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Abstract

During the Cretaceous, the South China Block (SCB) experienced a widely
distributed extensional event including numerous plutons emplacement and basin
opening. Investigations on the tectonic regime coeval with pluton emplacement, and
emplacement mechanism of the pluton remain relatively rare in the SCB. In order to
address these questions, a multidisciplinary approach, including field structural and
petrographic  observations, anisotropy magnetic susceptibility (AMS) and
paleomagnetic analyses, was carried out on the Qingyang-Jiuhua granitic massif
which intrudes into the Lower Yangtze fold belt in the northeastern part of SCB. The
Qingyang-Jiuhua massif is composed of the granodioritic Qingyang and
monzogranitic Jiuhua plutons dated by zircon U-Pb method at ca. 142 Ma, and ca. 131
Ma, respectively. Our structural observations show that the intrusion of the

Qingyang-Jiuhua massif does not modify the fold strike. A weak ductile deformation
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of the country rocks and granitoid can be only observed in the boundary zone with
limited contact metamorphism. In the contact aureole of the massif, the foliation
follows the pluton contour, and the mineral lineation is rare. When present, it exhibits
a down-dip attitude. Field and microstructural observations indicate isotropic
magmatic textures in most parts of the massif. The AMS analysis of 93 sites reveals
weak values for the anisotropy degree (P;<1.2) and oblate magnetic fabric dominance
(T>0) for most of the measured samples. Two principal foliation patterns are
identified: horizontal foliations in the center of the plutons, and vertical foliations on
the boundaries. Magnetic lineation strike is largely scattered, and weakly inclined at
the scale of the entire massif. The paleomagnetic investigations indicate that (a) the
younger Jiuhua pluton did not produce a remagnetization in the older Qingyang
pluton, (b) no relative movement can be observed between these two plutons, (c) the
entire massif did not experience any important relative movement with respect to
South China, considering the paleomagnetic uncertainties. Integrating the newly
obtained results with previous observations, our study favors a permissive
emplacement mechanism for the two plutons, i.e. vertical magma intrusion into an
opening space controlled by the NW-SE brittle stretching of the upper crust, which is

in agreement with a weak extensional regional tectonic framework of the SCB.
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1. Introduction:

The Late Mesozoic geology of South China Block (SCB) is featured by a large
number of graben or half-graben basins coupled with numerous plutons and related
ore deposits (Gilder et al., 1991; Goodell et al., 1991; Zhou et al., 2006; Li et al.,
2010a; Mao et al., 2011). The plutons and the adjacent contemporary basins are often
connected by normal faults (Shu et al., 2009). Besides the plutons and basins, many
other features, such as bimodal volcanic rocks, widely distributed dyke swarms, and
development of normal faults systems, also argue for an extensional tectonic regime
during the Late Mesozoic (Zhao et al., 2004; Zhou et al., 2006; Yu et al., 2007).
Numerous geochronologic and geochemical studies have been conducted to document
the source and evolution of the Mesozoic magmatism (Liu et al., 2012; Wu et al.,
2012). Presently, it is widely accepted that the Late Mesozoic volcanic rocks in SCB
shows an obvious magmatic arc affinity (Zhou et al., 2006 and references therein),
and the plutons have a mixed provenance containing juvenile mantle material to some
extent (Zhao et al., 2004; Yu et al., 2005; Xu et al., 2010). Moreover, the age of the
plutonism reveals a coastward polarity (Zhou and Li, 2000; Li and Li, 2007). These
facts were synthesized into the several speculative and incompatible geodynamic
models, considering an increase of the subduction angle of the Paleopacific plate
(Zhou and Li, 2000) and a retreat of the Paleopacific slab (Li and Li, 2007). Moreover,
it is worth to note that an NW-SE striking granitoid belt of ca. 400 km in length and

100 km in width was developed from 150 Ma to 120 Ma, without any coastward



polarity, in the lower Yangtze area in the northeast part of the SCB (Ling et al., 2009;
Wu et al., 2012). Due to its variable composition of I-type, A-type granitoids and
adakites, this belt is controversially interpreted as a result of Ocean Ridge Subduction
(Sun et al., 2007; Ling et al., 2009) or a collapse of thickened crust (Zhang et al.,
2008).

To better understand the geodynamic context of this extensional event, the
assessment of the contemporary regional tectonics, and the mechanisms of pluton
emplacement are also crucial. Although the geochemistry data is abundant in the
Lower Yangtze area, the detailed structural analyses, such as structural observations to
recognize the different scales of deformation, and extension direction, are still rare.
Available regional deformation data in this area are derived from several scattered
locations with ductile deformation and the regional extension direction are still
controversial (Lin et al., 2000; Faure et al., 2003; Zhu et al., 2010a).

Among the rare existing structural studies, the Late Mesozoic extensional
regime of SCB is the main feature for some authors (Gilder et al., 1991; Faure et al.,
1996, 2003; Zhou et al., 2006; Shu et al., 2009), while the importance of a Late
Mesozoic strike-slip regime has been emphasized by others (Xu et al., 1987; Gilder et
al., 1996; Li et al., 2001). A sinistral transcurrent faulting during the Middle to Late
Cretaceous is reported along the Tan-Lu fault (Mercier et al., 2007), and also in the SE
coastal region of SCB (Wang and Lu, 2000).

In the present state of knowledge, structural studies on pluton emplacement and

their bearings on the interpretation of regional tectonics are not available in the study



area. In this study we choose the Qingyang-Jiuhua massif in the central part of the
Lower Yangtze area as target to answer following questions: 1) What is the tectonic
regime during the emplacement of this massif at ca. 140 Ma-130 Ma? 2) Is there an
obvious strike-slip regime after the crystallization of this massif? 3) What is the
emplacement mechanism of this massif, and 4) Is there a relationship between the
emplacement mechanism and the regional tectonic regime? A multidisciplinary
approach has been applied in this study emphasizing i) the deformation of the granitic
massif and its country rock at the micro, macro and regional scales, ii) the anisotropy
of magnetic susceptibility (AMS) fabrics, and iii) the paleomagnetic analysis.
Integrating newly obtained data with previous ones, the emplacement mechanism of

the massif, and their relationship with the regional tectonic framework are discussed.

2. Geological setting
2.1. Geologic framework of the Lower Yangtze area

The Lower Yangtze area is located in the southeast of China and can be divided into
three parts: the Dabie-Sulu massif in the north, the lower Yangtze fold belt in the
middle, and the Jiangnan orogenic belt in the south (Fig. 1).

The Dabie-Sulu massif, separating the North China Craton from the Lower Yangtze
fold belt, was well studied during last 3 decades because of its ultra high pressure
metamorphism (Cong and Wang, 1999). This massif was formed by the Paleozoic
collision between the North China and South China Blocks (Mattauer et al., 1985;

Faure et al., 1999, 2003), followed by a Middle Triassic intracontinental subduction



(Faure et al., 2008). During the Early Cretaceous, a migmatitic dome characterized by
an NW-SE maximum stretching direction developed in the Dabie area (Lin et al.,
2007). Several syn-kinematic granitoid plutons intruded into this dome (Hacker et al.,
1998). Lastly, the eastern border of the Dabie dome is represented by the Tanlu
normal fault, along which half-graben basins were filled by the Late Cretaceous
continental red beds (Mercier et al., 2007).

The lower Yangtze fold belt is composed of sandstone, siltstone, mudstone and
carbonate series, deposited from Neoproterozoic (Sinian) to Triassic (AHBGMR,
1987). During the Middle Triassic, the main body of these marine sedimentary rocks
were folded and thrust to the SE (Schmid et al., 1999) while in the southern part of
this belt, folds and thrusts may be due to the activity of the Jiangnan belt during this
period (Li et al., 2010b). Upper Triassic conglomerate and sandstone unconformably
deposited upon the older series (Shu et al., 2009). In the Jurassic time, the deposits are
predominantly terrigeneous, volcanic and volcano-clastic. A Late Jurassic
unconformity argues for a tectonic event (Yang et al., 2011). Since the Early
Cretaceous, the extensional tectonic regime predominates in the lower Yangtze fold
belt, as shown by the formation of continental red bed basins, and the emplacement of
granitic plutons, including the Qingyang-Jiuhua massif investigated in this study (Fig.
1; Mercier et al., 2007; Shu et al., 2007, 2009; Zhu et al., 2010b).

The Jiangnan orogenic belt is a Neoproterozoic collision belt, where several
ophiolitic masses are recognized (e.g. Shu et al., 2006). During the Early Paleozoic,

an E-W fault system indicating an N-S shortening developed (Yu et al., 2007). In the



Cretaceous, NE striking normal faults, are believed to control the Late Mesozoic red

bed basin opening, and granitic pluton emplacement (Yu et al., 2007).

2.2. Qingyang-Jiuhua massif
The Qingyang-Jiuhua massif, located in the southern part of Anhui Province,
Southeast China, is one of Late Mesozoic granitic massifs intruding into the Lower
Yangtze fold belt. The massif crops out approximately on ~750 km? (Xu et al., 2010;
Wau et al., 2012;). Lithologically, this massif is divided into the Qingyang pluton and
the Jiuhua pluton (Fig. 2). The Qingyang pluton, consisting of 4 subplutons, is formed
mainly by granodiorite with a diorite rim on its northeastern boundary. Lithologically,
the Jiuhua pluton is divided into an ENE-WSW elongated monzogranitic facies, to the
east, and a N-S striking K-feldspar granite to the west.
Several dating have been carried out on three facies by the U-Pb zircon method.
The granodiorite of the Qingyang pluton is dated at 144.8+0.7Ma (Chen et al., 2005),
140+1.1Ma (Xu et al., 2010) and 139.4+1.8 to 142.0+£1.0Ma (Wu et al., 2012), the
monzogranite of the Jiuhua pluton at 133.2+1.3 Ma (Xu et al., 2010) and 130.3+1.8 to
131.0+2.6Ma (Wu et al., 2012). The K-feldspar granite of the Jiuhua pluton is dated
by zircon and monazite at 127+1.6 Ma and 129+10 Ma, respectively (Xu et al., 2010).
So the Qingyang-Jiuhua massif is probably formed by two magmatic events within
about 10Ma (Wu et al., 2012). Geologic investigations have also indicated that the
Jiuhua pluton intrudes the Qingyang pluton, and then, the whole massif is intruded by

NE-SW or N-S microgranite dykes (Fig. 2; AHBGMR, 1987).



The Sm-Nd isotopic analyses show that the isotopic characteristics, and the Nd
model age of granitoid near the Jiangnan orogenic belt, including the
Qingyang-Jiuhua massif, are very similar to the surrounding Proterozoic metamorphic
rocks (Chen et al., 1993). It is therefore argued that these granitoids originated from
crustal melting without significant input of mantle material (Chen et al., 1993). The
crustal anatexis is confirmed by the occurrence of inherited Archean zircons (Xu et al.,
2010). The trace elements geochemistry suggests a magmatic arc affinity similar to
the arc magmatism developed in the southeastern coast of China. The petrological,
geochronological and geochemical features argue that the Qingyang-Jiuhua massif

was also related to the Late Mesozoic Paleo-Pacific subduction (Xu et al., 2010).

3. Structural analysis of the Qingyang-Jiuhua massif
3.1. Macroscopic fabrics in granite and contact metamorphic rocks

The rock forming minerals of the Qingyang granodiorite are mainly quartz,
K-feldspar, plagioclase, biotite and amphibole. The Jiuhua monzogranite consists of
quartz, red K-feldspar, plagioclase and biotite. In both rocks, K-feldspar occurs as
cm-sized megacrysts within an mm-sized matrix. Microgranite dykes are mainly
composed of K-feldspar megacrysts with a minor amount of quartz and biotite.

Based on our field observation, the Qingyang and Jiuhua granitoids appear as
isotropic rocks (Fig. 3a). The main parts of these two plutons are undeformed, the
plagioclase, K-feldspar and quartz have euhedral to sub euhedral habits. The platy

minerals, such as biotite, and needle minerals, such as amphibole, are randomly



distributed without any preferred orientation. Deformation structures occur only on
the boundary of the massif. In particular, along the northeastern boundary of the
massif, biotite and amphibole form a well-developed preferred orientation with an
N160E E65, and N20E E55 foliation in locations X(Dand (8) respectively (Fig. 2). In
location (8) the granite foliation is subparallel both to the strike of the granite-host
rock boundary and the foliation (N20E 90) measured in the adjacent marble in the
metamorphic aureole. On the western boundary, both the pluton and its adjacent
country rock experienced a ductile deformation with an N35E W55 foliation and
N130E NW lineation (location (2)in Fig. 2). There, a mylonitic fabric develops in the
granite (Fig. 3b). Quartz and feldspar grains are deformed into sigmoidal shapes that
indicate a top-to-the-NW shear sense. This ductile shear zone is a normal fault
indicating the rising up of the pluton with respect to its country rock.

The Qingyang-Jiuhua massif is surrounded by a metamorphic aureole of several
hundred meters to 1 km in width (Fig. 2). Marble and andalusite hornfels are the
dominant rock-types. The marble is formed by coarse grain calcite (locations @, (6)
and (8)in Fig. 2), while the andalusite hornfels is composed of very fine grain quartz,
feldspar, muscovite, phyllite and andalusite (locations (2) 3) (5)and (7)in Fig. 2).
These contact metamorphic rocks are well foliated. The foliations are roughly parallel
to the granite boundary (locations (2) (3) (5) (6) (7)and (8)in Fig. 2). In location (3)
which is in the aureole zone near the west boundary of the studied massif, the
foliation measured in marble and andalusite hornfels are N190E W70, and in location

(5) the foliation in andalusite hornfels is N30E 90. At the outcrop scale, the dark and



elongated andalusite aggregates are well oriented to form a mineral lineation (Fig. 3c).
The lineation is seldom observed. When it occurs, it exhibits a down-dip attitude, for

example the lineation in location (5)is vertical.

3.2. Microgranitoid enclave orientation

Microgranitoid enclaves are widespread in the Qingyang-Jiuhua massif. Most
enclaves have been stretched and some enclaves were cracked and injected by magma
indicating magma flowing during emplacement (Fig. 3d). The limited outcrop
conditions allowed us to measure only the 2D fabrics of these microgranitoid enclaves.
The enclave long axis orientation in each site indicates a dominant NW-SE to E-W
preferred orientation more or less consistent with the magmatic fabrics illustrated in

the 1:200000 geologic map of the studied massif (Figs. 2 and 4).

3.3. Microscopic structures

Field observations indicate that the main body of the massif appears as isotropic.
The ductile deformation only locally occurs in the granite and its country rocks near
the pluton boundary. In order to better constrain the deformation mechanics and shear
sense of the boundary of the massif, structural observations were conducted at the
microscope-scaled thin sections from both granite and country rock. Several oriented
thin sections were prepared from hand samples and AMS cores (see below). The thin
sections were cut perpendicular to the foliation and parallel to the lineation when

recognized in hand sample, or magnetic foliation and lineation for AMS cores. Three



types of microstructures have been recognized, namely granitic structure, weak
ductile deformation, and intense ductile deformation.

Firstly, the magmatic structure is found in the main parts of both Qingyang and
Jiuhua plutons. In thin sections parallel to the AMS lineation and perpendicular to the
AMS foliation, post solidus deformation features are absent. The amphibole occurs as
euhedral crystal habit (Figs. 3e). The plagioclase is characterized by igneous zoning,
polysynthetic twins, euhedral to semi euhedral crystal habits (Figs. 3e, 3f and 3g). The
K-feldspar contains flame microperthite and Carlsbad twins are well developed in
many grains. Biotite exhibits a sharp extinction and no cleavage bend (Fig. 3e).
Quartz has anhedral shape, which indicates that it crystallized from a melt (Figs. 3e
and 3f). Many quartz grains have subgrain boundaries and both quartz and feldspars
are characterized by a weak undulose extinction showing that the rock experienced a
limited deformation at the end of the crystallization of the melts, and thus the
magmatic texture is not altered (Paterson et al., 1989).

Secondly, a weak ductile deformation is found in the country rock on the
southeastern and northeastern boundaries of the massif. Along these margins, the
country rocks are represented by andalusite hornfels in which the andalusite forms
dark needles of 1 or 2 mm in size of (Fig. 3c). In the northwestern boundary of the
septum (location ® in Fig. 2), the foliation in the hornfels is oriented at N60E
NW?75, which is parallel to the sedimentary bedding and the granite boundary. The
andalusite lineation is nearly vertical. The observation of oriented thin section shows

that in hornfels, andalusite aggregates exhibit a sigmoidal shape with tiny quartz tails



(Fig. 3h). The shear sense shows that the NW side (pluton side) rises up and the SE
side (country rock side) moves down.

On the northeastern boundary, the granitoid rocks are still weekly ductilely
deformed. The plagioclase is magmatically zoned and euhedral. Many tiny grains due
to dynamic crystallization develop around plagioclase clasts (Fig. 3i). K-feldspar has a
flame microperthite texture and an euhedral shape. On the grain boundary, myrmekite
texture replaces K-feldspar. The quartz is anhedral with sutured grain boundaries and
subgrains boundary (Fig. 3i). These three minerals have a undulose extinction. Biotite
is sometimes bended and undulose. Amphibole shows a sharp extinction and a
euhedral habitus without deformation.

Thirdly, intense ductile deformation is only found on the northwestern boundary
(location (2)in Fig. 2). In oriented thin sections, stretched quartz grains form
polycrystalline ribbons. K-feldspars deformed into a sigmoidal shape are sigma-type
porphyroclasts (Fig. 3j). Some feldspar grains are crushed and rotated as dominos or
book shelf microstructure (Fig. 3k). The shear sense indicators show a top-to-the- NW

motion that can be related to the pluton side rise with respect to the country rock.

3.4. Regional fold geometry and pluton emplacement

The Qingyang-Jiuhua massif intrudes into the Yangtze fold belt. In agreement with
previous works, our study shows that, the fold geometry developed in the country
rocks is abruptly interrupted by the granitic intrusion. The strike of fold axis is not

defected by the plutons. Moreover, in the metamorphic aureole, folds that might be



considered as the result of a shortening effect of the country rock during the

emplacement of the pluton are absent.

4. Rock magnetism
4.1. Sampling and measurement

As illustrated by numerous case studies during past decades, AMS fabric pattern
of a pluton may reflect the tectonic regime during its emplacement while the
paleomagnetic records are easily to be influenced by the tectonic event after the
crystallization of the pluton (Bouchez and Gleizes, 1995; Talbot et al., 2005a; Joly et
al., 2007; Charles et al., 2011; Lin et al., 2013). These two methods are applied to
investigate different scaled deformation and tectonic characteristics of the study area.

In order to obtain a general view of the AMS features of the Qingyang-Jiuhua
massif, AMS sampling is performed with 93 sites covering this massif by gasoline
drill (Table 1). These sites are ca. 2 km away with a relatively homogeneous spatial
distribution within the pluton (Fig. 9). For each site, 5 to 6 cores of 2.5 cm in diameter
with an interval of about 2 meters are drilled and oriented by both magnetic and, when
possible, solar compasses. The cores are cut into standard AMS specimens with a
length of 2.2 cm in the laboratory. As a result, 5 to 11 specimens were obtained for
each site and a total of 652 specimens for the whole massif.

In order to constrain the relative movement of the Jiuhua pluton with other 4
subplutons of the Qingyang pluton during and after their crystallization (Fig. 2), 15

specimens from the Jiuhua pluton (J), 12 specimens from the west subpluton (W), 11



specimens from the south subpluton (S), 10 specimens from the north subpluton (N),
12 specimens from the southeast subpluton (SE) of the Qingyang pluton were taken
for the paleomagnetic measurements.

In Laboratoire de Magnétisme des Roches d'Orléans, IRM experiments were
carried out on different lithologies by IM30 pulse magnetizer and JR5 magnetometer.
Coupled with a CS3 furnace, KLY3 was used to perform the thermal-susceptibility
experiments on powders of different lithologies. The KLY 3 kapabridge was used to
perform the AMS and bulk susceptibility measurements. The results were processed
by ANISOFT (offered by AGICO) to calculate the main magnetic anisotropic axes (K
for lineation and Kj; for the pole of foliation), the shape parameter (T) and the
anisotropy degree (P;) using Jelinek statistics (Jelinek, 1981). To get the
paleomagnetic record, both progressive AF and thermal demagnetizations were used
to clean the magnetic remanence with about 15 steps. JR5 magnetometer was used to
measure the magnetic remanence. Moreover, hysteresis curves were obtained by an
electromagnetic inductometer on different lithologies in the Paleomagnetic laboratory

of Institut de Physique du Globe de Paris.

4.2. Magnetic mineralogy

To better interpret the AMS and magnetic remanence measurements, it is essential
to recognize their carriers because the magnetic record depends on the magnetic
mineralogy, relative abundance and size (e.g. Tarling and Hrouda, 1993).

Figure 5 presents the distributions of bulk magnetic susceptibility of measured



specimens. The granodiorite and monzogranite show a unimodal and large
distribution with an average of Km higher than 15x107 SI, while the acidic dykes
reveal a narrow distribution centered at about 4x107 SI. It is worth noting that most of
the specimens show relatively high bulk susceptibilities in order of 10 SI with few
exceptions, such as Site CZ63 and CZ14 composed of acidic dykes (Table 1).

The thermal experiments show that a sharp drop of the magnetic susceptibility has
been observed for all measured samples at ca. 580°C (Figs. 6a, 6b, 6¢, 6d and 6e),
indicating the dominance of magnetite in the magnetic mineral composition of
collected samples. In detail, some samples show a slow decrease of magnetic
susceptibility to zero until to at ca. 700°C (Figs. 6a, 6b, 6d and 6e), implying the
existence of hematite.

The IRM acquisition diagram shows a rapid increase of the induced magnetization
before 100 mT (Figs. 6f, 6g, 6h, 6i and 6j) and all measured samples are saturated
before 200 mT (Figs. 6g, 6h, 6i and 6j), except for the acidic dyke (Fig. 6f), which is
only saturated at 80% at this field. This observation indicates that the weak coercive
minerals, such as magnetite, are dominant regardless of their differences in lithology.

The hysteresis loops present shaped sigmoidal shapes, indicating the existence of
magnetite (Figs. 6k, 61, 6m, 6n and 60). According to these measurements, the
magnetite sizes have been estimated, revealing the pseudo-single domain and
multi-domain for the magnetite (Fig. 7; Dunlop, 2002)

In summary, the pseudo-single domain and multi-domain magnetites that have been

documented can be considered as the main carriers for the magnetic susceptibility and



remanence for investigated lithotologies of this study. This conclusion is consistent
with microscopic observations shown in Figures 3I, 3m and 3n. Therefore, the
magnetic fabrics may be directly correlated with magmatic or tectonic fabrics (e.g.

Tarling and Hrouda, 1993).

4.3. AMS results
4.3.1. Anisotropy degree and shape parameter

The statistical results of AMS measurement of the Qingyang-Jiuhua massif are
presented in Table 1. For each site, the coordinate data of a sampling location, the
mean bulk susceptibility (Km), the anisotropy degree (P;), the shape parameter (T),
the mean direction of declination and inclination of K1 and K3 axes as well as their
corresponding confidence ellipse (ogs) are provided (Jelinek, 1981). In the P;-Km
diagram (Fig. 8a) most sites (90%) show a Km value below 40X 10°SI with a P,
value below 1.2. Moreover, there seems to exist a trend of P; vs Km (the shadowed
zone in Fig. 8a). Few sites (CZ16, Cz48, CZ63, CZ68, CZ72, CZ73, CZ75, CZ82,
CZ92; location see Fig. 9) show high P; values (> 1.2) and are far away from the P; vs
Km trend. This may be due to their close spatial relationship with country rocks. Most
sites show a positive value for their shape parameter (T), revealing the foliation
dominance for the magnetic fabrics. No obvious relationship between T and P;

parameters can be observed (Fig. 8b).

4.3.2. AMS fabrics



Figures 9a and 9b present the mean directions of magnetic lineation (K;) and pole
of magnetic foliation (K3) of each site from the Juhua pluton and the Qingyang pluton,
respectively. It can be found that the magnetic fabrics are well defined for most sites,
and the magnetic foliation of both the Jiuhua pluton (Fig. 9a) and the Qingyang pluton
(Fig. 9b) are better constrained than the magnetic lineation for most individual sites.
The magnetic lineations of both plutons are characterized by weakly inclined and
largely scattered orientations (Figs. 9 and 10). Near the boundary between the massif
and the country rocks, the magnetic lineation of most sites is more or less parallel to
the strike of the boundary (Figs. 9 and 10). The foliation orientations are more
complicated. Two main groups may be defined: flat and highly inclined foliations.
The sites that present highly inclined magnetic foliations are principally localized near
lithological boundaries (dyke-pluton, pluton-pluton, pluton-country rock). For
instance, Sites CZ47 and CZ58 are localized on the boundary of two plutons (Fig. 9b),
CZ16, CZ72 and CZ 92 are close to the country rocks (Fig. 9b), and CZ03 and CZ05
are dykes (Fig. 9a). The directions of these foliations are generally parallel to the
boundaries (Fig. 9). The remained magnetic foliations observed from the central parts

of plutons can be characterized by a flat pattern (Figs. 9, 10 and 11).

4.4. Paleomagnetic results
Among the 60 specimens selected for the paleomagnetic study, 55 have been
successfully measured (Table 2; 14 from the Jiuhua pluton and 41 from the 4

subplutons of the Qingyang pluton; others were broken during the heating). Twenty of



them have been progressively demagnetized by the AF technique and the remained 35
specimens are treated by thermal demagnetization with about 15 steps. Magnetic
remanence directions were determined by a principal component analysis (Kirschvink,
1980). Inclinations and declinations obtained by progressive demagnetization were
plotted on orthogonal vector diagrams (Zijderveld, 1967). Site-mean (the Jiuhua
pluton and the subplutons of the Qingyang pluton) directions were computed with
Fisher statistics (Fisher, 1953). Paleomagnetic software packages of J.P. Cogné
(Cogné, 2003) and R. Enkin (unpublished) were used for the data analysis.

Most specimens show a single component after having removed the viscous
magnetization at lower temperature (100°C; Figs. 12a and 12b) or magnetic field
(2mT; Fig. 12c). The magnetic remanence can be cleaned up at about 585°C or about
10 mT, reconfirming the magnetite as the main remanence carrier. The reversed
magnetic direction has been also observed on several specimens (Fig. 12d). For the
specimens showing a single direction, the component may be isolated between 150
and 585°C or 2 to 10mT. Concerning the specimens presenting both normal and
reversed directions, the normal component can be isolated from 150 to 470°C and the
reversed one from 470 to 585°C.

To compare the directions among the subplutons within the Qingyang pluton and
those between the Qingyang and Jiuhua plutons, the mean magnetic directions have
been calculated from high temperature/AF components for the Jiuhua pluton and each
subpluton of the Qingyang pluton, showing a good consistence (Fig. 13a and Table 2).

It is worth noting that both normal and reversed directions have been observed in the



older Qingyang pluton, but only single normal one in the younger Jiuhua pluton

(Table 2).

5. Discussion

To understand the tectonic context and the mechanism of the Qingyang-Jiuhua
massif emplacement, the deformation in different scales has been investigated in this
study by different methods: microscopic observation on thin section, AMS, field
structural observation and paleomagnetism. In order to provide a clear vision on the
results from both field observation and laboratory measurements, in this discussion,
we will firstly summarize these observations and then interpret them in terms of
deformation within the massif, the regional tectonic context and the mechanism of the
massif emplacement.
5.1. Summary of observations

In the field, the observation on this massif of 750 km? shows that igneous rocks

have an isotropic fabric in most parts of the pluton. Along the contact zone between
the pluton and country rocks locally developed, foliation and lineation are parallel to
the contact, and downward plunging, respectively. However, in most places no visible
deformation can be observed along the contact between the pluton and host rocks.
Long axes of enclaves indicate a dominant NW-SE to E-W preferred orientation, more
or less consistent with the magmatic fabrics illustrated in the 1:200000 geologic map
of the studied massif (Fig. 2). In the country rocks, a regional ductile shear zone is

absent. The ductile deformation only occurs in the aureole zone in which the foliation



is consistent with the geometry of the contact, and the stretching lineation is vertical
when it occurs. In the laboratory, microscopic observations indicate a predominant
magmatic texture, while the post-solidus deformation texture only occurs on a few
sites along the boundary between the massif and its country rocks. AMS
measurements on 652 specimens of 93 sites present a weak anisotropy degree (P;),
and positive values of shape parameter (T) for the majority of sites. Globally, at the
scale of the entire massif, the magnetic fabric is characterized by horizontal and
scattered lineation, when it is located on the boundary of the massif, it follows the
boundary contour; a flat and vertical foliation in the central part and the border of
plutons, respectively. The paleomagnetic investigation on 55 samples from the
Qingyang-Jiuhua massif statistically reveals coherent paleomagnetic directions with
both normal and reversed magnetic polarities in four subplutons of the older

Qingyang pluton and only normal one in the younger Jiuhua one.

5.2. Deformation within the massif

Structural and textural observations, acquired both in the field and laboratory,
provide the direct data to argue for the emplacement mechanism. The microscopic
observations on thin sections indicate magmatic textures, while the outcrop-scaled
macroscopic observations in the field indicate that the main body of the massif is
isotropic. The microgranitoid enclaves may be considered as passive strain markers
and their preferred orientation may reflect the magmatic process although it is not

universally accepted (Paterson et al., 2004 and references therein). Throughout the



magmatic process, due to the higher content of mafic minerals in enclave than its host
granitic rocks which lead to the earlier crystallization of the former than latter, the
viscosity contrast between these two kinds of rocks is low in the initial stage; high in
the second stage in which the enclave is highly crystallized while the host granite is
still lowly crystallized; and low again in the last stage in which the host granitic rocks
is highly crystallized same as the enclave. So in these tree stage, the enclave may
deformed due to the magma flow to form a stretched shape and preferred orientation
in the first stage, act as rigid objects transported, rotated and cracked in the magma by
convection in the second stage, and deformed together with host granitic rock again in
the last stage, respectively (Caricchi et al., 2012). In this course, the shape fabric of
the enclave becomes statistically oriented parallel to magmatic fabrics (e.g. Williams
and Tobisch, 1994). In this study, numerous microgranitoid enclaves exhibit an
angular shape and boudinage (Fig. 3d). Near the contact zone, the preferred
orientation of these microgranitoid enclaves is parallel to both the magmatic foliation
and the contact interface (Fig. 2). AMS samples were collected from both host
granitoid rocks and enclaves within one site to compare their magnetic fabrics (Site
CZ61; Fig. 14). The results show that the magnetic fabrics of host granites and
enclaves are undistinguishable, and that their anisotropy degrees and shape parameters
are also comparable. The susceptibility of enclaves higher than that of granitoids can
be accounted by the high content of mafic minerals in the former rocks. The
consistency of the shape fabric and AMS fabric between enclave and its host granitic

rocks mainly reveal a magmatic course, thus in the studied massif the post-solidus



deformation is rather weak.

Ductile deformation only occurs on the boundary of the massif and the nearby
metamorphic aureole as well. On the both the NW and SE boundaries, the shear sense
deduced from the ductilely deformed igneous and country rocks indicates that the
massif side rises up with respect to the country rocks (Figs. 3b, 3c, 3f and 3g).

The significance of an AMS fabric may be multiple (e.g. Tarling and Hrouda,
1993; Borradaile and Henry, 1997). According to various parameters, such as
susceptibility carrier, mineral size, anisotropy degree, shape parameter, the magnetic
fabric may reflect either the mineral shape preferred orientation formed during the
magmatic crystallization stage, or the mineral deformation fabric acquired during a
later tectonic stage. In these two different cases, the interpretation of the AMS fabrics
is not the same. For the former, the fabric can be due to either magma flow or regional
tectonics which exerts an influence on the melt before its final consolidation (e.g. Joly
et al., 2009), while for the latter, the fabric results from regional tectonic events, after
final crystallization of the pluton, which cause the deformation of the pluton as well as
its country rocks (e.g. Bouchez and Gleizes, 1995).

In this study, the AMS fabric may be ascribed to the primary magmatic fabrics for
several following reasons (Tarling and Hrouda, 1993). Firstly, our microscopic
observations on thin sections, which are cut perpendicularly to the AMS foliation and
parallel to the AMS lineation, do not reveal any post-solidus deformation (Figs. 3e, 3f
and 3g); Secondly, the P; values of most specimens are below 1.2, indicating that the

anisotropy did not originate from a post-solidus deformation. For a few exceptional



cases, P; values above 1.2 can be explained by a border effect since these sites are
located close to the pluton boundary (Figs. 8a, 9a and 9b). Thirdly, except for those
specimens in the contact zone, all other specimens show that P; values varies in
function of Km. This fact shows that the AMS ellipsoid can be reasonably correlated
to the magnetite concentration instead of a posterior deformation (Charles et al., 2009).
Consequently, the AMS fabric of the Qingyang-Jiuhua massif is ascribed to the
magmatic flow, and/or regional tectonics event during syn-emplacement and late
magmatic crystallization.

The paleomagnetic investigation also shows that a negligible deformation
occurred within the pluton after the crystallization. The paleomagnetic directions from
the Jiuhua pluton and 4 subplutons of the Qingyang pluton are statistically
undistinguishable (Fig. 13a), implying that the younger Jiuhua intrusion did not
produce any significant rotation among these subplutons. One might suspect this
consistency of both elder and younger magnetic directions due to the remagnetization
by the younger pluton emplacement. As described in Section 4.4, both normal and
reversed directions have been isolated from the elder Qingyang pluton, however, only
normal magnetic directions from the younger Jiuhua one (Figs. 12a, 12b, 12c and
12d). Therefore, the remagnetization possibility can be ruled out.

In summary, the results obtained by different methods, and at different
observation scales, converge to point the same conclusion: the Qingyang-Jiuhua
massif did not experienced a significant deformation either during or after its

emplacement.



5.3. Implications on regional tectonics

In the vicinity of the Qingyang-Jiuhua massif, no continuous ductile shear zone
has been documented. The ductile deformation has been only observed on the
boundary of the massif. This suggests that the study area experienced a weak
deformation including the during the emplacement time of the Qingyang-Jiuhua
massif.

AMS is often considered as an efficient tool to study weak deformation such as
that developed in plutons (e.g. Tarling and Hrouda, 1993; Bouchez and Gleizes, 1995).
Nevertheless, the significance of granitic fabrics of plutons depends on the
competition between magma dynamics and regional tectonic strain (Faure and Pons,
1991; Borradaile and Henry, 1997). If the crystallization is fast, the regional tectonics
does not have the possibility to leave its imprint on the AMS fabric of igneous rocks
(e.g. Callot et al., 2001). On the contrary, if the pluton crystallization time is long
enough, the characteristics of this tectonic event may be revealed by the AMS fabric
(e.g. Archanjo and Bouchez, 1997; Archanjo et al., 1999; Neves et al., 2003; Zak et al.,
2005, 2008;). Thus, when the tectonic strain is very weak, the pluton AMS fabric
pattern will be controlled by magma flow (e.g. de Oliveira et al., 2010).

A good example is provided by AMS studies from granites in the Variscan French
Massif Central. The well-grouped NW-SE striking magnetic lineation records well the
NW-SE late-orogenic extension developed at the end of the Variscan orogeny, also

documented by structural analysis of regional ductile normal faults, and pluton



metamorphic aureoles (Joly et al., 2009; Talbot et al., 2005b). However, in our study,
the shallow inclination scattered orientation of the magnetic lineation (Figs. 10 and
11b) might be due to the granitic magma flow under a weak regional tectonic
influence during the late stage of crystallization (e.g. de Oliveira et al., 2010).

Several authors have emphasized the importance of the tectonic activity in the
lower Yangtze area during the Cretaceous period, with contrasting directions ( Lin et
al., 2000; Faure et al., 2003; Mercier et al., 2007; Zhu et al., 2010a). An NE-SW
extension, at ca. 145 Ma, is reported in the Hongzhen “metamorphic core complex”
(Zhu et al., 2010a); an Early Cretaceous NW-SE stretching is recognized in the
Lushan, Dabieshan, and along the Tanlu fault (Faure et al., 2003; Wu et al., 2007); a
ca. 126 Ma NE-SW stretching is recognized in the Lushan massif (Lin et al., 2000),
and a sinistral transcurrent motion developed from ca. 127 Ma to ca. 105 Ma along the
Tanlu fault (Mercier et al., 2007). In order to clarify this controversy, we try to find if
there is a relative movement of the study area with respect to its surrounding zones.
As all the paleomagnetic directions from the Qingyang subplutons and the Jiuhua
pluton show a good consistency, we can calculate a paleomagnetic pole at 82.5°N,
220.1°E, Ags=5.7° with n=5 (Table 2; square in Fig. 13b). We take SCB as reference
and its Cretaceous pole for the comparison (see Wu et al., 1998 for details of this
average pole). The weak angular difference (3.5°£7.3°) between these two
paleomagnetic poles indicates that no paleomagnetically detectable relative movement
occurred between the study area and SCB after the massif crystallization. Though

keeping the weak resolution of the paleomagnetism in mind, we can conclude the



intensive deformation observed in some zones, such as in the Dabie and Lushan
massifs, concerns just local and limited areas. Moreover, if any strike-slip movement

took place in the region, it could not be very important.

5.4. Hypothesis on the emplacement mechanism of the massif

The emplacement mechanism of granitoid can be divided into forceful and
permissive types according to the manners of room creation (Pitcher, 1979). This can
be identified by the impact exerted on country rocks by the granitoid emplacement. In
the former type, granitic magma occupy the room created by pushing away the
country rock during the pluton emplacement. In this case, the previous structures of
the country rock, such as folds and faults, are modified, and several pluton
emplacement-related structures such as folds, foliation, and mineral lineation develop
around the massif in response to the pressure created by the crystallizing magma.
While in the latter type, the emplacement of pluton has more links to the regional
tectonics context because the room is created by a regional deformation coeval with
the magma intrusion.

Based on the above discussion, our structural observations and the AMS fabric
pattern favor a permissive mechanism by vertical magmatic injection, as illustrated in
Figure 15.

1) The main body of the Qingyang-Jiuhua massif is isotropic both at
macroscopic and microscopic scales, e.g. quartz and feldspars show only an undulose

extinction. This means that during the granite crystallization, the massif recorded a



weak pressure effect that was unable to induce a significant structural effect on the
country rocks, since there is neither modification of the previous fold geometry
developed in the whole Yangtze fold belt (Fig. 2), nor creation of fold in the aureole.
The magma emplacement just caused the local ductile shearing along the boundary
surface, which could imply the ascent of the magma relatively to its country rocks
(Figs. 2 and 15). This means that the space occupied by the massif was probably
created by regional tectonics during the magma intrusion.

2) The fact that the emplacement of the younger Jiuhua pluton did not make any
significant tilt of the Qingyang pluton, as shown by our paleomagnetic study (Fig. 13a)
argues that the space was not created by pushing away the country rocks during the
emplacement of the Jiuhua pluton.

3) The fabric distribution pattern supports a permissive emplacement mechanism
of vertical magma injection.

Usually, when a vertically ascending magma stops near its final location, due to
the blocking of the overlying country rocks and the pressure from the successive
extruding magma beneath (arrows in Fig. 15), the foliation in the localities near the
roof and side vertical surface of the pluton would be parallel to the boundary between
the pluton and its country rocks. This generally leads to a flat foliation near the roof of
the pluton and a boundary-concordant arrangement of the steep foliation near the
pluton margins. When magma reaches the roof of the massif, in its central part, it will
flow horizontally. This mechanism explains the flat lying foliation, and the low

inclined scattered magnetic lineation in the central part of the massif. While near the



boundaries between the pluton/massif and its country rocks, the magnetic lineation
will be horizontal and parallel to the boundary. (Fig. 11)

Field observations show that the exposures of the Qingyang-Jiuhua massif are
close to the pluton roof. There exists a NE-SW oriented narrow strip of sedimentary
country rock zone in the southeastern part of the Qingyang pluton (location (5)in Fig.
2). Considering its narrow shape, it could be interpreted as septum with the igneous
rock joint together beneath.

The shape parameter T values of most specimens are above 0, presenting a
dominance of oblate shapes for AMS fabrics. Together with microscopic observations
of the undulose extinction of quartz and feldspar by indicate magma crystallization
under the pressure produced by subsequent magma injection.

The most obvious feature of AMS foliation is that the majority of the magnetic
foliations is weakly inclined (Fig. 11a; e.g. CZ22, CZ68, CZ9, CZ35 and CZ29 in Fig.
15), and the highly inclined ones dominate along the massif boundaries where they
are oriented parallel to the boundaries (Fig. 11a; e.g. CZ58, CZ 33 and CZ72 in Fig.
15). Enclave preferred orientation observed in this study, and the magmatic fabrics
described by previous investigations shown in the 1:200000 geologic map of the
Qingyang-Jiuhua massif (Fig. 2) also show a tendency to this accordance of the
granite foliation with the massif boundary. This suggests an existing room when
magma intrudes into.

According to the observations of deformation in different scales and the above

discussion, it seems that the study region experienced a relatively weak deformation



during the Cretaceous, even if the regional tectonics seems to play the most important

role in the massif emplacement with respect to the internal magma dynamics.

6. Conclusions

For the purpose of understanding the tectonic context and mechanism of the
emplacement of the Qingyang-Jiuhua massif, a multidisciplinary study has been
carried out to investigate different scaled deformations from magnetic mineral fabric
and petrographic texture to granitoid pluton and regional scale tectonics. The principal
results are the following.

1. The composite Qingyang-Jiuhua massif mainly recorded an isotropic magmatic
fabric, although a weak ductile deformation has been observed in the rocks of the
border zone between the massif and country rocks. Both field observation and AMS
measurement reveal flat or highly inclined foliations in the central or border zones of
the massif, respectively.

2. The good consistency of the fold orientation in the study area around the massif
with respect to the regional fold belt indicates that the granite emplacement did not
modify the original tectonic framework.

3. The newly obtained paleomagnetic results confirm this observation, since no
significant relative movements have been paleomagnetically detected either within the
different parts of the massif or with the surrounding areas.

4. A possible emplacement mechanism involving a vertical and permissive intrusion

of the Qingyang-Jiuhua massif accommodated by a relatively weak regional



deformation during Late Mesozoic can be put forward.

This emplacement mechanism, based on surface structural observations and AMS
analyses, remains a working hypothesis that needs further assessment. In order to
improve this interpretation and the understanding of the contemporaneous regional
tectonic framework, more information, such as the depth of emplacement and the 3D
geometric characteristics of the massif, is needed. These additional data will allow us
to better understand the textural features of AMS results and magma feeding

processes.
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Figure and Table captions

Figure 1. Regional geological map. DBM: the Dabie massif, LYTZFB: the Lower
Yangtze fold belt, JNOB: the Jiangnan orogenic belt, TLF: the Tanlu fault, HZM: the

Hongzhen massif.

Figure 2. Simplified geological map of the Qingyang-Jiuhua massif area. Q:
Quaternary, N: Tertiary, K: Cretaceous, T: Triassic, S: Silurian, O: Ordovician, €:
Cambrian, Z: Sinian, GD: Granodiorite of the Qingyang pluton, MG, Mongzogranite
of the Jiuhua pluton, AD: Acidic dyke, J, N, W, S and SE represent for the Jiuhua
pluton, the northern, western, southern and southeastern subplutons of the Qingyang

pluton, respectively.

Figure 3. Macro- and micro- structures of the Qingyang-Jiuhua massif

(a) Isotropic granodiorite of the Qingyang pluton. (b) Top-to-the NW ductile shearing
on the NW boundary of the Qingyang granodioritic pluton (Location @ in Fig. 2). (c)
Andalusite porphyroblasts aligned in the aureole hornfels of the massif (Location ®
in Fig. 2). (d) Crack filled by granite in the microgranitoids enclave in Jiuhua pluton.
(e) The sharp extinction of Quartz, polysynthetic twins of Plagioclase, Biotite without
bend in granodiorite show a magmatic texture. (f). The sharp extinction of Quartz in
monzogranite shows magmatic texture. (g). Microscopic photo of acidic dyke show

magmatic texture. (h) Sigmoidal andalusite porphyroblasts developed in the south



eastern boundary of the Qingyang pluton showing a downard motion of the SE part
(Location ® in Fig. 2). (i) Weak post-solidus ductile deformation in the granite on
the NE boundary (Location @ in Fig. 2). (j) Sigmoidal shape of feldspar on the NW
boundary (Location 2 in Fig. 2). (k) Domino structure of feldspar on the NW
boundary of the Qingyang-Jiuhua Massif (Location 2 in Fig. 2). (I). Magnetite in

granodiorite. (m). Magnetite in monzogranite. (). Magnetite in acidic dyke.

Figure 4. Preferred orientation of microgranitoid enclaves (Sample locations shown in

Figure 2).

Figure 5. Distribution of bulk magnetic susceptibility of the Qingyang-Jiuhua massif.

Figure 6. Thermal-Susceptibility, Isothermal Remanent Magnetization (IRM),

Hysteresis Loop diagram of the Qingyang-Jiuhua massif.

Figure 7. Jrs/Js versus Hcr/Hc diagram from measured samples of the
Qingyang-Jiuhua massif to define the magnetite size. Jrs: remanence, Js: saturation
remanence, Hcr: coercivity of remanence, Hc: coercivity, SD: single domain, PSD:

pseu-single domain, MD: multi-domain, respectively.

Figure 8. AMS scalar parameters of each site and main lithologies. (a) T (shape

parameter) vs. P; (corrected anisotropy degree), (b) P; vs. Km (mean bulk magnetic



susceptibility in 107 SI). The calculations of T and P, can be found in Jelinek (1981).

Figure 9 a and b present the equal area lower hemisphere projection of each site from
the dykes and the monzogranite of the Jiuhua pluton as well as the granodiorite of the
Qingyang pluton respectively. Squares and circles stand for K1 (magnetic lineation)
and K3 (pole of magnetic foliation), respectively. Small grey and larger black squares
or circles represent individual specimen and site-mean direction, respectively with

their confidence ellipses at 95% level.

Figure 10. Total fabrics projection (equal area lower hemisphere) of the
Qingyang-Jiuhua massif. In this diagram, each solid square and circle represent one

site. Data of 18 acidic dykes and 1 mafic dyke are not included in the statistics.

Figure 11 Magnetic foliation (a) and lineation (b) maps of the granitic rocks in the
Qingyang-Jiuhua massif. Q: Quaternary, N: Tertiary, K: Cretaceous, T: Triassic, Pz,:

upper Paleozoic, S: Silurian, O: Ordovician, € : Cambrian, Z: Sinian.
Figure 12. Zijderveld diagrams (1967) of the thermal and AF demagnetization for the
representative samples of the Jiuhua pluton (CZ81-29A) and the Qingyang pluton

(others). Solid and open circle stand for horizontal and vertical plan, respectively.

Figure 13. Paleomagnetic results of the Qingyang-Jiuhua massif. (a) site-mean



directions of the Jiuhua and blocks of the Qingyang pluton; (b) Paleomagnetic poles
for the Qingyang-Jiuhua massif (m) and South China Block ( A) with sampling

locality ().

Figure 14. Comparison of AMS fabrics of the microgranitoid enclave with the host

monzogranite.

Figure 15. Emplacement model of the Qingyang-Jiuhua massif along AA’ line (Fig. 2).
S: Silurian, O: Ordovician, € : Cambrian, CZ refers to the site number shown in Figs.

9a and 9b.

Table 1. The AMS results of granotoids from the Jiuhua-Qingyang massif.

Lat: latitude, long: Longitude, lith: lithology, km: mean magnetic susceptibility, P; and
T: anisotropy degree and shape parameter, respectively, K1 and K3: magnetic
lineation and pole of magnetic foliation, respectively, Inc: inclination, Dec:
declination, a gsmax and a gsmin: long and short axis of ellipsoid uncertainty,
respectively, GD: granoodiorite, MG: monzogranite, DIO: diorite, AD: acidic dyke,

symbols of *,” and #: microgranitic, quartzose and pegmatitic dyke, respectively.

Table 2. Paleomagnetic results of high temperature magnetic components from the

Qingyang-Jiuhua massif.



N: specimen number, D: declination, I: inclination, k: precision parameter, a g5 and
Ags: statistic confidence of paleomagnetic direction and paleomagnetic pole at 95%
level, respectively, A, ¢, dp and dm: latitude and longitude of paleomagnetic pole and
its half radius of confidence in latitude and longitude, respectively, J: the Jiuhua

pluton, W, S, N, SE: west, south, north, southeast subpluton of the Qingyang pluton.
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Figure 1. Regional geological map. DBM: the Dabie massif, LYTZFB: the Lower Yangtze fold belt,

JNOB: the Jiangnan orogenic belt, TLF: the Tanlu fault, HZM: the Hongzhen massif.



”7cl457 ] ",f)..“"rf:’ — e : 1]8‘115’ -
/ P S o | > ¢ — e T
- N : —i & $ P T T T T LT T
__ ko o~— e e 4 _ﬂ]l‘l[l 1] T 300&
= = 7 - : 2 (1;1;|11'It:)1/ff|1[11m 1L:'i[ _;/::
AT AT T !
o« '—,/l\‘l|7ll\][!J|l\7 S
\ | P S W X <7, N e T W L) O 7 17, s
N _///Illlll 1 I({-:Il I T T T T/
B T ity S5 50 i i s i
\@ T A S L T o T T T
) = X ‘ i PN
. 2
13 w
30° 30°
| SwAs 2 o /
= 4
_0'_020’ ; z
I l‘lll 1
I AT / |
| 3 1552 B Y ( J T/ T
ll‘llllljly }—,TT'I/“TA A7
7(72([‘[1 ﬁk
—ALON4s D 118°]15° -
] E3pr, [7] 2z [[[]]] Aureole Bedding
@N S [ ]ap @ Location of observation ~*— Structural lineation
AnittoTine _a Structural foliation
<ok [E2]o [ MG : Magmatic foliati
> < Syncline _a Magmatic foliation
T e B AD Fault «» Enclave orientation

Figure 2. Simplified geological map of the Qingyang-Jiuhua massif area. Q: Quaternary, N:
Tertiary, K: Cretaceous, T: Triassic, S: Silurian, O: Ordovician, € : Cambrian, Z: Sinian, GD:
Granodiorite of the Qingyang pluton, MG, Mongzogranite of the Jiuhua pluton, AD: Acidic dyke, J,
N, W, S and SE represent for the Jiuhua pluton, the northern, western, southern and southeastern

subplutons of the Qingyang pluton, respectively.



. g
¢ N
i :
%f‘””- ) i
8 /8o r 2
CANCIR7 7
AR
Y,

 ZAO =
Mictodioritic

', | enclave

Figure 3. Macro- and micro- structures of the Qingyang-Jiuhua massif
(a) Isotropic granodiorite of the Qingyang pluton. (b) Top-to-the NW ductile shearing on the NW

boundary of the Qingyang granodioritic pluton (Location @ in Fig. 2). (c) Andalusite




porphyroblasts aligned in the aureole hornfels of the massif (Location ® in Fig. 2). (d) Crack
filled by granite in the microgranitoids enclave in Jiuhua pluton. (e) The sharp extinction of Quartz,
polysynthetic twins of Plagioclase, Biotite without bend in granodiorite show a magmatic texture.
(f). The sharp extinction of Quartz in monzogranite shows magmatic texture. (g). Microscopic
photo of acidic dyke show magmatic texture. (h) Sigmoidal andalusite porphyroblasts developed in
the south eastern boundary of the Qingyang pluton showing a downard motion of the SE part
(Location ® in Fig. 2). (i) Weak post-solidus ductile deformation in the granite on the NE
boundary (Location @ in Fig. 2). (j) Sigmoidal shape of feldspar on the NW boundary (Location
@ in Fig. 2). (k) Domino structure of feldspar on the NW boundary of the Qingyang-Jiuhua
Massif (Location @ in Fig. 2). (I). Magnetite in granodiorite. (m). Magnetite in monzogranite. (I).

Magnetite in acidic dyke.
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Figure 4. Preferred orientation of microgranitoid enclaves (Sample locations shown in Figure 2).
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diagram of the Qingyang-Jiuhua massif.



E SD
[ + a Acidic dyke
i PSD x Diorite =
0.1L e Granodiorite
E X | o + Mafic Dyke 3
@ . o Monzogranite ]
£ t-
L]
0.01¢ ° MD
; o
0.001¢ ]
1 10 100
Her/Hef

Jrs/Js versus Her/He for samples from the
Qingyang-Jiuhua pluton, with the boundaries
of SD and MD behaviours for magnetite
taken from the values of Dunlop(2002)

Figure 7. Jrs/Js versus Hcr/Hc diagram from measured samples of the Qingyang-Jiuhua massif to
define the magnetite size. Jrs: remanence, Js: saturation remanence, Hcr: coercivity of remanence,

Hc: coercivity, SD: single domain, PSD: pseu-single domain, MD: multi-domain, respectively.



135, a

1.3 Lt T ol
1.25 * Edge effect - —
R
Q-‘IIS////;..%%:H:.. -
L) ST AP I
1.05[ &4 fog @a % ’ %
l§ L 4 )
0 20 40 60
Km (10ST)
1=b
0.8+
A st Oblate
06F & oL, e .
04k x ol a B : A
02[s%, 24 w88 %
Lo ® L - ..l . %o L i®
F 0 AA Dsl '.
0.2 _1 » Au | B ., 122 " o.3
04} ot . .
0.6f Prolate
-0.8 1
L P

e Granodiorite o Monzogranite
A Acidic dyke x Diorite + Mafic dyke

Figure 8. AMS scalar parameters of each site and main lithologies. (a) T (shape parameter) vs. P,
(corrected anisotropy degree), (b) P; vs. Km (mean bulk magnetic susceptibility in 10 SI). The

calculations of T and P, can be found in Jelinek (1981).



Granodiorite of

the Qingyang pluton
Monzogranite of
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Figure 9 a and b present the equal area lower hemisphere projection of each site from the dykes
and the monzogranite of the Jiuhua pluton as well as the granodiorite of the Qingyang pluton
respectively. Squares and circles stand for K1 (magnetic lineation) and K3 (pole of magnetic
foliation), respectively. Small grey and larger black squares or circles represent individual

specimen and site-mean direction, respectively with their confidence ellipses at 95% level.
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Figure 9b.
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Figure 10. Total fabrics projection (equal area lower hemisphere) of the Qingyang-Jiuhua massif.
In this diagram, each solid square and circle represent one site. Data of 18 acidic dykes and 1

mafic dyke are not included in the statistics.
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Figure 12. Zijderveld diagrams (1967) of the thermal and AF demagnetization for the
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and open circle stand for horizontal and vertical plan, respectively.
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Figure 15. Emplacement model of the Qingyang-Jiuhua massif along AA’ line (Fig. 2). S: Silurian,

O: Ordovician, € : Cambrian, CZ refers to the site number shown in Figs. 9a and 9b.
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Table

Table 1. The AMS results of granotoids from the Jiuhua-Qingyang massif.

site Coordinates Km K, Ks

Long Lat Lith n P, T Dec INC  Olosmax  Olosmn ~ D€C INC Olosmax  Closmin

CE)  (°N) (10s1) ) O ) O O O O O
Cz01 117.846  30.633 AD 10 15 1.032 -0.151 68.7 11.9 13.6 7.3 1625 17.3 24.9 7.1
Cz02 117.817 30.612 GD 8 202 1122 0.117 336.6 25.9 18.2 5.7 1635 63.9 1.7 5.4
CZ03 117.807 30.582 AD 8 474 1.027 0.665 102.7 84.5 19.1 8.7 268.1 5.4 14.2 9.6
CZ04 117.793  30.578 GD 9 245 1.078 0.359 311.6 26.3 16.5 2 188.9 47.6 8.5 2.2
CZ05 117.799 30.539 AD 5 7.39 1.007 0.206 99.7 67 17.4 6 254.8 21 12.1 1.9
CZ06 117.799 30.509 AD 6 73.1 1.054 0.262 14.9 12.7 19.1 8.7 280 20.9 13 4.2
CZz07 117.807 30.502 AD 9 16.9 1.023 0.14 2.2 20.3 39.9 10.1 94.3 5.9 21 9.6
CZ08 117.795 30.505 GD 8 257 1.071 0.063 263.5 12.6 12.7 58 157.3 51.3 10.6 7.3
CZ09 117.795 30.495 GD 9 198 1.138 -0.208 195.5 2 12.8 3.3 27 879 19.6 7.1
CZ10 117.799  30.489 GD 7 266 1.066 -0.039 205 31.9 35.5 7 356.1 54.6 8.9 7.5
Cz11 117.799 30.485 MG 5 134 1.07 0.05 1985 10.2 17.1 1.7 949 525 19.1 8.4
Cz12 117.802 30.470 AD 5 384 1.024 -0.08 357.2 1.7 19.4 105 267 7.8 53.7 51
CZ13 117.799 30.450 AD 6 105 1.041 0177 1741 28.2 60.3 18.6 3416 61.2 28.8 15.1
CZ14 117.799 30.437 AD 6 1.16 1.016 0.167 1784 37.8 44 9.1 268.6 0.2 21.9 1.4
CZ15 117.790 30.474 GD 10 219 1.079 -0.324 195.8 29.3 105 8 33 59.6 30.1 10.3
CZ16 117.699 30.515 MG 8 108 1.21 0.039 222.4 69 4.4 1.8 46.6 20.9 5 1.9
Cz17 117.706 30.514 MG 11 106 1.042 0.739 267.1 35.7 11.8 3.1 170.2 9.6 3.7 2.2
CZ18 117.754 30.502 GD 8 278 1123 0.047 172.6 17.3 21.1 4.3 55.8 55.3 12.2 8.6
CZ19 117.758 30.486 GD 10 194 1.053 0.184 1844 14.8 14.8 9.4 18.4 74.8 17 8.1
Cz20 117.759 30.476 MD 9 496 1.015 0.249 36.3 64.8 32 8.2 250.1 21.3 24.4 9.7
Cz20 117.759 30.476 GD 11 179 1.035 -0.15 1675 23 31.2 14.1 70.2 16.8 52.3 27.7
Ccz21 117.747 30.508 GD 11 268 1.12 -0.106 162.5 15.7 10.8 5 54.6 47.6 12 3.4
Cz22 117.741 30.532 GD 7 197 1.081 0.109 137 8 41.1 11 39.2 439 13.7 10.3
CZ23 117.953 30.541 MG 7 153 1.055 0.143 9.9 12 24.5 2.9 1115 434 11.9 5.8
CZ24 117.961 30.547 MG 10 182 1.102 0.639 2124 1.6 61.2 57 119.1 64 7 3.1
CZ25 117.978 30.554 MG 9 194 1.109 0.49 288.6 45.1 50.3 1.8 126.1 43.6 8.2 3.7
CZ26 117.980 30.557 MG 7 79.1 1.077 0.099 189.2 54 64.7 2.7 95.4 34.7 10.3 3.1
Cz27 117.923 30.500 MG 6 84.2 1.049 0.147 166.7 3 13.9 3.7 74.8 32.3 10.8 5.1
CZ28 117.907 30.489 MG 6 130 1.059 0.278 292.7 56.9 32.6 243 1336 31.3 62.5 19.9
CZ29 117.923 30.423 GD 6 339 1.082 0.098 223.2 3.9 13.4 5.2 317.2 46.3 185 8.1
CZ30 117.894 30.380 GD 5 187 1.06 0.023 267.8 12.3 36.9 153 3595 7.7 37.6 8.1
Cz31 117.901 30.357 GD 8 249 1.087 0.489 260.1 28.9 51.4 5.2 163.3 12.2 11.8 5.6
CZ32 117.937 30.399 GD 7 283 1146 0.112 38.9 6.7 18.6 47 129.2 2.7 6.4 5.3
CZ33 117.942  30.403 GD 6 314 1.173 0.39 39 7.9 25.4 6 308.8 1.9 8.8 54
CZ34 117.940 30.560 MG 6 210 1.112 0.64 275.7 6.9 41 6.8 1704 655 10.1 6.1
CZ35 117.942 30.568 MG 8 178 1.12 0.242 316.2 37.7 28.5 6.3 151.7 51.3 17.2 2.5
CZ36 117.866  30.588 GD 9 353 1.103 0.209 339.3 41 37.8 59 2151 828 18.7 6.7
Cz37 117.880 30.549 AD 9 1.82 1.036 0.638 185.3 20.7 38.5 8.3 77.9 38.3 29.7 10.6
Cz38 117.873 30.538 MG 5 232 1.081 0.187 53.9 3.2 53.7 9.3 1486 55.8 26.1 11.4
CzZ39 117.861 30.523 AD 7 43.7 1.057 -0.028 40.4 43.1 44 4 22.8 260.2 394 29.9 22.4
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Cz85 30.442 118.058 GD 5 171 1165 0585 3494 228 406 3.7 2286 506 46 3.8
Cz86 30.547 118.056 MG 9 255 1146 0.438 165.1 1.8 6.1 41 2594 674 75 41
Cz87 30.562 118.066 MG 7 227 1157 0612 3504 32 142 26 2517 695 35 25
Cz88 30553 118.013 MG 7 229 1143 0538 3032 332 448 49 1807 393 81 59
Cz89 30.557 118.030 MG 7 136 1.126 0.413 2927 1.6 15 39 2012 427 55 3.7
CZ90 30.616 118.188 GD 5 347 1119 0.046 1695 229 313 55 528 468 128 44
Cz91 30.618 118.171 GD 10 411 1122 0171 3458 339 215 56 1025 33.7 99 58
Cz92 30.618 118.153 GD 6 409 1.305 0.052 209.5 48 92 53 300 55 67 18
Cz93 30.616 118.204 GD 6 302 1.077 019 1898 179 87 5.7 46 72 24 5
Lat: latitude, long: Longitude, lith: lithology, km: mean magnetic susceptibility, P; and T:
anisotropy degree and shape parameter, respectively, K1 and K3: magnetic lineation and pole of
magnetic foliation, respectively, Inc: inclination, Dec: declination, agsmax and agsmin: long and
short axis of ellipsoid uncertainty, respectively, GD: granoodiorite, MG: monzogranite, DIO:
diorite, AD: acidic dyke, symbols of *,” and #: microgranitic, quartzose and pegmatitic dyke,
respectively.
Table 2. Paleomagnetic results of high temperature magnetic components from the Qingyan
g-Jiuhua massif
Subpluton Coordinates N P Direction Pole
Lat. | Long. D I k Olgs A ) dp dm
CN) | CB) ) 10O ) () ) ) )
w 305 | 1177 | 10 | NandR | 6.2 |43.2| 17.3 | 113 82.3 250.5 8.7 14.0
S 304 | 1179 | 11 [N and R | 127 | 463 | 19.3 | 11.3 78.6 218.1 9.3 14.5
N 306 | 117.9 | 8 N 358.2 | 47.4 | 17.8 | 147 87.4 335.5 12.4 19.1
SE 30.4 | 118.0 | 12 N 114 | 494 | 223 9.0 80.2 205.9 7.9 11.9
J 305 | 117.9 | 14 N 135 |50.2| 236 | 8.1 78.4 202.1 7.3 10.9
Average | 305 | 1179 | 5 83 |47.4|251.4 | 48 82.5 220.1 Ag =5.7°
SCB 79.4 209.0 Ags = 4.6°

N: specimen number, D: declination, I: inclination, k: precision parameter, Qgs and Ags: statistic

confidence of paleomagnetic direction and paleomagnetic pole at 95% level, respectively, A, ¢, dp




and dm: latitude and longitude of paleomagnetic pole and its half radius of confidence in latitude
and longitude, respectively, J: the Jiuhua pluton, W, S, N, SE: west, south, north, southeast

subpluton of the Qingyang pluton.





