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ABSTRACT: The Wangjiazhuang granitic pluton is located in the central Zanhuang Domain, the cen-
tral part of the North China Craton, which is mainly composed of biotite monzogranite with few mafic
microgranular enclaves. Biotite is an important ferromagnesian mineral in most of the intermediate-
felsic igneous rocks, and its mineral chemistry can record the properties of magma and the petrogenet-
ic physicochemical conditions. In this study, we carried out a detailed petrographic study by electric
probe microanalysis on biotite for the biotite monzogranite and mafic microgranular enclaves, to dis-
cuss the source, physicochemical conditions, and the magma mingling/mixing processes of the Wangjia-
zhuang granite. The results show significantly different chemical compositions from the biotite monzo-
granite and mafic microgranular enclaves. The crystallization of these biotite grains from the biotite
monzogranite and mafic microgranular enclaves all occurred in low oxygen fugacity. The biotite grains
in biotite monzogranite are rich in Fe, poor in Mg, which belong to siderophyllite. The ratios of [(Fe* +
Fe*")/(Fe’* + Fe** + Mg™)| are between 0.78 and 0.86. The average of FeOQ" (total FeQ)/MgO of biotite
grains in biotite monzogranite is 9.02. The MF values [2 x Mg/(Fe™ + Mg + Mn)] of biotite monzogran-
ite are between 0.31 and 0.47, suggesting biotite monzogranite derived from crustal source rocks
(metasedimentary rocks). The formation of granitic rocks including the Wangjiazhuang granite was re-
lated to the subduction event at ca. 2.5 Ga which resulted in the melting event, and then induced the
early partial melting of TTGs and metasedimentary rocks. The biotite in mafic microgranular enclaves
varies from siderophyllite to ferrobiotite, and MF values range from 0.63 to 1.06, suggesting that mag-
ma of mafic microgranular enclaves had experienced magma mixing/mingling in various degrees. Bio-
tite monzogranite and parts of mafic microgranular enclaves have a similar crystallized condition,
while other mafic microgranular enclaves are different from biotite monzogranite. The differences be-
tween biotite monzogranite and mafic microgranular enclaves may be a consequence of continuous in-
teraction between granitic and mafic magmas.

KEY WORDS: biotite, mineral chemistry, crystallization, magma mixing, Wangjiazhuang granite,
Zanhuang Massif, North China Craton.

0 INTRODUCTION

Emplacement of the granitic rocks (especially ca. 2.5 Ga) is
developed within the whole North China Craton (NCC) in the
late stage of the Neoarchean (Zhong et al., 2018; Han et al.,
2014; Ma et al., 2013; Zhang et al., 2013; Nutman et al., 2011;
Gengetal.,2010; Wilde etal., 2005). The Wangjiazhuang granitic
pluton intrudes the Neoarchean Zanhuang tectonic mélange belt
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in the Central Orogenic Belt of the NCC (Jiang et al., 2020;
Kusky etal.,2018; Wang J Petal., 2017a, b, ¢, 2015, 2013; Deng
et al., 2013). The lithology of the Wangjiazhuang granitic pluton
is relatively simple, mainly composed of biotite monzogranite
and mafic microgranular enclaves (MMEs). Previous studies on
the Wangjiazhuang granitic pluton put forward two main view-
points about petrogenesis and the geodynamic mechanism by the
whole-rock major and trace elements analysis: some researchers
thought of it as being generated from remelting of old crust after
accretion in a syn-subduction environment (Li and Zhai, 2019;
Kusky et al., 2018; Wang J P et al., 2017b, 2015; Deng et al.,
2014; Peng et al., 2013; Wang W et al., 2013; Nutman et al.,
2011), whereas others thought of it as mantle sources (Kwan et
al., 2016; Wu et al., 2014; Zhao and Zhai, 2013; Geng et al.,
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2012; Zhao, 2009; Zhao et al., 1999). However, detailed miner-
al geochemical studies (e.g., biotite) play an important role in
discussing the material source, physicochemical conditions and
evolution history of magma crystallization.

The MMEs in granitoid are of great significance to ex-
plain the coexistence and mixing of two or more different
types of magma during diagenesis, they play an important role
in understanding the evolution of mafic magma in feldspar
magma (Temizel et al., 2014; Weidendorfer et al., 2014; Liu et
al., 2013; Yang and Jiang, 2013; Slaby and Martin, 2007,
Zhang et al., 2007; Barbarin, 2005; Perugini et al., 2003). The
study of magma mixing has become a hot topic in granite re-
search recently. Mineral geochemistry data in magmatic rocks
can provide direct evidence for physical and chemical condi-
tions of magmatic consolidation and various geological pro-
cesses (magma evolution processes such as separation crystalli-
zation, magma mixing, and magma consumption and replenish-
ment) that occur in the magma chamber (Temizel et al., 2014;
Speer, 1987). The chemical composition of minerals can reflect
the physical and chemical parameters of mineral crystallization
(pressure, temperature and oxygen fugacity, etc.), history of
crystallization growth and source of magmatic materials.

Biotite is one of the most common melanocratic minerals
which have a wide range of isomorphism of elements in their
mineral chemical composition, such as Fe*'-Mg-Mn, Si-Al-Fe-
Ti and OH-F-CI (L et al., 2003; Rieder et al., 1999; Sun and
Yu, 1989). Metamorphic biotite has been used as a petrogenetic
indicator. For example, biotite that coexists with certain key
minerals is used as the garnet-biotite geothermometer (Wu,
2020; Wu and Zhao, 2007, 2006). Igneous biotite can also be
used to provide valuable petrogenetic information, such as the
chemical composition of biotite records the property of its host
magma well, and its composition change can respond to the dif-
ferent geological environment and physicochemical conditions.
In recent years, biotite has been applied to the research of mag-
matic mixing (Gao et al., 2016; Pignatelli et al., 2016). There-
fore, the study of biotite is of important geological significance
and has been widely used in the study of magmatic genesis
(Zhao K D et al., 2019, 2005; Xu B et al., 2015; Zhao M et al.,
2015; Zhu et al., 2014; Xu 'Y M et al., 2013; Dong et al., 2011;
Jiang et al., 2008, 2006; Zhang et al., 2005; Stone, 2000; Peng,
1997; Abdel-Rahman, 1996, 1994; El Sheshtawi et al., 1993;
Burkhard, 1991).

To further reveal the petrogenesis of Wangjiazhuang gran-
ite and MME:s, especially to reveal whether magmatic mixing
occurred during the formation process of this granitoid, detailed
petrographic and mineral chemical characteristics of biotite in
Wangjiazhuang granitoid are studied. By comparing biotite in
granite and MMEs of Wangjiazhuang granitoid and combining
previous rock geochemistry data (zircon U-Pb dating, whole-
rock major and trace elements analysis, Sr-Nd isotopic composi-
tion), the petrogenesis of Wangjiazhuang granitoid and its mix-
ing process with mafic inclusion magma are further discussed in
this study.

1 GEOLOGICAL BACKGROUND
The North China Craton (NCC) covers about 1.7 million
square kilometers in northeastern China, Inner Mongolia, the

Yellow Sea, and Korea. It is bounded to the south by the
Qinling-Dabie Belt, the Central Asian Orogenic Belt to the
north, the Qilian Orogen to the west, and the Jiao-Liao Belt to
the east (Chen et al., 2021; Guo et al., 2021; Du et al., 2020;
Duan et al., 2020; Ma et al., 2019; Kusky et al., 2018, 2016;
Kusky and Li, 2003; Bai and Dai, 1998, 1996). It is one of the
most intact paleo-continental cratons in China and even in the
world (Fig. 1a). For recent decades, most researchers have gen-
erally divided the NCC into the Eastern Block (EB) and the
Western Block (WB), separated by the intervening Central Oro-
genic Belt (Zhao et al., 2001; Kusky and Li, 2003), or several
smaller microblocks (Zhai and Santosh, 2011; Li et al., 2010),
which are separated by greenstone belts with different ages
(2.5, 2.6-2.7 Ga). The Zanhuang Block is located in the eastern-
most margin of the central south section of the orogenic belt in
the central part of the North China Craton (Fig. 1b), and it is one
of the key areas to study and analyze the collision orogenic ef-
fect of the eastern and western continental blocks of the North
China Craton. Trap et al. (2011, 2009a, b) divided the Zanhuang
Block into three tectonic geological units: the western Zan-
huang Domain, the eastern Zanhuang Domain and the central
Zanhuang Domain. The Wangjiazhuang granite (Fig. 1c) is lo-
cated in the southwest corner of Hebei Province, at the junction
of the central and eastern Zanhuang Domain, which has an ex-
posed area of about 12 km®, with an irregular annular body.

The lithology of Wangjiazhuang granite is relatively sim-
ple, mainly composed of biotite monzogranite (Fig. 2). Previ-
ous studies on the Wangjiazhuang granite have been underway
for many years. Wang et al. (2015) carried out the petrochemis-
try study of the Wangjiazhuang granite, including zircon U-Pb
dating, whole-rock major and trace elements analysis and Sr-
Nd isotopic composition, considered a typical affinity of A-
type granite of the Wangjiazhuang granite, with high Si, K and
Rb/Sr ratios (1.8-3.21, average 2.54), low Mg and Cr content.
It indicated that the Wangjiazhuang granite did not crystallize
directly from the mantle source, but underwent a certain degree
of crustal mixing.

2 SAMPLE DESCRIPTION

Fresh granite and MMEs with different color index were
sampled from the edge to the core of the Wangjiazhuang gran-
ite (Fig. 2). The Wangjiazhuang granite has pink to reddish
hues, which shows the gneissose and massive structure (Fig.
3a). The orientation of biotite minerals can be observed from
samples at the edge of the granitoid. The main minerals include
feldspar (55%—60%), quartz (25%—30%), biotite (5%—10%),
muscovite (<5%) and minor magnetite, apatite and zircon.
Feldspar grains are mostly microcline and are variably sericit-
ized (Fig. 3d). The MMEs exist in the whole Wangjiazhuang
granite, mainly showing irregular- or spindle-shaped, with dif-
ferent sizes (Figs. 3b and 3c). The smaller MMEs are 5-8 cm
in diameter whereas some MMEs reach up to 100 cm in diame-
ter. There are clear or transitional boundary between the differ-
ent MMEs and the granite (Figs. 3b and 3c). The color index of
MMEs is different, and a complete series can be formed ac-
cording to the color index. The MMEs are generally darker
than granite and also show the massive structure. Some have
porphyritic-like texture while others show micrograined or
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Figure 1. (a) Tectonic subdivision of the North China Craton (NCC) including the Western Block (WB), the Eastern Block (EB) and the Central Orogenic Belt
(COB); QO. Qilian Orogen; CCOQDB. Central China Orogen Qinling-Dabie Belt; SGB. Songpan-Ganzi Basin; NHB. North Hebei Orogen; JB. Jiaoliao Belt;
SLB. Sulu Belt; TLF. Tanlu fault; RM. Ramgnim massif; PB. Pyeongnam Basin; GM. Gyeonggi massif; IB. Imjingang Belt; YM. Yeongnam massif;, GB.

Gyeongsang Basin; YC. Yangtze Craton; CC. Cathaysia Craton. (b) Geological map of the central part of the North China Craton (NCC) showing different mas-

sif within the Central Orogenic Belt, and the western, central, and eastern Zanhuang domains of the Zanhuang massif; HS. Hengshan massif; WT. Wutaishan

Massif; FP. Fuping massif; LL. Liilliangshan massif; ZH. Zanhuang massif; (c) geological map of the Zanhuang massif, the western Zanhuang Domain mainly
consists of circa 2.5-2.6 Ga TTG gneiss. Maps modified after Trap et al. (2009a) and Wang et al. (2015).

equigranular texture. The main minerals include feldspar (40%—
45%), quartz (30%—-35%), biotite (20%—25%), and minor mag-

netite, apatite and zircon (Figs. 3e and 3f). Feldspar grains are
mostly K-feldspar and albite.
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Figure 2. Geological map of the study area showing sample locations and the different units, including the TTG gneisses of the western Zanhuang Domain and

the Eastern Block, the Neoarchean mélange belt, marble unit and mica schist and paragneiss unit of the marble-siliciclastic unit; the mélange is intruded by the

Wangjiazhuang granitic pluton with surrounding schist, marble, quartzite and volcanic rocks and cross-cut by undeformed pegmatites (modified after Wang J P

etal, 2013).

Figure 3. Field photographs and microphotographs of the Wangjiazhuang granite and MMEs. (a) The Wangjiahzuang granite in the field; (b) and (c) the MMEs

in the Wangjiazhaung granite; (d) granite containing K-feldspar (Kfs), plagioclase (P1), quartz (Qtz) and biotite (Bt); (¢) and (f) the MME containing K-feldspar
(Kfs), quartz (Qtz) and biotite (Bt).

3 ANALYTICAL METHODS AND RESULTS

electron probe microanalyzer (EPMA) with four wavelength-

Mineral analyses were performed using a JEOL JXA-8230 dispersive spectrometers (WDS) at the Center for Global Tec-
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tonics, School of Earth Sciences, China University of Geosci-
ences (Wuhan). The operating conditions were described in
Wang et al. (2019) and Ning et al. (2019) in detail. A 15 kV ac-
celerating voltage, 20 nA probe current, and a one-micron
beam diameter had been used. Dwell times were 10 s on ele-
ment peaks and half that on background locations adjacent to
peaks. Raw X-ray intensities were corrected using a ZAF
(atomic number, absorption, fluorescence) correction proce-
dure. A series of natural and synthetic SPI standards were uti-
lized and changed based on analyses of the minerals. The fol-
lowing standards were used: sanidine (K), pyrope garnet (Fe,
Al), diopside (Ca, Mg), jadeite (Na), rhodonite (Mn), olivine
(Si), rutile (Ti) and apatite (P). The structural formula of biotite
was calculated based on 22 oxygens, and the Fe*” and Fe** con-
tents in biotite were calculated by the method of Lin and Peng
(1994). The calculation results are shown in Table 1.
Whole-rock major and trace element geochemical analy-
sis were carried out at the State Key Laboratory of Geological
Processes and Mineral Resources in China University of Geo-
science (Wuhan). Eight MMEs samples were crushed to ~200
um powder respectively before the geochemical analysis. Ma-

Table 1 Electron microprobe analysis of the biotite from biotite monzo-

granite and MME (wt.%)

Biotite monzogranite
(n=52)

Min Max Mean  Min Max  Mean

MMEs (1 = 200)

Sio, 3441 3571 3507 3427 38.64 35.83
TiO, 2.35 33 2.73 034  3.62 2.01

ALO, 1543 17.05 16.07 13.01 17.42 16.03
FeO' 2733 29.02 2792 2022 28.08 24.08
MnO 0.16  0.33 0.24 0.2 0.67 0.4

MgO 252 426 3.14 3.51 9.83 6.38
CaO 0 0.16 0.01 0 1129 0.12
Na,O 0.01 0.5 0.11 0 1.51 0.06
K,0 9.17 1032 10.04 223 10.3 9.86
F 0.41 1.6 0.94 0.57 2.8 1.71

O=F 024 093 0.54 0.33 1.62 0.99
Total 9537 9638 9587 9456 96.69 95.77
FeO'/MgO 6.42 10.89  9.02 2.15 7.6 4.35
Si 5.66 5.39 5.56 5.41 5.86 5.60
Ti 029  0.37 0.33 0.04 043 0.24
AlY 234 261 2.44 2.14 259 2.40
Fe* 326 3.34 3.27 225 3.37 2.78
Fe' 0.50  0.32 0.43 0.23 0.48 0.38
Mn 0.02  0.04 0.03 0.03 0.09 0.05
Mg 0.62 096 0.74 082 228 1.48
Ca 0.00  0.03 0.00 0.00 1.84 0.02
Na 0.00  0.15 0.03 0.00 044 0.02
K 1.92 1.99 2.03 043  2.07 1.97
MF 0.31 0.47 0.37 0.42  0.95 0.67

(Fe*" + Fe™)/

. 86 083 055 081 6
FerFe vy 078 08 081  0.69

jor element contents were measured by Shimadzu scanning X-
ray fluorescence spectrometry (XRF). The analytical precision
and accuracy are >4%. Measurement procedures and data qual-
ity assessment are monitored by repeated analysis of the USGS
standard AGV-2 and Chinese National standards GSR-3 and
GRS-7. Specific analytical conditions and processes are pre-
sented in Ma et al. (2012). Trace element contents were deter-
mined using an Agilent 7500a inductively-coupled plasma-
mass spectrometer (ICP-MS). International standard samples
of BHVO-2, AGV-2 and RGM-2 were used in the analysis. De-
tails of sample processing and analytical procedures are given
in Govindaraju (1994) and Liu et al. (2008).

Results of the EPMA are shown in Table 1, and the trend
diagram of biotite composition is shown in Fig. 4, which indi-
cates that the Wangjiazhuang granite is characterized by enrich-
ment in Fe, Ti, Al content and depletion in Mg content (Figs.
4b, 4c and 4e). The FeO" (total iron, the same below) fraction
of biotite in granite is 27.33 wt.%—29.02 wt.%, the mass frac-
tion of MgO is 2.52 wt.%—4.26 wt.%, and the iron coefficient
[(Fe* + Fe*")/(Fe* + Fe™" + Mg*")] is 0.65-0.70. The chemical
composition of biotite from MMEs is obviously different from
that of the former, showing that the FeQ" value is 20.22 wt.%—
28.08 wt.%, MgO is 3.51 wt.%—9.83 wt.%, the iron coefficient
[(Fe* + Fe*)/(Fe' + Fe’" + Mg)] is 0.55-0.81. The values of Si,
Al, Mg and F vs. [(Fe*" + Fe™)/(Fe*" + Fe** + Mg)] show signifi-
cant negative correlations while others show positive correla-
tions or irrelevance (Figs. 4a—4f). Compared with biotite in
granite, Mg and Fe content of biotite in MMEs varies widely.
The composition of biotite in some MMEs is similar to that in
granite, while some are relatively rich in Mg and poor in Fe.
During the transition from MME:s to granite, the mean value of
MF [2 x Mg/(Fe’* + Mg + Mn)] decreases continuously from
0.67 to 0.37.

Eight samples of MMEs have been analyzed for major and
trace elements. The major oxides described below are recalcu-
lated to 100% on a volatile-free basis. The results and related
parameters are shown in Table 2. The MMEs have a relatively
narrow range of geochemical compositions, with SiO, content
between 67.28 wt.% and 73.64 wt.%, high Al,O, between 12.86
wt.% and 15.57 wt.%, MgO between 0.30 wt.% and 1.79 wt.%,
Fe,O, between 2.36 wt.% and 5.65 wt.%, and CaO between
0.86 wt.% and 3.56 wt.%. As shown in Table 2, these rocks are
relatively rich in alkalis with K,O of 1.02 wt.%—-5.79 wt.%,
Na,O of 2.72 wt.%—5.18 wt.%, and total alkalis (K,O + Na,O)
of 3.74 wt.%—10.97 wt.%, whereas low TiO, content of 0.22
wt.%—0.43 wt.%. The values of Mg" range from 19 to 39. The
MME:s have a large variation and enrichment in trace elements
with Ga of 20.8 ppm—29 ppm, Rb of 132.5 ppm—-360 ppm, Zr of
107 ppm—472 ppm, Nb of 6.9 ppm—25.1 ppm, Y of 7.9 ppm—
49.7 ppm (Table 2). The total REEs content of MMEs are high
(Table 2), and show wide variations (XREE = 70.8 ppm—938.2
ppm, average value = 272.1 ppm) with very strong negative Eu
anomalies (Eu/Eu* = 0.2-1.13). The MMEs are highly enriched
in LREEs ((La/Sm), = 3.36-5.70; (La/Yb),, = 9.25-46.03) and
have relatively flat HREE ((Gd/Yb), = 1.52-4.7) patterns.

The biotite in the granite can be formed by metamorphic
or igneous origin. Ma et al. (1994) proposed a discrimination
method by the chemical composition of the biotite. The biotite
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Figure 4. Composition variations of biotites in biotite monzogranite and MMEs from Wangjiazhuang pluton.

formed by retrograde metamorphism with the Ti content (at-
oms per formula unit, apfu) lower than 0.2 or formed by pro-
grade metamorphism with the variable Ti content (apfu) and
Mg/(Mg + Fe) content are higher than 0.55. The biotite formed
by igneous origin with higher Ti content (0.2—0.55, apfu) and
moderate Mg/(Mg + Fe) content (0.3—0.55, apfu). The biotite
grains from MME:s are characterized by Tivalues of 0.17-0.43
(0.28 on average, apfu) and Mg/(Mg + Fe) values of 0.19-0.45
(0.32 on average, apfu) (Figs. 4b and 4e). The biotite grains
from granite are characterized by Tivalues of 0.27-0.39 (0.33
on average, apfu) and Mg/(Mg + Fe) values of 0.14-0.22 (0.16
on average, apfu) (Figs. 4b and 4e). Combining with mostly bi-
otite grains from MMEs and granite are euhedral, we infer the
biotite grains are mostly igneous origin.

The TiO, and Al,O, contents of biotite in granite show nar-
row variations, the range of TiO, content is 2.35 wt.% to 3.30
wt.%, and AL,O, content is 15.43 wt.% to 17.05 wt.%. Howev-
er, the range of Al and Ti content of biotite in MMEs is rela-

tively wide, which is related to the mixing degree of enclave
magma and host magma and the change of crystallization envi-
ronment of biotite (Temizel et al., 2014).

In the Mg-(Al"' + Fe*" + Ti)-(Fe** + Mn) biotite classifica-
tion diagram (Fig. 5), the biotite in granite falls into the field of
siderophyllite, and the biotite in MMEs is widely distributed,
including ferro-biotite and siderophyllite.

4 DISCUSSION
4.1 Petrogenesis

The composition characteristics of biotite in magmatite
well recorded the physicochemical information of host magma
(Abdel-Rahman, 1996, 1994). Using biotite coexisting with
magnetite and potash feldspar, Wones and Eugster (1965) ex-
perimentally studied the contents of Fe'*, Fe*” and Mg in biotite,
concluding that these three factors could recover the oxygen fu-
gacity during the crystallization process of mica. According to
the microscope observation and the composition of biotite
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Table 2 Chemical composition for mafic microgranular enclaves and their host rocks from Wangjiazhuang pluton

Lithology MMEs
Reference This study
Sample 19WJZ01 19WJZ02 19WJZ05 19WJZ06 19WJZ07 19WJZ08 19WJZ09 19WJZ12
37°17'55"N 37°17'58"N 37°18'3"N 37°18'9"N 37°18'12"N 37°18'13"N 37°18'16"N 37°18"20"N
ors 114°13"25"E 114°13'24"E 114°13'29"E 114°13'20"E 114°13'21"E 114°13'30"E 114°1326"E 114°13'31"E
SiO, 67.28 72.48 68.19 67.73 68.68 73.64 73.19 70.04
TiO, 0.43 0.31 0.41 0.41 0.35 0.22 0.25 0.35
AlLO, 15.57 13 12.86 13.06 14.22 13.53 13.1 12.92
Fe,0O, 4.25 3 5.42 5.64 5.12 241 2.36 5.65
MnO 0.06 0.04 0.12 0.1 0.06 0.05 0.05 0.08
MgO 0.96 0.35 1.77 1.79 1.11 0.71 0.3 0.91
CaO 1.85 1.09 3.56 3.43 1.76 2 0.86 1.96
Na,O 4.94 2.72 4.03 4.1 4.17 5.18 2.92 4.26
K,0 3.35 5.79 1.78 2.05 3.25 1.02 5.77 1.98
P,0; 0.14 0.05 0.12 0.13 0.1 0.05 0.05 0.1
LOI 0.78 0.84 1.22 1.36 0.65 0.69 0.75 1.03
Total 99.61 99.67 99.48 99.8 99.47 99.5 99.6 99.28
La 57.2 220 15.4 15.6 15.5 20.5 135 21.5
Ce 116 440 28.7 29.5 29.4 34.7 287 32.7
Pr 11.8 51 3.44 3.67 39 4.44 31 52
Nd 40 158.5 14 133 13.9 14.9 99.8 19.3
Sm 6.48 26.2 2.25 2.28 2.26 2.66 16.05 4.13
Eu 1.12 1.37 0.69 0.83 0.39 0.49 1.2 0.42
Gd 4.53 16.8 2.09 2.23 1.92 2.5 11.25 4.06
Tb 0.62 2.25 0.36 0.32 0.27 0.35 1.37 0.63
Dy 3.52 10.9 2.05 2.03 1.43 1.99 6.89 3.36
Ho 0.66 2.03 0.41 0.45 0.27 0.42 1.17 0.62
Er 1.87 4.6 1.18 1.21 0.73 1.09 2.65 1.52
Tm 0.27 0.58 0.17 0.18 0.1 0.16 0.34 0.21
Yb 1.93 343 1.09 1.21 0.61 1.01 1.98 1.17
Lu 0.3 0.54 0.15 0.17 0.09 0.16 0.32 0.15
Ba 509 802 117.5 139 277 91.3 804 159.5
Nb 25.1 20.4 6.9 7.5 15 7.7 15.6 20.1
Rb 360 326 225 272 292 132.5 258 294
Sr 235 126 124 121.5 138 149.5 122.5 103
Th 12.9 429 2.09 2.08 1.96 4.01 30.2 3.6
Ti 0.26 0.19 0.25 0.25 0.2 0.13 0.16 0.22
U 435 3.09 0.7 0.69 0.5 1.04 2.21 0.64
Y 19.1 49.7 11.1 12 7.9 10.6 24.6 16.7
Zr 195 472 128 123 122 107 334 125
Hf 4.8 13.8 2.7 3.2 3.1 32 9.9 35
Eu/Eu* 0.63 0.2 0.97 1.13 0.57 0.58 0.27 0.31
La/Sm 5.7 5.42 4.42 4.42 4.43 4.98 5.43 3.36
La/Yb 21.27 46.03 10.14 9.25 18.23 14.57 48.93 13.19
Gd/Yb 1.94 4.05 1.59 1.52 2.6 2.05 4.7 2.87
Age (Ma)

ey
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Table 2 Continued

Lithology Biotite monzogranite
Reference Wang et al. (2015)
Sample 13XT-17-1 13XT-19-1 13XT-22-1 13XTA-20 13XTA-21 13XTA-22 13XTA-23
37°19'36"N 37°19'37"N 37°18'1"N 37°17'55"N 37°17'57"N 37°17'59"N 37°17'59"N
ors 114°11'30"E 114°11'19"E 114°13'30"E 114°13"29"E 114°13'30"E 114°13'30"E 114°13'30"E
SiO, 74.61 74.23 73.91 72.87 72.56 72.8 73.29
TiO, 0.21 0.25 0.23 0.25 0.23 0.2 0.26
ALO, 13.57 13.22 13.49 13.24 13.62 13.31 13.21
Fe,O, 1.84 2.25 2.28 2.33 2.38 2.02 2.6
MnO 0.03 0.04 0.03 0.03 0.04 0.03 0.05
MgO 0.39 0.37 0.29 0.5 0.29 0.29 0.41
CaO 1.12 1.07 1.16 0.53 1.04 1 1.15
Na,O 35 3.08 33 2.86 3.05 3.15 297
K,0 5.29 5.83 5.6 6.03 5.87 5.57 5.37
PO 0.06 0.06 0.05 0.06 0.05 0.04 0.06
LOI 0.41 0.59 0.45 0.71 0.68 0.76 0.9
Total 101 101 100.8 99.41 99.81 99.17 100.3
La 60.1 90.5 105 87.7 109 95.2 133
Ce 121 188 217 190 213 211 271
Pr 13.1 20.5 23.8 20.5 24.4 21.4 29.8
Nd 45.6 72.3 83 70.7 85.6 75.8 102.4
Sm 8.78 13.1 14.3 11.6 14.8 13 17.4
Eu 0.71 1.02 1.13 0.98 1.26 1.05 1.25
Gd 8.13 10.8 11.4 7.13 10.9 9.19 12.2
Tb 1.43 1.59 1.62 1.04 1.65 1.34 1.76
Dy 9.3 8.87 8.75 5.32 8.67 7.14 8.95
Ho 1.88 1.63 1.65 1.03 1.58 1.27 1.54
Er 5.54 4.63 4.57 2.82 4.54 3.51 3.79
Tm 0.83 0.62 0.65 0.46 0.66 0.5 0.51
Yb 5.09 4.03 3.99 2.8 4.14 3.13 3.04
Lu 0.6 0.56 0.56 0.5 0.66 0.53 0.47
Ba 453 533 543 562 555 577 618
Nb 20.9 24.7 22 19.8 24.3 17.4 15.5
Rb 294 282 263 292 269 291 232
Sr 109 105 116 91.1 116 105 129
Th 232 29.3 27.1 30.4 28.7 27.8 30.8
Ti 1.4 1.36 1.24 1.33 1.27 1.35 1.06
U 3.72 3.36 4.29 2.08 2.2 2.53 2.71
Y 56.8 47.9 48.6 309 47.6 355 40.8
Zr 206 272 267 306 302 274 355
Hf 6.56 8.29 8.13 8.8 9.23 8.34 10.6
Euw/Eu* 7.21 6.84 6.61 5.84 6.27 6.08 6.21
La/Sm 4.42 4.46 4.74 4.88 4.75 4.73 4.93
La/Yb 8.47 16.11 18.88 22.47 18.89 21.82 31.38
Gd/Yb 1.32 222 2.36 2.11 2.18 2.43 332
Age (Ma) 2517+20 2506+9.8 2513+13
eya(®) 0.12 0.76 1.13

Major elements, wt.%; trace elements, ppm; LOL. loss on ignition.
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grains by EPMA, biotite in this study conforms to the condi-
tions of the described estimation method above. In the triangle
diagram of Fe™-Fe*’-Mg (Fig. 6), the point for the composition
of biotite grains from granite and MMEs are both located near
the Ni-NiO buffer line, indicating that all biotite grains were
crystallized under the condition with low oxygen fugacity.

The variation range of MF values of biotite in granite and
MMEs is 0.31-0.47 and 0.42-0.95, respectively. According to
the summary of the genetic types of granite (Xie and Zhang,
1987), the MF values of biotite in granite from this study are
between 0.31 and 0.95, which are typical characteristics of fer-
robiotite, indicating the granite is crust-derived. Zhou (1988)
used FeOQ"/ (FeO" + Mg0)-MgO diagram to distinguish mica
from three different material source. All the data from MMEs
and granite show a very obvious negative correlation, respec-
tively. The Wangjiazhuang granite shows the typical character-
istics of crust-derived granite (Fig. 7). The biotite in small
parts of MMEs falls into the crust-mantle mixing area while

Mg

O Biotite from MME
# Biotite from granite

Phlogopite

Magnesian
biotite

20

uscovit,

Siderophyllite

Ferro-muscovite

AP +Fe +Ti 80 47 Fe*"+Mn

Figure 5. Classification diagram for biotites in biotite monzogranite and
MMEs from Wangjiazhuang (after Foster, 1960).
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O Biotite from MME
@ Biotite from granite

2+
o M
Fe Fe,Si0,-8i0,-Fe,0, g

Figure 6. Fe*'-Fe*'-Mg ternary diagram for biotite monzogranite and MMEs
from Wangjiazhuang pluton (after Wones and Eugster, 1965).

the other biotite falls into the crust source area, indicating a
continuous change in the crystallization of the MMEs, and
parts of MMEs with higher MgO values may have preserved
the compositions closer to the original source of material.
Since the final evolution trend result is close to the granite, we
speculate that the biotite monzogranite is the final result of
magma mixing (Fig. 7).

Abdel-Rahman (1994) systematically studied the biotite
composition in orogenic and anorogenic rocks, and proposed a
discriminant diagram for the use of biotite composition to dis-
tinguish the tectonic environment (Fig. 8a), and pointed out
that in the calc-alkaline orogenic suites (I-type granites, field
C), biotite is moderately enriched in Mg with an average FeO'/
MgO ratio of 1.76; biotite in the peraluminous (including S-
type granites) series (field P) are siderophyllitic in composition
and have an average FeO'/MgO ratio of 3.48; biotites in anoro-
genic alkaline suites (field A) are mostly iron-rich, siliceous bi-
otites (near annite), with an average FeO'/MgO ratio of 7.04
(Abdel-Rahman, 1994). However, Shabani et al. (2003) studied
the biotite geochemical characteristics of the Paleozoic gran-
ites of different origins of Canadian Appalachians, and be-
lieved that the biotite composition can reflect the original char-
acteristics of the host magma, which cannot be readily used for
tectonomagmatic characterization of these rocks without the
aid of other types of data. The combined use of multiple dis-
criminant diagrams with other relevant geological evidence
may provide us with more accurate information. Here we
chose two discrimination diagrams from Abdel-Rahman (1994)
and Shabani et al. (2003) to discuss the tectonic setting of
MMEs and granite. On the Fe/(Fe + Mg) vs. Al diagram, bio-
tite grains from granite are characterized by enriched Al and Fe/
(Fe + Mg) content and plotted in the I-SCR (strongly contami-
nated and reduced I-type) granites field; biotite grains from
MMEs are characterized by variable Al and Fe/(Fe + Mg) con-
tent and plotted in the I-SCR or continental arc field (Fig. 8b).
On the FeO'-MgO-Al,0, diagram, biotite grains from granite
are plotted in the fields A or P while biotite grains from MMEs
plot in the fields P or C (Fig. 8a). We can clearly see that there
is a similar evolutionary trend of MMEs from two diagrams
that tectonic setting has transitioned from an active environ-

1.0
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# Biotite from granite
E 08 /
(20 /
s /
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/
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MgO (wt.%)

Figure 7. FeO"/(FeO" + MgO)-MgO diagram on material sources of bio-
tites in biotite monzogranite and MMEs from Wangjiazhuang pluton (after
Zhou, 1988).
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Figure 9. (a) Chondrite-normalized REE distribution patterns and (b) primitive mantle-normalized spidergrams of the MMEs (normalization values from Mc-

Donough and Sun, 1995).

ment (continental arc, orogenic suits or I-type granites) to a
pure sedimentary-material-dominated environment (S-type
granites). We interpreted the magma source of the MMEs
formed in an active environment (I-type granites). With the dif-
ferent degrees of mixing/mingling with granitic magma, the
magma composition is getting closer and closer to the host
granite (A-type granites). The biotite grains from granite crys-
tallized in a transitional environment between A-type (field A)
granites and S-type (field P) granites field. The geochemistry
and geochronology results of Wangjiazhunag monzogranite has
been reported by Wang J P et al. (2013) and Zhang et al.
(2020), and they both concluded a typical affinity of A-type
granites. These monzogranite has high alkali content, low CaO
content and enrichment of Nb, Ga and Y. All of this features
are consistent with classic A-type granite. In addition, they are
all plotted in the field of A-type granites in the classification di-
agram of Na,O vs. K,0, (K,0 + Na,0) vs. 10 000 Ga/Al and
(K,0 + MgO) vs. 10 000 Ga/Al. Hence we interpreted the host
rocks show an affinity of A-type granites.

On the chondrite-normalized REE distribution patterns,
the MMESs show a strong negative Eu anomalies, enrichment in

LREEs and relatively flat HREE patterns (Fig. 9a). On the prim-
itive mantle-normalized spidergram (Fig. 9b), the MMEs have
distinctly negative anomalies in Ba, K, Sr, P and Ti. The nega-
tive anomalies of Ba, K, Sr and Eu might be associated with res-
idue of K-feldspar and plagioclase in the magma source, where-
as the negative anomalies of P should be attributed to the resi-
due of apatite. The MMEs and host granite have mutually con-
sistent composition patterns, suggesting similar magma source.
However, the range of variation in the composition of MMEs is
larger. This may be due to the fact that the composition of the
host granite has reached uniformity, while the composition of
MMEs differs greatly due to the degree of mixing/mingling.

4.2 Magmatic Mixing/Mingling

The enclaves in granite are multi-genetic, can be the xeno-
lith of surrounding rock, the cognate fragments of cumulate
minerals or early formed crystals from the host magma and the
product of incomplete mixing of magma with different proper-
ties. The genetic types of MMEs in granite have been debated
for a long time, but the latest research shows that the mixed ori-
gin of magma is the most important and widely accepted genet-
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ic model (Temizel et al., 2014; Weidendorfer et al., 2014; Zhao
et al., 2010; Slaby and Martin, 2007; Zhang et al., 2007; Barba-
rin, 2005; Perugini et al., 2003).

The MMEs in Wangjiazhuang granite are interpreted as
magmatic mixing. According to the petrography characteristics
of the MMEs, reaction rims generally are formed by rapid mag-
ma quenching between the MMESs and host granite with distinct
boundary between the MMEs and host granite. The MMEs
show typical magmatic structure such as porphyritic texture, mi-
crograined hypidiomorphic, equigranular texture. All these indi-
cate that the MMEs are magmatic origin and then experienced
underquenching and mixing/mingling with granite magma.

The major and trace element analysis was carried out for
the MMEs, combined with the previous geochemical analysis
of the Wangjiazhuang granite (Table 2), indicating that the con-
tents of Fe, Mg, Ti and Ca in the MME:s are higher than that in
the host granite, and the variation range is also obvious. The
results (Table 2) from Wang et al. (2015) show that the Wang-
jiazhuang granite have slightly positive initial ¢(¢) values
(+0.12— +1.13), high contents of Si, K, and Rb/Sr ratios (1.80
to 3.21, average 2.54), low contents of Mg and Cr, indicating
that Wangjiazhuang granite can’t be derived from mantle-
derived melts, but from crustal-derived melts. Wang et al.
(2015) proposed age of the Wangjiazhuang granite is ca. 2.5
Ga, but the MMESs have not been dated. However, according to
the petrography characteristics of the MMEs, both the MMEs
and host magma should be the contemporaneous product of
magmatism. Based on the mineral chemical characteristics of
biotite, the Mg content of biotite in the MMEs decreases gradu-
ally with the increase of Fe, showing an obvious linear nega-
tive correlation (Fig. 4). The biotite in the MMEs in the Mg-
(AI"" + Fe’" + Ti)-(Fe”" + Mn) classification diagram (Fig. 5)
fall in both ferrobiotite and siderophyllite, and its MF value
(Table 1) is 0.42—-0.95, with a wide range of variation. These
characteristics indicate that the different degrees of material ex-
change between granite magma and enclave magma influenced
the degree of mixing, leading to the composition of biotite crys-
tallized in the MMEs has a wide range of variation, which cor-
responds to a deep to shallow series color of enclaves in differ-
ent samples. Biotite in MMEs with a deeper color index has
higher Mg content, and its composition is close to or within the
crust-mantle mixing area (Fig. 5).

As described above, the injection of enclave magma into
granitic magma should be a continuous process. In the early
stage of granite magma evolution, mafic magma derived from
the melting of the enriched mantle was injected into the granite
magma chamber. Due to the disturbance of the mafic magma
injection and the thermal convection of the granite magma, the
enclave magma is broken into small magma clusters. The gra-
nitic magma has higher initial temperature, mafic magma is
strongly mixed and/or mingled by the granitic magma and the
composition of the mafic magma was greatly affected by the
composition of the granite magma, resulting in the composi-
tion of the biotite crystallized in the enclave is similar to the bi-
otite in the host granite, both rich in Fe and poor in Mg, and
forming an enclave with a lighter color index. In the late stage
of the evolution of granitic magma, the viscosity of granitic
magma increased with a drop in temperature and has lower

competence to be mixed/mingled, resulting in the gradually
weakened degree of mixing/mingling between granitic magma
and the enclave magma injecting into the granite magma, and
the decreasingly affected composition of the enclave magma
by the granite magma. Therefore, the biotite crystallized from
the inclusions retains the original characteristics of relatively
rich Mg. As the degree of mixing/mingling changes from
strong to weak, various types of inclusions with gradually in-
creasing color rates are formed.

5 CONCLUSIONS

The following conclusions are drawn from this study.

(1) The biotite in biotite monzogranite is rich in Fe and
poor in Mg, which belongs to siderophyllite, indicating that its
material source is mainly from crust source. The biotite in the
MMEs is relatively rich in Mg, and shows various composi-
tion, including siderophyllite and ferrobiotite. Both biotite spe-
cies are formed at low oxygen fugacity.

(2) The MMEs has undergone a crust-mantle mixing pro-
cess and recorded the process of magma mixing/mingling with
the Wangjiazhuang granite. The injection of mafic enclave
magma into the granite magma is a continuous process. The de-
gree of mixing/mingling between granitic and mafic magma
gradually decreased as the evolution of granitic magma.
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