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Abstract

In the present paper, the influence of the rheological process on the Anisotropy of Magnetic Susceptibility
(AMS) of rocks is studied experimentally. The cylindrical samples of quartz-magnetite rock undergo a process
under the confining stress of 300 MPa, temperature of 500-800°C and strain rate of 5 x 1075-1 x 10~%/s. The
residual deformation after the above process ranges 9-42%, depending on the experimental condition. It is
found that the magnetic susceptibilities and the shapes of magnetic grains in these samples are almost isotropic
before deformation. After being deformed, these samples show certain amounts of anisotropy of magnetic sus-
ceptibility and the axes of maximum principal susceptibilities deviate from the original ones more or less. Fur-
thermore, the grains become oblate-ellipsoidal and a certain preferred orientation occurs. The grain shape
anisotropy seems to be the main reason for AMS formation. It appears that there is a limitation of the piezo-
magnetic theory in explaining some tectonomagnetic phenomena. The results obtained in this study imply that
ductile deformation at high temperature and pressure in depth during a long time-process may result in another
kind of response in rock magnetism, which could be a new mechanism of tectonomagnetic variation.

Key words anisotropy ~ rheology — ductile defor- because the data observed in the past decades
mation — high-temperature, high-stress experiment —  showed the complexity of seismomagnetism.
setsmomagnerism No corresponding geomagnetic precursors ap-
pear for some of the large earthquakes, while
certain large variations in the local geomag-

1. Introduction netic field are related to some aseismic tectonic
activities with small stress changes. The local
Several good examples of geomagnetic pre- geomagnetic change does not correspond to the

cursors before earthquakes have been reported stress change alone and can hardly be ex-
and pre-, co-and post-earthquake variation in plained only by the piezomagnetic theory. Fur-

local geomagnetic field can be taken as diag- ther searching for the mechanism is required.
nostic of the stress field change (Sasai and Recent study on deep structure reveals that
Ishikawa, 1980; Johnston and Mueller, 1987; the lithosphere may be divided vertically into
Sumitomo and Noritomi, 1986). However, two layers. The upper layer is characterized by
there are arguments against such a viewpoint a brittle response of rocks to stress. In the

lower layer high-temperature creep takes place

which may be transient creep or steady-state

Mailing address: Dr. Jingi Hao, Institute of Geo- creep (Vetter and Melssnelﬁ’.1979)' Many earth-
physics, State Seismological Bureau, Beijing 100081, P.R. qqakes occur at the tr?lnsmon depths be.tween
China; e-mail: fengrui@cdsndme.css.gov brittle and creep dominated behaviour in the
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lithosphere. Therefore, rheology has been no-
ticed more and more in earthquake prediction
study. The precursor theories based on elastic-
ity are too limited to understand a variety of
phenomena related to earthquakes. The mag-
netic characters of rocks accompanying the
rtheological seismogenic process may also be
meaningful in earthquake prediction.

Anisotropy of Magnetic Susceptibility (AMS)
of rocks induced by progressive ductile defor-
mation in geological period has been used as a
tool in fabric analysis to solve the wide variety
of geological problems (e.g., Hrouda, 1982). It
is reported (e.g., Rathore, 1979) that for some
naturally deformed rocks the directions of prin-
cipal susceptibility axes coincide with those of
the principal strain axes to a certain extent and
there exists a relationship between the princi-
pal magnitude of susceptibility and that of the
strain as well. So AMS is considered a strain
indicator. The crustal rheological process relat-
ing to earthquake generation has a much
shorter time-duration than the geological one.
The question we want to answer now is can the
magnetic anisotropy be induced by seismo-
genic process?

The ductile deformation on the samples is
achieved in the experiment. We do not only
measure the modification of magnetic and rele-
vant properties of rocks, but also compare the
AMS of naturally ductile-deformed rocks with
that of the experimentally deformed ones. The
primary producer of the experimentally in-
duced AMS and the laboratory condition of de-
veloping AMS are also investigated. Further-
more, the possibility of AMS formation in the
crust during seismogenic period is estimated.

2. Method

In the present study, rock samples undergo a
process of increasing temperature, pressure and
strain and thus the plastic deformation of sam-
ples eventually occurs. Because of the good
measurement of the AMS, shape anisotropy
and crystallographic anisotropy of magnetite in
the samples before and after deformation, the
effect of rheology on the magnetic and other
natures of rocks can be investigated in depth.
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2.1. Samples

The samples were taken in parallel from a
large block of quartz-magnetite rock collected
in Shandong, China. The main minerals consist
of fine magnetite (50-70%), quartz (25-45%)
and feldspar (5%). Each sample was a cylinder
of 10 mm in diameter and 20 mm in length cut
into two small cylinders of 10 mm in length, so
that the difference in demagnetizing factor can
be neglected when the susceptibility is detected
at different directions.

2.2. Production of ductile deformation

To induce ductile deformation, the tempera-
ture of 500-800°C, confining stress of 300
MPa and axial stress of up to 1250 MPa with
strain rate of 5x107-1x10™%/s were applied to
the rock sample by a triaxial experimental ap-
paratus (Shi and Liu, 1988). The difference of
time-scale between the laboratory simulation
and the seismogenic process is made up by ap-
propriate increment of temperature in the ex-
periment.

2.3. The measurement of AMS and
petrological fabric

The magnetic susceptibility and its an-
isotropy of the samples were measured by a
MINISEP magnetometer and then the orienta-
tion and magnitude of susceptibility ellipsoid
computed.

The distribution of crystallographic axes
and the grain shape anisotropy of relevant min-
erals were detected by X-ray preferred orienta-
tion goniometer and microscope, respectively.

3. Results
3.1. Ductile deformation

Under the above experiment, the residual
axial deformations of these samples occurred,
ranging 9-42% depending on different combi-
nations of experimental parameters (table I,
fig. 1). Figure 2a,b gives the recording curves
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Table 1. The experimental parameters and results of some rock samples

LC1 LC2 LC3 LC7 LC8 LC9 LC10 LCI11

Confining stress (MPa) 300 300 300 300 300 300 300 300
Temperature (°C) 500 700 800 800 800 700 700 700
Strain rate ( x107%/s) 1 0.5 0.5 0.5 1 1 1 1
Differential stress (MPa) 1250 1060 - 440 330 560 630 825
Axial strain (%) 29.1 31.6 39.0 42.1 41.9 9.0 32.2 38.5

Before deformation

Degree of AMS 1.0002  1.0002 1.0006 1.0009 1.0009 1.0008 1.0011 1.0010
Dip* (°) 86.5 85.9 87.6 87.6 87.3 84.5 86.5 86.8

After deformation
Degree of AMS 1.0089 1.011 1.015 1.011 1.019 1.0074 1.025 1.012
Dip* (°) 71.3 82.7 84.5 84.0 84.7 75.9 77.7 80.7

Dip* = the dip of maximum principal susceptibility.

1.010

1.000

Fig. 1. Degree of anisotropy P for before deformation (dashed line) and after deformation (solid line), the dip
deviation of maximum principal susceptibility (A7) and axial strain € during deformation, for a part of the
samples (numbered 1-11).
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Fig. 2a,b. The experimental curves of sample LC8. a) Axial strain versus differential stress; b) variation of

differential stress and axial strain with loading time.
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Fig. 3. The plot of axial strain € versus degree of anisotropy P for experimentally deformed (circle) and unde-

formed (dot) rock samples.

for a sample in which the steady-state creep
appears at the differential stress beyond 300
MPa, and the plastic deformation was then de-
veloped (table I).

3.2. AMS

The parameters of magnetic susceptibility
and its anisotropy were measured for natural
rock. It was found that these samples have high
magnetic susceptibility ranging (0.17-0.35)x 47
SI and rather low degree of anisotropy (the ra-
ti0 Of Kpa/Kyin Of principal susceptibility)
from 1.0002 to 1.0011. The dip of maximum
principal  susceptibility ranged 84.5-87.6°
(table I).

After deformation at high temperature and
stress, the above mentioned parameters were
considerably changed. The degree of AMS in-
creased evidently (ranging 1.0074-1.025) and
the dip of maximum principal susceptibility
decreased by 2.6-15.2° (table I, fig. 1).

Figure 1 clearly shows the effect of defor-
mation on the AMS, in which the AMS before
and after deformation are denoted by dashed
and solid lines, respectively. Also, it is found

that P, the degree of AMS, seems to have a
linear relation to &, the amount of the residual
deformation, of the samples (fig. 3). The best
fitted relation is

P =1.0014+0.043 ¢.

3.3. The preferred crystallographic and
grain-shape orientations

The pole figure of magnetite and quartz in
natural rocks did not show a distinguishable
preferred orientation. On the contrary, for the
experimentally deformed samples, pole figures
showed meaningful preferred orientation with
a maximum density of 4 (m.r.d.) (fig. 4).

The microscopic observation of the thin
sections of undeformed samples demonstrated
that they have almost isometric-granular struc-
ture and no preferred orientation (fig. 5). But
for experimentally deformed samples, some
oblate-ellipsoidal magnetite grains and their
preferred orientation were observed. L /L,
the dimension ratio of magnetite grains, was
1-2 (for 30% of grains), about 2 (40%) and about
3 (30%) and the direction of preferred orienta-
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LC1

Fig. 4. The pole figure of (400) magnetite obtained
by X-ray preferred orientation goniometer. The arrows
denote the direction of differential stress.

tion of the longest axis of the grains was nearly
perpendicular to the axis of differential stress
(fig. 6).

4, Discussion

4.1. AMS caused by experimental deformation

A plastic deformation of 9-42% was pro-
duced in the present experiment. Our study
makes it clear that anisotropy of magnetic sus-
ceptibility also takes place in the meantime and
has a certain relationship with the plastic de-
formation (fig. 3). It is similar to the AMS in-
duced by natural deformation though the for-
mer is smaller than the latter. This difference
may be caused by a different time-duration of
deformation.

In order to check the dominant experimen-
tal-condition of AMS-development, the sam-
ples undergo different combinations of temper-
ature, confining stress, axial stress and strain
rate in this study.

Fig. 5. The thin section of the undeformed sample. It has a

ferred orientation is observed.
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Fig. 6. The thin section of the deformed

sample. Oblate-ellipsoidal magnetite-grains (dark areas) and pre-

ferred orientation are observed. The arrows denote the direction of differential stress.

For the samples listed in table I, the ductile
deformation achieved and AMS formed for all
samples at temperature higher than 500°C and
other conditions of the confining pressure and
strain rate. In fact, some other experiments
were performed at a temperature of 200°C, a
strain rate of 5x107%-2x107%/s and confining
stress of 300 MPa, but for most of these sam-
ples AMS were not formed and brittle fracture
eventually occurred. We would say that the
temperature is important but the dominant ex-
perimental condition to induce AMS is to
reach enough plastic deformation.

4.2. The primary producer of AMS

To solve this problem, the preferred crystal-
lographic orientation and the grain-shape
anisotropy of magnetite were also measured in
this study. The pole figure of magnetite mani-
fested an evident crystallographic anisotropy.
But we did not take it as the dominant cause of
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AMS generation because magnetite is a sort of
high-symmetric crystal and its crystallographic
anisotropy shows evidently only in strong
field. However, the oblate-ellipsoidal mag-
netite grains and their alignment may produce
the AMS because the easy axis of magnetiza-
tion tends to be along the longest axis of ferro-
magnetic grains. This kind of effect is even
strong for highly magnetic grains such as mag-
netite (Hrouda, 1982) which is the main mag-
netic mineral in our samples.

Figure 7 clearly exhibits the relation be-
tween the degree of anisotropy of susceptibility
(P) with that of strain in the markers of gneiss
samples (denoted by circles) and their regres-
sion line (Yu and Zheng, 1992). For compari-
son, the AMS and the dimension ratio of mag-
netite grains obtained in our experiment are
also given in this figure as a dot. This figure
indicates that the magnetic anisotropy of both
naturally and experimentally deformed rocks
has the same reason, i.e. the shape alignment
of ferromagnetic grains.
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Fig. 7. The relation between the degree of
anisotropy of susceptibility (P) and that of strain
(Limax/Liin)  for naturally deformed (circle) and
experimentally deformed (dot) samples.
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We come to the conclusion that the grain
shape anisotropy should be the primary cause
of anisotropy of susceptibility of experimen-
tally deformed rocks, while the turning of the
dip of maximum principal susceptibility during
deformation should be attributed to the align-
ment of magnetic grains.

4.3. The significance for earthquake prediction

It is well known that magnetic anisotropy
can influence the configuration of a magnetic
anomaly over the magnetic anisotropy body.
Hence, if AMS is formed accompanying the
seismogenic rheological processes, the geo-
magnetic field would be modified by it in both
direction and strength.

The magnetic susceptibility of deformed
rocks observed in the present experiment is
taken as the effect of rheological property on
rock magnetism in the depth. Nevertheless, the
extent to which this kind of effect can influ-
ence regional field in situ remains to be stud-
ied. Due to the difference of temperature, pres-
sure, time scale and boundary conditions be-
tween laboratory and crust, the creep and mag-
netic changes resulting from the seismogenic
process in the crust should be greater than that
obtained in the present experiment. Though our
result cannot be used directly to analyze the
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magnetic effect of an earthquake, it is impor-
tant, when we investigate the seismomagnetic
effect, to separate the seismogenic process into
two parts, ie. the instantaneous break of rock
body and slow loading. The former should be
dealt with by elastic theory and piezomagnetism,
while the latter by the effect of rheological char-
acter on geomagnetic field as well. In fact, such
special variations similar to the latter in geophys-
ical fields, such as gravity, crustal deformation,
ground water and so on, is frequently observed
before great earthquakes. There probably exists a
certain coherent relationship among them. In
other words, the geomagnetic variation connect-
ing with the rheological process might be another
mechanism of seismomagnetism.
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