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Measurements of anisotropy of magnetic susceptibility (AMS) were performed on a gabbro pluton and 7 diabase dykes in the
Wanning area, southeast Hainan Island. Rock magnetism showed that pseudo-single domain (PSD) to multidomain (MD) Ti-poor
magnetite carries the magnetic fabric in the gabbro pluton whereas MD Ti-poor magnetite carries the magnetic fabric in the dia-
base dykes. The corrected anisotropy degree (P;) in most specimens was found to be less than 1.2 which is indicative of a possible
flow-related magnetic fabric. The AMS eigenvectors within each site are generally well grouped. The maximum susceptibility
axes (K;) of the gabbro pluton are inclined towards the north at low angles (< 30°). K; axes of the diabase dykes are inclined to-
wards the NNW and SSE with dip angles of < 30°. From this study, it appears that the emplacement mode of the gabbro pluton
was characterized by intrusion from the north to the south at a low angle whereas the diabase dykes were emplaced from the
NNW to the SSE at low to moderate angles. This was verified by comparison of the rock fabric to the magnetic fabric. All of this
evidence leads to the conclusion that the Wanning gabbro pluton and diabase dykes were the products of pulsative intrusion from
the same magma chamber in the area far to the north of Wanning, which suggests that basic rocks may exist beneath the Indosin-

ian granite in the area to the north of Wanning.
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The anisotropy of magnetic susceptibility (AMS) is defined
as the variation in direction of the principal magnetic sus-
ceptibility axes within a rock sample. AMS is approximated
by a second rank tensor, which can be described by an el-
lipsoid with three principal eigenvectors K, K,, and K;
(K| > K, > K3). The origin of AMS is mainly related to three
factors: (1) orientation of grains, i.e. shape anisotropy [1],
(2) distribution of grains, i.e. distribution anisotropy [2], and
(3) alignment of magnetic domains, i.e. domain anisotropy
[3]. AMS in intrusive rocks is always related to the process
of magma emplacement and crystallization. Accordingly,
emplacement mechanisms of plutons, dykes and even their
magmatic source or vent position can be determined using
AMS [4].
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Half a century ago, Khan [5] verified that AMS has a re-
lationship with the preferred orientation of the long axes of
magnetite grains in some igneous and metamorphic rocks
[5]. Knight and Walker [6] performed the principal work
using AMS in nearly isotropic mafic dykes of the Koolau
Complex (Ohau, Hawaii). Since then the measurement of
AMS has been increasingly utilized as a rapid and sensitive
method of determining magma flow in plutons and dykes
[5-13].

A seminal idea was proposed by Rochette et al. [7,8] and
Tauxe et al. [9] that magnetic fabric could be divided into
three categories, namely normal, intermediate and inverse
fabric. Normal magnetic fabric is characterized by the clus-
tering of K,—K, axes on the dyke wall whereas K3 axes will
be nearly perpendicular to it. Inverse magnetic fabric was
defined by the K,—Kj plane being parallel to the dyke wall
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and K, axes being nearly perpendicular to it. Following the
work of Rochette [7,8], only normal magnetic fabric is con-
sidered reliable for inferring magma flow direction [6—18].

The studied gabbro pluton and 7 diabase dykes are lo-
cated in the Wanning area, southeast of Hainan Island. The
geochronology and geochemistry of the Wanning gabbro
pluton and diabase dykes has been studied by Tang [19]
which suggests that they were emplaced in an intraconti-
nental, extensional tectonic setting. Nevertheless, the em-
placement mechanism of the Wanning gabbro pluton and
diabase dykes remains unknown. This paper is therefore a
preliminary study concerning this question by applying the
measurements of AMS and rock fabric.

1 Geological setting and sampling

Mesozoic volcanic and intrusive rocks are widely distribut-
ed in central and southern Hainan Island. In the area south
of the Wangwu-Wenjiao fault zone, Hercynian-Indosinian
and Yanshanian granites commonly crop out. Among the
granites is the Indosinian, hornblende gabbro pluton which
has been intruded by a series of N-S-trending diabase dykes.
This outcrop in the Wanning area provides a good oppor-
tunity to study Mesozoic magmatic activities and regional
tectonic features of Hainan Island.

The Wanning hornblende gabbro pluton which crops out
north of the Wanning reservoir in Wanning City (SE of
Hainan Island) covers an area of about 120 km”. The main
minerals in the pluton include plagioclase (~65%), horn-
blende (~25%) and pyroxene (~4%). Accessory minerals
account for about 2%; consisting of magnetite, zircon and
apatite. Similar hornblende gabbros also crop out in both
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Biandu village (18°43.251'N, 110°11.516'E) to the SW of
Wanning reservoir and Lingweipo village (18°41.843'N,
110°18.619'E) to the south of Wanning (Figure 1). In the
riverbed NE of the reservoir dam, at least 8 diabase dykes
have intruded the Wanning hornblende gabbro pluton (Fig-
ure 2). The grayish black, N-S-trending dykes are well ex-
posed with vertical to subvertical dips and thicknesses in the
range of 20-80 cm. The boundaries between different dykes
and the host rocks are distinct. Lithologically, all of the
studied dykes are hornblende diabase with a porphyritic
texture: about 6% phenocrysts of plagioclase and horn-
blende. The remaining matrix has a similar mineral compo-
sition to the phenocrysts, with anhedral to subhedral grains
forming an intergranular texture. Accessory minerals con-
sist of magnetite, zircon and apatite. Zircon U-Pb isotopic
ages of the Wanning gabbro pluton and diabase dykes have
been found to be 240+2 Ma and 235.8+2.8 Ma respectively
[19].

We drilled cores using a portable gasoline drill and sam-
ples were oriented using a magnetic compass. The 61 ori-
ented cores were drilled from the gabbro pluton. 53 oriented
cores were drilled across 7 dyke profiles at 5-10 cm inter-
vals (Figure 2). Seven oriented cores were drilled from the
Biandu gabbro. Each core was cut into 1 to 2 standard cy-
lindrical specimens of 2.5 cm in diameter and 2.2 cm in
length. We collected a total of 155 specimens.

2 Rock magnetism

2.1 Saturated isothermal remanent magnetization
(SIRM) acquisition curves and remanent coercivity spectra

Saturated isothermal remanent magnetization (SIRM)
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Figure 1 Geological sketch map of Hainan Island and the sampling area.
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Figure 2 Sampling sites, AMS projections, and Flinn plots of 7 diabase dykes at Wanning (in geographic coordinates).

acquisition curves and remanent coercivity spectra were
measured in the Paleomagnetic Laboratory of Zhejiang
University. Representative samples selected from the Wan-
ning gabbro and diabases were subjected to isothermal
remanent magnetization (IRM) in progressively increasing
magnetizing fields using an IM-10-30 pulse magnetometer
(ASC Scientific, United States of America). Remanence
measurements were done using a JR-6A rotating on mag-
netometer (AGICO, Czech Republic). As shown in Figure 3,
both SIRM acquisition curves are steep in the initial stage of
the low applied field, indicating low-coercivity ferromag-
netic minerals. The SIRM acquisition curve of the diabase

JIJ,

max
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sample (Figure 3(a)) shows IRM reached 80% of saturation
under a magnetic field of 150 mT, achieving near-complete
saturation at 1000 mT. This suggests a low-coercivity fer-
romagnetic mineral as the main magnetic carrier, with pos-
sibly trace high-coercivity magnetic minerals. The SIRM
acquisition curve of the gabbro sample (Figure 3(b)) shows
IRM was nearly saturated under a 165 mT field, indicative
of a low-coercivity ferromagnetic mineral being the main
magnetic carrier. The values of remanent coercivity of rep-
resentative samples (Figure 3) were smaller than 46 mT,
again suggesting the predominance of low-coercivity fer-
romagnetic minerals.
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Figure 3 SIRM acquisition curves and Remanent coercivity spectra for (a) Wanning diabase; (b) Wanning gabbro.



Pan X Q, et al.

2.2 Triaxial IRM thermal demagnetization curves

IRMs were imparted to both gabbro and diabase samples in
fields of 100, 400 and 2600 mT at three orthogonal angles.
These 3-D IRMs [20] were then thermally demagnetized to
yield the unblocking temperature spectra of the coercivities
involved in the acquisition of IRM. As shown in Figure 4,
the magnetic remanences of gabbro and diabase samples
consist mainly of soft magnetic components, in which the
intensities of intermediate and hard magnetic components
account for 20% of the total IRM. Two unblocking temper-
atures at 350 and 550°C for the soft magnetic components
of the diabase sample (Figure 4(a)) suggest the presence of
titanomagnetite or maghemite and Ti-poor magnetite re-
spectively. The unblocking temperatures at 300 and 550°C
of the gabbro sample (Figure 4(b)) indicate titanomagnetite
with different titanium contents and Ti-poor magnetite re-
spectively. In addition, the hard magnetic components of the
gabbro sample with an unblocking temperature of 150°C
(Figure 4(b)) indicates trace amounts of goethite which may
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Figure 4 Triaxial IRM thermal demagnetization curves. (a) Wanning
diabase; (b) Wanning gabbro.
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have formed during oxidation of the gabbro at the surface.

2.3 Hysteresis curves and Day plot

Hysteresis measurements at room temperature were per-
formed in a vibrating sample magnetometer (Micro-
Mag3900, Princeton Measurements Corporation, United
States of America) in fields up to 1000 mT. The hysteresis
loops of representative diabase samples are linear in shape,
revealing the presence of paramagnetic minerals. After re-
moving the effects of paramagnetic minerals, the loop is
completely closed under a magnetic field of 200 mT, with
M /M=0.069 (M, =remanent saturation magnetization;
M =saturation magnetization), H./H.=7.372 (H.=coercivity
of remanence; H =coercivity), suggesting MD magnetite as
the main magnetic carrier (Figure 5). The hysteresis loops
of representative gabbro samples are narrow-waisted and
tend to saturate at 400 mT while not saturating up to 1000
mT. The results show M=20.54 uAm2 kg_l, H.=3.843 mT,
M /M=0.046, and H./H.=3.586, thus indicating possibly
low-coercivity ferromagnetic grains.

The traditional hysteresis parameters M,/M; and H./H.
were plotted in a Day plot [21,22] (Figure 5). From this plot
it is clear that all magnetite grains plot in the range from
pseudo-single domain (PSD) to multidomain (MD) grain
sizes.

2.4 Thermomagnetic curves

The magnetic mineralogy of samples can be determined
from thermomagnetic curves displaying different Curie
temperatures which are mineralogically dependent [23].
Thermomagnetic curves of low field magnetic susceptibility
were performed in the Paleomagnetic Laboratory of Nan-
jing University on representative samples from the Wanning
gabbro and diabase dykes (Figure 6). Variable magnetic
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Figure 5 Day plot of magnetic grain-sizes for the Wanning gabbro and
diabase dykes.
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Figure 6 Thermomagnetic curves under argon atmosphere. (a) Wanning
diabase; (b) Wanning gabbro.

assemblages in diabase samples were observed. For exam-
ple, the slight decrease in magnetic susceptibility between
room temperature and 250°C implies the presence of para-
magnetic minerals (Figure 6(a)). The obvious decrease in
susceptibility between 300 and 400°C and the irreversible
curve suggests possible mineralogical transformation of
strongly magnetic maghemite to weakly magnetic hematite
[24-26]. The sharp increase in susceptibility at 400°C and
the peak at 500°C may be due to paramagnetic and/or clay
minerals which have decomposed to magnetite at high tem-
peratures [27,28]. The fact that a higher susceptibility is
displayed by the cooling curve also reflects the generation
of new, strongly magnetic minerals during the heating pro-
cess (Figure 6(a)). The Curie temperature of about 580°C
and aforementioned results indicate that MD Ti-poor mag-
netite is the main magnetic carrier in the diabase samples
with some maghemite or titanomagnetite. The reversible
thermomagnetic curve with a Curie temperature of 580°C
(Figure 6(b)) and Day plot (Figure 5) indicate that the main
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magnetic carrier of gabbro samples is PSD-MD Ti-poor
magnetite.

3 Magnetic fabric

Anisotropy of magnetic susceptibility (AMS) measurements
were performed using a Kappabridge instrument (MFK1-A,
AGICO, Czech Republic) in the Paleomagnetic Laboratory
of Zhejiang University. AMS is approximated by a second
rank tensor, and described by an ellipsoid with three princi-
pal eigenvectors K, K, and K3, where K; > K, > Kj5. The
parameters [29] adopted here are the mean susceptibility
(Km), the degree of anisotropy (P;) and the shape (T) of the
fabric, which are expressed by egs. (1), (2) and (3) respec-
tively.
K +K,+K

K, == ()

P,=exp /22(1111(,. /K.) (i=1to3), )

T=(2lnK,-InK, -InK,)/(InK, -InK,), (3)
where —1 < T < 0 for a prolate ellipsoid, 7=0 for a neutral
ellipsoid and 0 < 7'< 1 for an oblate ellipsoid. AMS results
of the Wanning gabbro samples are as follows: mean
7=0.383, with 86% samples in the range 0—1 (oblate ellip-
soid); mean Pj=1.129, with 92% samples P; < 1.2 (Figure
7(a)). The majority of samples lie within the oblate area in a
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Figure 7 (a) Degree of magnetic anisotropy (P;) versus mean susceptibil-
ity (Ky,) for the Wanning gabbro; (b) Flinn plot of the magnetic fabric of
the Wanning gabbro.
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Flinn plot (Figure 7(b)). The AMS eigenvectors within each
site are generally well grouped (Figure 8(a)). The maximum
susceptibility axes (K;) dip northwards at relatively low
angles (< 30°). The mean orientation of K; is 1.9°/15.7°
respectively. The minimum susceptibility axes (K3) are
mainly subvertical and dip to the south or SSW. The mean
orientation of K3 is 198.9° £73.6°.

K, axes of the Biandu gabbro samples (Figure 8(b)) are
concentrated in the NNE with nearly horizontal dips. The
mean orientation of K| is 22.9° /5.4°. The K3 axes are sub-
vertical and dip towards the WNW. The mean orientation of
K3 is 281.7° £63.9°.

The scalar AMS parameters of the Wanning diabase
samples are as follows: mean P=1.022, P; of all samples is
< 1.2 (Figure 9(a)). The majority of samples, except dyke
wn4, lie within the oblate field of the Flinn plot (Figures 2,

Figure 8 Equal-area projections of AMS in geographic coordinates. (a)
Wanning gabbro; (b) Biandu gabbro.
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Figure 9 (a) Degree of magnetic anisotropy (P;) versus mean susceptibil-
ity (Kn) for the Wanning diabase; (b) Flinn plot of the magnetic fabric of
the Wanning diabase.
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9(b)). The spatial distribution of the three principal suscep-
tibility axes is introduced in the Discussion section.

4 Discussion

4.1 The reliability of AMS data

It is a prerequisite of AMS studies regarding the emplace-
ment mechanisms of intrusive rocks that we make certain of
the relationship between magma flow and the magnetic fab-
ric [30]. Statistical research of magnetic anisotropy (P;) of
igneous rocks has been performed by Hrouda [31] who
found that the value of P; was < 1.2 for flow-related mag-
netic fabric whereas P; of deformational magnetic fabrics
was > 1.2 [31]. Values of P; for most samples in the Wan-
ning area were < 1.2, suggesting that this magnetic fabric is
flow related.

The Wanning gabbro pluton has been intersected by an
E-W trending granite dyke (Figure 2). If the granite dyke
intrusion has engendered deformational magnetic fabric in
the gabbro, then the K; axes should be perpendicular to the
maximum stress direction. However, K3 axes are subvertical,
indicating that the magnetic fabrics preserved in the Wan-
ning gabbro have not been significantly affected by the
post-tectonic stresses [32]. In addition, the spatial distribu-
tions of the three principal susceptibility axes of the Wan-
ning gabbro (Figure 8(a)) and diabase (Figure 2) are com-
pletely different, indicating a primary magnetic fabric has
been preserved.

Late plastic deformation and solid-state deformation such
as dynamic recrystallization and fragmentation were not
observed in thin-sections of the Wanning gabbro and dia-
base samples. Moreover, thin sections parallel to the mag-
netic foliation plane were prepared to compare the mean
direction of K; with the orientation of large phenocrysts or
xenoliths which are likely to reflect the real flow direction.
The preferred orientation of plagioclase phenocrysts taken
from representative parts of the thin-sections are shown in
rose diagrams (Figure 10). Deviations between the preferred
orientation of plagioclase phenocrysts and K; axes in the
gabbro (Figure 10(a)) and dyke (Figure 10(b)) samples were
all < 10°. The deviation in one diabase sample (Figure 10(c))
was slightly larger but still < 30°. This shows that the mag-
netic fabric of the Wanning gabbro and diabase dykes is
very consistent with the plagioclase rock fabric. This also
suggests that the magnetic fabric is of primary origin.

In conclusion, magnetic anisotropy (P;), field observation,
thin-section observation and rock fabric study all indicate
that primary, flow-related magnetic fabrics are preserved in
the Wanning gabbro and intruding diabase dykes.

4.2 Emplacement mechanism

After the concept of 3 types of magnetic fabric was ad-
vanced by Rochette et al. [7,8] and Tauxe et al. [9] it
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Figure 10 Oriented thin-sections in the magnetic foliation plane (K;-K>)
and rose diagrams of plagioclase phenocrysts contrasted with K. (a) Wan-
ning gabbro; (b), (c) Wanning diabase.

became accepted that only normal fabric could be used to
infer magma flow. Generally, K; axes of normal fabric are
parallel to the dyke plane and are representative of the
magma flow direction [7,8]. For all the Wanning diabase
dykes, except dyke wn2, the angles between magnetic folia-
tions and respective dyke walls are < 30°, with K; axes
nearly perpendicular to the walls. This is indicative of nor-
mal fabric. The K axes of the 7 diabase dykes are generally
well grouped and dip toward the NNW or SSE at about 30°.
It is suggested, therefore, that the Wanning diabase dykes
intruded into pre-existing fractures in this orientation at a
relatively low angle (< 30°).

K, axes of the Wanning gabbro were inclined towards the
north with a mean dip of 15.7°, suggesting lateral magma
flow. The mean orientation of K; axes in the Biandu gabbro
was 22.9° /£5.4°, showing the lateral magma flow with
NNE-SSW direction. As reported by Ernst [16,33], steeper
flow planes may indicate the proximity of the magma
source. Conversely, horizontal magma flow caused by lat-
eral magma injection into fractures suggests a magma
source that is located further away [16,33]. The dips of K;
axes in the Wanning gabbro are steeper than in the Biandu
gabbro, indicating that the Wanning gabbro was probably
closer to the magma source than for the Biandu gabbro.
This would imply that the magma source was located in the
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area far to the north of Wanning. In addition, the similar
mineral composition and close emplacement times of the
Wanning gabbro and diabase dykes indicate that they were
most likely sourced from the same magma chamber [34].
The emplacement mode of the gabbro pluton appears to
have involved emplacement from the north towards the
south at a low ascent angle whereas the diabase dykes were
emplaced from the NNW towards the SSE at low to moder-
ate angles.

4.3 Regional geological implications

Geochronological and geochemical study of the Wanning
gabbro pluton and diabase dykes by Tang et al. [19] sug-
gests that they were emplaced in the early Triassic Period.
This indicates that the collision and suturing between the
micro-blocks in Hainan, or Hainan plate and South China
plate, was complete by 240 Ma. At 240-230 Ma (post- col-
lision) Hainan was in an intracontinental extensional tec-
tonic setting due to stress relaxation during Indosinian
orogeny. The Wanning gabbro and diabase dykes were em-
placed in such a tectonic setting.

In the area south of the Changjiang-Qionghai fault and
NW of Wanning, Indosinian granitic rocks are widely dis-
tributed, which are represented by the Wuzhishan granitic
rock mass. In addition, the magnetic fabric shows that the
magma source was located far to the north of Wanning.
Hence, we can infer that basic rocks may exist beneath the
Indosinian granite in the area to the north of Wanning. Fur-
ther geological and geophysical exploration is needed to
verify this.

5 Conclusions

Primary, flow-related magnetic fabrics are preserved in the
Wanning gabbro pluton and associated diabase dykes. The-
se fabrics can be used to infer the emplacement mechanism
of these rocks. The Wanning gabbro pluton is characterized
by emplacement from the north to the south at a low ascent
angle, whereas the diabase dykes appear to have been em-
placed from the NNW towards the SSE at low to moderate
angles. The magma source was most likely located far to the
north of Wanning. The overall evidence leads to the conclu-
sion that the Wanning gabbro pluton and diabase dykes
were the products of pulsative intrusion from the same
magma source far to the north of Wanning. This further
suggests that basic rocks (gabbro) may exist beneath the
Indosinian granite in the area to the north of Wanning.

This work was supported by the National Basic Research Program of China
(2007CB411706) and the National Natural Science Foundation of China
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