amp, with minor Kf (alkali-feldspar), Ap (apatite) and Pl (plagioclase).
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7.2.2. Multi-stage fractional crystallization
Based on seismic tomography studies, the crust under the

Machangqing area are thickened to 52–56 km (Li et al., 2018). The base
of the lower crust consists of a juvenile mafic lower crust (high-velocity
lower crust, on average 20 km thick), and the upper boundary of the
middle crust lays at approximately 20 km (Liu et al., 2001). This
structure is further confirmed by the calculated crystallization pressure
of the high-Al amphiboles in the lower crustal xenoliths from the Liuhe
area (Table 1), 1240–1450 MPa, corresponding to depths of 44–52 km.

The clinopyroxene geobarometer show that the clinopyroxene

phenocrysts in the mafic volcanic rocks crystallized from mafic magma
at pressures of 1380–1530 MPa, corresponding to depths of 49–55 km
(Fig. 15a). These results indicate that the mantle-derived initial mafic
magmas underplated at the base of the lower crust in the western
Yangtze Craton (stage 1; Fig. 15b). Clinopyroxene and olivine may have
crystallized during this process because phenocrysts of these two mi-
nerals are commonly formed in mafic volcanic rocks (Huang et al.,
2010). In addition, the positive correlations of the whole-rock Dy/Yb
values and silica contents between the mafic volcanic rocks and the
intermediate QDP-I (Fig. 14a) indicate that garnet may also have

Fig. 15. (a) Variation of physicochemical conditions; the horizontal lines represent borders of the lithosphere structure in the western Yangtze Craton (modified after
Liu et al., 2001; Xu et al., 2014; Zhou et al., 2017); the slanted dotted lines are geothermal gradient lines; HVLC, high-velocity lower crust. (b) Schematic diagram for
Eocene magmatism in Machangqing.

Table 2
Major and trace elements of single minerals and mineral/melt partition coefficients.

Ol Cpx High-Al amp garnet Low-Al amp Kf Pl Bi Ap

SiO2 (wt%) 39.70 51.95 41.52 44.04 63.50 59.08 37.19 0.18
Al2O3 (wt%) 0.03 1.96 12.33 8.79 20.55 25.70 14.22 0.00
CaO (wt%) 0.32 22.06 10.93 5.0f 11.20 2.06 7.42 0.02 54.14
MgO (wt%) 44.73 15.15 11.56 11.20 0.13 0.00 13.89 0.00
FeO (wt%%) 14.59 7.39 15.23 17.07 0.17 0.21 16.93 0.05
TiO2 (wt.%) 0.03 0.36 1.76 1.46 0.05 0.00 3.21 0.00
P2O5 (wt%) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 41.52
La (ppm) 5.36 28.34
D(La) 0.00003 a 0.319 e 0.0016 g 0.04b 0.29c 5.713 d 7.45c

Yb (ppm) 1.27 5.62
D(Yb) 0.00403 a 1.79 e 6.6 g 0.00525b 0.07c 1.473 d 5.39c

Sr (ppm) 180 81.34
D(Sr) 0.0002 a 0.46 e 0.0025 g 6.75b 1.18c 0.29c 1.31c

Y (ppm) 14.5 66.93
D(Y) 0.0008 a 2.47 e 3.1 g 0.0034b 0.04c 1.43c 10c

Nb (ppm) 0.15 27.88
D(Nb) 0.0005 a 0.8 e 0.0031 g 0.01b 0.51c 4.01c 0.002c

Ta (ppm) 0.01 0.60
D(Ta) 0.0007 a 0.75 e 0.22c 0.033b 0.55c 1.91c 0.002c

The calculation formula is based on C0 = F*Cmineral + (1 − F)*Cmelt. Major elements of Ol are average value of rim of olivine phenocrysts in mafic volcanic rocks
(Huang et al., 2010). Major and trace elements of Cpx are average of clinopyroxene phenocrysts (except green cores) in mafic volcanic rocks (Huang et al., 2010).
Major elements and trace elements of high-Al amp and Low-Al amp are averages of high-Al amphibole phenocrysts in QDP-I and low-Al amphibole phenocrysts in
Machangqing porphyries. Major elements of Kf and Pl are averages of alkali feldspar and plagioclase phenocrysts in GDP (unpublished data). Major elements of Ap, Bi
are average of apatite, biotite phenocrysts in QDP-I (unpublished data). Superscripts a, b, c, d, e and g represent partition coefficients from Melluso et al. (2008),
Arzilli et al. (2018), Zhang et al. (2014), Rollinson, 1993, Ma et al. (2016) and Johnson (1998). Superscript f means the major elements of garnet reference contents
from Keshav et al. (2007).
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fractionally crystallized from the underplated mafic magma (Davidson
et al. 2007).

The calculated crystallization pressure of the high-Al amphibole
phenocrysts in QDP-I (Fig. 15a) show that they crystallized at pressures
of 854–590 MPa, corresponding to depths of 32–22 km (average 27 km)
within the middle crust (Fig. 15b). This indicates another stage of
crystallization (stage 2) of the magmas in the middle crust. The dia-
grams of major elements versus silica for whole rocks (Fig. 13) show
that from the mafic magma to the intermediate magma (from stage 1 to
stage 2), olivine, clinopyroxene, and high-Al amphibole fractionated
from the magmas. The detailed simulations suggested that 20–40%
fractional crystallization probably occurred in these two stages, and
that the possible mineral assemblage is clinopyroxene (15%), high-Al
amphiboles (55%), olivine (10%), and garnet (20%) (Fig. 14b and c).

The low-Al amphibole phenocrysts in the Machangqing porphyries
probably formed in the last stage of fractional crystallization (stage 3)
within the upper crust (Fig. 15a), because they display the lowest
crystallization temperature and pressure (815–759 °C and 132–93 MPa,
respectively) relative to the mafic phenocrysts in the first two stages.
The fractional crystallization models of the major and trace elements of
QDPs, GDP, and GP indicate that the minerals that crystallized from the
intermediate melts (represented by QDP-I) in this stage include low-Al
amphiboles, biotite, feldspar, and apatite (Figs. 13 and 14). However,
only a minor amount of feldspar (alkali feldspar and plagioclase)
crystallized from the intermediate melts (Fig. 14b), because there is no
obvious Eu anomaly in the Machangqing porphyries (Fig. 8a), and the
extremely highly compatibility of Sr compared to Y in feldspar (ex-
tremely high D(Sr/Y),Table 2). The felsic GDP and GP are therefore the
products of fractional crystallization of the intermediate magma formed
through stage 2 to stage 3 (Fig. 15b).

Based on the calculated physicochemical conditions of the equili-
brated magmas at these three stages, the geothermal gradient changed
dramatically from the middle crust (stage 2) to the upper crust (stage
3). The geothermal gradient from stage 1 to stage 2 would have been
0.40 °C/MPa at most (as calculated using the average magma tem-
perature and pressure at the juvenile mafic lower crust and the middle
crust; Fig. 15a). In stage 3, the geothermal gradient would have been
0.77 °C/MPa (as calculated using the magma pressure and temperature
at the upper crust; Fig. 15a). Such a drastic increase in the geothermal
gradient would probably have induced magma degassing at stage 2,
regardless of whether or not the magma was saturated with water
(Cashman, 2004; Fiege et al., 2014). Magma degassing can concentrate
fluid at the top of the magma chamber, and at the same time can cause
increased fractionation of La relative to Yb into the produced hydrous
melts (Michard et al., 1983; Tsay et al., 2014). These hydrous magmas
with low density and viscosity can ascend easily from the middle crust
to the upper crust. Moreover, the fluid may carry Cu and Au to the
upper crust for porphyry mineralization.

8. Conclusions

(1) The Eocene Machangqing intermediate-felsic porphyries were in-
itially derived from partial melting of the enriched lithosphere
mantle. At ~40 Ma, extension in the western Yangtze Craton caused
lower lithosphere mantle delamination, promoted asthenosphere
upwelling, and induced melting of enriched lithospheric mantle at a
depth of ~64 km. Ascending from the partial melting zone, the
initial mafic magma underplated at the base of the lower crust
before further evolution through the crust.

(2) Three stages of fractional crystallization of the mantle-derived in-
itial mafic magma are proposed for the genesis of the Eocene
Machangqing intermediate-felsic porphyries. Stage 1 occurred at
the base of the juvenile mafic lower crust (depth of 49–55 km),
followed by stage 2, the fractional crystallization of olivine, clin-
opyroxene, high-Al amphiboles, and garnet at the middle crust
(~27 km), generating magmas with intermediate compositions

(roughly represented by QDP-I). Finally, the intermediate magma
produced the felsic GDP and GP at the upper crust by fractionation
of predominantly low-Al amphiboles and biotite. Magma degassing
may have occurred in stage 2 due to a drastic increase in the geo-
thermal gradient. This process induced the parental magmas of
QDPs, GDP, and GP to rise from the middle crust to the upper crust,
and the separated fluid may have concentrated and carried metals
from the magma chamber for mineralization.
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